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PREFACE

—_——

UxpEr the auspices of the Common Fund of Oxford University,
a course of lectures on Irrigation Works was delivered by the
Author in the winter of 1909. The lectures were addressed to
Students of Engineering and to Students of Geography; the
former interested in the subject from the professional, and the
latter from the economie point of view. ’

A few only of the many problems in engineering and in
economics which have to be solved by the irrigation expert
could be dealt with in the time available; and the following
were selected as the subjects of the lectures :—

(1) Introductory, giving some general idea of irrigation works

and their results.

(2) The statistics required for the preparation of an irrigation

project.

(8) Types of weirs and the principles on which their design

is based.

(4) The development of Egyptian irrigation since 1884.

(5) On the design of irrigation channels.

(6) Irrigation revenue and land revenue in India.

In his lectures the Author confines himself almost entirely to
examples of irrigation works in India and in Egypt, as these
countries contain, probably, the most interesting object lessons
in modern scientific irrigation.

The Author has to express his indebtedness to various
authorities for the information of which he has made use :—

To the Government of India, who permitted him to use their
statistical and professional records, and to the Institution of
Civil Engineers for the use of their Minutes of Proceedings.

To Sir William Garstin for information regarding the Nile;
and to Sir John Ottley and Sir Thomas Higham, both formerly
Inspectors General of Irrigation in India.
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NOTES ON
IRRIGATION WORKS

CHAPTER I

INTRODUCTORY

InrigaTiON, though agricultural in its object, has become a
very special branch of engineering, owing to the nature of the
works necessary for the proper control and distribution of water.
Before proceeding to consider irrigation works from a technical
point of view it will be of interest to review generally the local
conditions which from very early times have led to the practice
of irrigation, and this will involve discussion of the utility and
value of irrigation under given conditions.

The practice of irrigation is of very great antiquity, and one of
the earliest examples of irrigation works of which we have
record is of interest as illustrating not only the prosperity
which accompanies a well-managed irrigation system, but also
the ruin and desolation which, in a country dependent on
irrigation, inevitably follow neglect of the proper maintenance
of its irrigation works. The country referred to is Mesopotamia,
and particularly the alluvial plain in the south-east lying between
the Euphrates and the Tigris, and which is known to us as
Chaldea or Babylonia. Much of the history of Chaldea has
been deciphered from local inscriptions, and not the least
interesting are those relating to irrigation. These inscriptions
fully bear out the statements of comparatively recent historians,
of whom perhaps the most trustworthy is Herodotus. The
whole of Chaldea is described by Herodotus as densely popu-
lated and thickly studded with great cities, and the cultivation
I.W. Pl ees . . B
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2 NOTES ON IRRIGATION WORKS

of the country was regulated by large canals, of which the three
principal carried the waters of the Tigris towards the Euphrates
above Babylon. Such was the fertility of the soil that grain
yielded as a rule a two-hundred- and occasionally a three-
hundred-fold return to the cultivator, and Pliny mentions that
two crops of wheat could be reaped annually.

Chaldean chronology is somewhat obscure, but from an in-
scription of one of the Kings of Babylon, whose epoch is fairly
well determined, we know that one, at least, of the great canals
was in existence 2,200 years before Christ, and most of the
Chaldean and later the Assyrian monarchs of Babylon' appear
to have devoted considerable attention to the maintenance
and development of the canal system. ‘- As irrigation was the
foundation of Babylonia’s prosperity, so was the want of irriga-
tion the chief cause of her decline. In the course of centuries
the canal system of Babylonia suffered many vicissitudes ; time
and again the canals were ruined by floods or by neglect of the
works, but it was not until the thirteenth and fourteenth
centuries of our era that the irrigation system received its
death-blow, during the troublous times of the invasions of the
country by the Mongols and Tartars. With the destruction of
the canals cultivation became impossible, and Babylonia rapidly
sank into the state of barren desolation which it now presents.

This ancient irrigation system is interesting for reasons other
than its antiquity. The flood season in the Euphrates and
Tigris occurs six months later than in the Nile, and in con-
sequence the flood system of irrigation as practised in Egypt
becomes impossible, as the summer has already arrived before
the waters recede, and though crops would germinate if sown,
they could never arrive at maturity under a parching sun and
in the absence of rainfall. There is good presumptive evidence
therefore that the success of Chaldean irrigation must have been
attained by what is known as perennial irrigation, a system
which is usually supposed to be of very recent development.

From an engineering point of view what is termed by Sir
William Willcocks the re-creation of Chaldea presents no in-
surmountable obstacle; and given the solution of political and
financial difficulties, the time may shortly come when the restora-
tion of the Chaldean system of irrigation works will effect for
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Mesopotamia what the development of the Egyptian system has,
under British engineers, accomplished on the Nile. At a recent
mass meeting of the Jewish Territorial Organisation it was
proposed that the colonisation of Mesopotamia should be under-
taken by the Jews, and that contracts should be entered into with
Turkey providing capital and population for the regeneration of
Mesopotamia. Sir William Willecocks has reported that for an
expenditure of seven-and-a-half millions sterling some 5,000
square miles of land could be brought under cultivation and
made capable of producing an annual revenue of one million
sterling or some 184 per cent. on the capital outlay. The
immediate effect of the realisation of this scheme, which has no
engineering difficulties, would be to convert Mesopotamia from a
desert into one of the granaries of the world.

Without going further into details of ancient works, it may be
mentioned that the hieroglyphics of the Pharaohs of the Twelfth
Dynasty show that irrigation was practised in Egypt about
2500 B.c., and, to take an example from the New World, there
are in Colorado and Arizona the remains of irrigation works, as
to the origin of which even local tradition gives no information.

Irrigation may be defined as the systematic application of
water to land with the object of promoting present or prospective
vegetation. Rainfall is the primary source from which irrigation
is derived, and the surplus rainfall becomes available for artificial
irrigation when it accumulates or flows, either on the surface or
in the subsoil, at a level sufficiently high to admit of its being
diverted or raised on to the land. In all cases, before this can be
done, certain works of construction are necessary, and these are
called “ Irrigation Works.” To quote the words of the Indian
Irrigation Commission :—

“ The term *‘irrigation works’ thus includes works of many varieties and
magnitudes, ranging from the rude contrivances which enable the cultivator,
by swinging a basket, to raise water from a pond to the huge embankment
of earth or masonry holding behind it a lake of many square miles in area ;
or from the small temporary well, a mere hole in the ground lined with
brushwood, to the great canal which, carrying for some hundreds of miles a
volume of water equal to that of a large-sized river, delivers it into a
network of smaller channels for the irrigation of over a million of acres.”

As an indication of the magnitude of some of the Indian
B 2



4 NOTES ON IBRRIGATION WORKS

irrigation works, it may be mentioned that the Chenab Canal in
the Punjab irrigates in the Rechna Doab 1,880,000 acres, nearly
8,000 square miles, and this is a canal which is not yet fully
developed. This irrigated area must not be confounded with the
area ‘‘commanded” by the canal. Fields cannot be cultivated
year after year without a rest, and a certain proportion of the
area ‘‘commanded” by irrigation remains fallow every year.
The area commanded by the Chenab Canal, that is, the area to a
certain proportion of which water is annually supplied, is
two and a-half million acres, or about the size of Devon and
Somerset combined. When the canal is fully developed the area
commanded will be three and three-quarter million acres, which
is about the area of Yorkshire. The Chenab Canal is capable of
carrying a maximum discharge of 10,780 cusecs. (*“Cusec” is
the contraction used in India to denote a discharge of one cubic
foot of water per second; it corresponds to the American
expression ‘‘ second-foot.”) The average summer discharge of the
Thames at Teddington is something over 700 cusecs, so that the
Chenab Canal, when running full, is fifteen times the size of the
Thames in summer. The capital cost of the canal is about two and
a-quarter millions sterling, and the net revenue, after deducting
working expenses, amounts to 14 per cent. on the capital outlay.
Water, when applied to land for the general purpose of
-increasing or improving cultivation, is utilised in special ways
and at special seasons, according to the object in view, the
particular crop to be reared, and the local conditions of soil,
climate, and particularly rainfall. We shall now examine some of
the conditions which render necessary the practice of irrigation.
The term *irrigation ” is perhaps most commonly associated
with the practice of watering crops in arid regions where rainfall
is either non-existent or is too scanty for the requirements of
agriculture. Mere quantity of rainfall, however, is but a minor
factor in determining the utility of irrigation; what is of much
more importance is the monthly incidence of rainfall throughout
the year. For instance, the average rainfall of a large portion
of England, omitting the mountains, is roughly about 80 to 85
inches per annum, and this is so distributed throughout the year
that artificial irrigation is never resorted to on any large scale.
Contrast with this the case of the great irrigating districts of



INTRODUCTORY 5

the United Provinces in India, lying between the Ganges and the
Jumna. The average annual rainfall is 82 inches, or very much
the same as in England. Over 90 per cent. of this rainfall,
however, falls during the monsoon, that is in July, August, and
September. The remainder, except for an occasional thunder
shower, falls in December and January. Outof a gross cultivable
area of twelve and a-half million acres, some ten and a-quarter
million acres are under cultivation, including land lying fallow.
Owing to the unequal distribution of rainfall throughout the
year, the area artifically irrigated amounts to five million acres
annually. Allowing for land lying fallow, this means that three-
quarters of the annual cultivation in this area is dependent on
artificial irrigation. About half of this area is irrigated from
Government canals, and the remainder from wells and tanks.

The cultivation of unirrigated wheat in the Ganges-Jumna
Doab affords a typical example of the connection between the
incidence of the rainfall and successful agriculture. In a year
of favourable distribution the cycle of events is somewhat as
follows :—Rainfall amounting to several inches falls in the
second half of September, the land is ploughed and sown in late
September and early October, and the ground retains moisture
sufficient for the seed to germinate. As a rule there is light
rainfall in early October, and from October 15 to December 15
there is no rain, but often very heavy dew. In the latter half of
December what is known as the Christmas rain arrives, amounting
to from half an inch to one and a-half inches. This establishes
the crop, which is much improved by showers at the end of
January, when the ear is being formed; the crop ripens in
February and is cut in early March. Inan unfavourable season
the rains cease in the first half of September, late September
and early October are hot and rainless, the ground dries up, and
much of the seed fails to germinate. The Christmas rain arrives
in January, and only a few scanty showers are received. The
plant is stunted and feeble, the ear is imperfectly formed, much
of the crop is withered by the sun, and a partial or total failure
results. In such conditions the value of artificial irrigation is
represented by the difference between prosperity and famine.

A second reason for resorting to artificial irrigation arises
when the crop is of an aquatic or semi-aquatic nature; the
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varieties of rice cultivation present the best-known examples of
this class of irrigation. '

The irrigation of large areas of rice is one of the most difficult
problems which have to be solved by the canal administrator, as
unless the crop receives water just at the critical period the out-
turn is greatly depreciated, and a very few days may make all
the difference between a bumper and an average crop. Up to a
certain point rice is grown in a swamp, and, so long as the plant
is not actually submerged, it benefits from an unlimited supply
of water. Just before the crop matures, all standing water is
run off the rice fields, and the soil must remain damp but not
actually under water. During this period of comparatively dry
cultivation, which lasts about fourteen days, the crop must
receive a full supply of water at least once. The dry period of
rice cultivation in Bengal, for example, lasts from September 26
to October 10. If rain falls during this period, which is called
the hathia, the rice will mature unaided by irrigation; but
otherwise water must be artificially supplied.

The critical period of Bengal or Patna rice cultivation thus
lasts for fourteen days only, and the success or failure of the crop
is dependent on the incidence of rainfall during this short period.
It will readily be seen that, in a dry season, the canals in rice
districts, such as the Sone Canals in the Patna division of Bengal,
are taxed to their utmost capacity, while in seasons more favour-
able to the cultivator there is no demand whatever for artificial
irrigation.

The artificial irrigation of rice is of advantage from another
point of view, in addition to its value in supplementing deficiency
of the late rainfall. Opinion is unanimous that systematic
artificial irrigation not only increases the outturn of the crop,
but also improves its quality. Experiments on the Sone Canals
in Bengal have demonstrated that the average value to the
cultivator of an acre of rice grown under artificial irrigation is
Rs. 86, while an acre of rice grown from rainfall is worth Rs. 24
only. The evidence of crop experiments in Chhattisgarh in the
Central Provinces shows that irrigation increases the yield 75 per
cent. in a normal year, and fourfold or more in a year of drought;
while in the Wainganga district of the same province the yield
from fields solely dependent on rainfall during the last famine
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was 150 lbs. weight per acre, while the irrigated fields yielded
returns of from 1,000 to 1,200 Ibs. Again, irrigation renders it
possible to grow the better kinds of rice which are transplanted
and less fitted to withstand irregularities in rainfall, instead of
the hardier but inferior varieties which are sown broadcast.
Another important advantage is that a second crop can often be
raised on irrigated lands, which could never be attempted in the
absence of irrigation. From what has been said it will be seen
that in rice cultivation irrigation is a necessity when the distri-
bution of rainfall is unfavourable; and is highly beneficial even
when the incidence of the rainfall is most favourable.

A third general reason for the practice of irrigation arises
when lands are irrigated for the sake of the encouragement to
early growth afforded by the warmth of the water as compared
with the surrounding air, or for the sake of the dissolved plant
food which the water contains.

These are the determining causes of much of the irrigation
effected in this country. It is not resorted to because the soil is
dry and hot, for it is carried out in the winter months of the
year; it is not resorted to because the crop is of an essentially
aquatic nature, for ordinary meadow grasses only are watered,
but in order that plant growth may be stimulated and fed. The
well-known water meadows of England afford an example of this
system of irrigation, which was practised on the Wiltshire Avon
as far back as the Roman occupation of Britain.

A fourth and most important reason for irrigation arises when
the solid matter suspended in the water is valuable as a manure,
or acts directly, by deposition, in raising the level of the land.
The inundation or flood system of irrigation, as practised in -
Egypt, is an example which will be referred to later, and in
detail.

In England this system of irrigation is practised mainly in
Lincolnshire on the Trent near the Humber, and the value of the
water lies in the quantity and also in the quality of the suspended
matter. As most of the examples of irrigation systems will be
taken from India or from Egypt, it may be of interest to explain
briefly the  warping” system of irrigation as practised on the
Trent.

Between Gainsborough and the Humber the banks of the
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Trent have been for centuries so constructed as to protect
the land behind them from encroachment of the tide. A con-
siderable tract of country was thus rendered fit for cultivation.
Within the last hundred years arrangements have been made by
means of which the rich muddy water of the river is admitted to
the land, and the resulting deposit of silt not only renovates the
exhausted soil, but also effects a considerable raising of levels.
Large masonry sluices are constructed in the embankments, and
these are fitted with regulating gates, so that the tidal water is
admitted or excluded at will. During spring tides usually, the
water is admitted to the land, where it is ponded up by means of
embankments previously prepared, and after depositing its silt it
is permitted to return to the river on the falling tide. Consider-
able skill is exercised in controlling the water so as to obtain the
kind of deposit most suitable for cultivation. When the water
is first admitted, the heavy suspended matter, which is pure
sand, is first deposited ; the second deposit is a mixture of sand
and mud which is exceedingly fertile and forms a valuable soil ;
lastly, the fine, light mud is deposited, which forms a soil, rich,
but too tenacious to be of practical value. The object aimed at
is to spread a layer of the second deposit evenly over the surface
and to prevent the formation of the stiff clay deposit on the top.
This is effected by keeping the water in constant circulation by
manipulating sluices or valves constructed under the banks or
‘““ warps "’ which divide up the area under treatment. The light
particles of clay are deposited in still water only, and the flow of
the water is sufficient to prevent the deposit of the clay, while
not so great as to interfere with the formation of the mixed
deposit of clay and sand. '

The formation of new soil is the principal object for which
warping is employed, but the quantity of water may be regulated
80 as to give only a slight deposit to act as a manure, and this
form of manuring is often resorted to for the improvement of
arable land.

‘Warping operations usually occupy two years, one year for the
formation of the silt deposit, and one year for drying and con-
solidation ; the new goil becoming sufficiently consolidated to
permit of cultivation during the third year.

In the foregoing remarks, the conditions under which irrigation
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may be practised have been indicated on general lines; whether
for increasing generally the produce of the land, or for securing
erops against the effects of insufficient or unequally distributed
rainfall ; certain facts as to the utility of irrigation have been
incidentally touched on; and there now remain two economic
aspects from which irrigation works and their results may be
considered.

There is first the purely commercial aspect, in which the chief
point to consider is whether the work will return a sufficient
percentage on the capital outlay. In India, works which are
expected to fulfil this condition are classified as * Productive”
works. The criterion is, briefly, that the works shall return,
within’ ten years after completion, a net revenue sufficient to
cover interest on their capital account. A time limit is fixed so
that irrigation may be established and developed, and the capital
account includes not only the cost of construction, but also any
accumulation of interest which has not been cleared off.

The principal factors in determining whether the works will
prove “ productive ” are the cost of construction, which is &
matter of estimates; the cost of maintenance and working
expenses, which may be arrived at from the experience gained
on similar works in operation ; and the gross revenue which may
be expected in the form of water rates. This last item depends
on the area to be irrigated, on the class of crops for which water
will be required, and also on the increased value to the cultivator
of his irrigated produce; or, briefly, it depends on the amount
which the cultivator is willing to pay for his irrigation.

The second aspect from which irrigation works may be
regarded is of great importance in countries like India which
are subject to periodical famines. The point for consideration—
to quote from the Report of the Indian Irrigation Commission—

“is not whether the works are likely to prove directly remunerative, but
whether the net financial burden which they impose on the State in the

form of interest and maintenance will be too high a price to pay for the
protection against famine which they may be relied on to afford.”

To put the point in other words, is it better, in the long run,
to make up the annual deficit on a canal which does not pay its
way, but yet protects a certain area from famine; or is it better
to have no canal and pay a lump sum down for the relief of
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famine when it actually occurs? The problem is obviously one
which calls for very careful and detailed consideration. Such
irrigation works, not directly remunerative, have, however, been
constructed by the Indian Government, and they are classified
a8 ‘“‘Protective” works; the annual loss on them being, as it
were, a premium paid for famine insurance.

The principal factor which goes to the solution of the problem

of protective irrigation works is what has been termed * the
protective value of an irrigated acre.” Given the fact that
famines have occurred in certain districts and at certain intervals,
and given the amount expended in famine relief, we can say
that, for any given district, famine relief has cost so much per
annum. This annual expenditure capitalised may be taken as
the limit of unproductive expenditure which may be incurred by
the State now for the sake of avoiding the future cost of famine
relief in that district. 'We must next consider the area which
must be brought under irrigation in order to protect the district ;
this depends on the population, the habits of the people, and on
the irrigation already existing. The capitalised cost of famine
relief divided by the acreage which must be brought under
irrigation is the direct protective value to the State of an
irrigated acre. To this must be added the capitalised value of
the net revenue per acre which may be expected to acecrue to the
State by the introduction of irrigation. If irrigation can be
introduced at a less cost per acre than the amount thus arrived
at, then the State can afford to construct a Protective irrigation
work ; otherwise it is cheaper for the State to pay a lump sum
for the relief of famine when it occurs, rather than bear the
annual burden of an unremunerative work.

The aspect of Protective irrigation which' has just been
indicated is purely financial; there is also the moral aspect to
be considered. What amount is the State bound to expend, or
justified in expending, in order to protect a district from the
miseries of famine? But the answer to that question, though
a potent factor in governing the famine policy of the State, is
one which hardly comes within the province of the irrigation
engineer.

It may be mentioned that the classification of irrigation works
a8 Productive and Protective gives no real indication of their
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financial success ; the classification is based on the expectations
formed of their financial results when their estimates were under
consideration, and these expectations are not invariably realised.
A good many Indian irrigation works, though classified as
Productive, have failed to justify their classification ; they never-
theless have their protective value. A notable instance of the
opposite is the Swat River Canal in the Punjab, which, though
classed as Protective, pays from 8 to 10 per cent. on its capital,
and is therefore highly remunerative.!

In considering the general economic aspects of an irrigation
work it is sometimes urged that the indirect benefits of irrigation
are quite as important as the direct financial results themselves.
There is undoubtedly a real, though intangible, indirect return
to the State on successful irrigation works, but whether this
indirect return is of sufficient importance to balance all financial
considerations is at least open to argument.

The indirect advantages of irrigation are—

(1) The increase in the general prosperity and wealth of the
community ;

(2) The effect of irrigation and of water storage in increasing
the humidity of the air and in raising the level of the subsoil
water ; and

(8) What has just been referred to—the prevention or mitiga-
tion of famine or scarcity.

The State no doubt shares in the general prosperity of the
community in the form of increase in various kinds of revenue
such as excise, income tax, stamp duties, etc., and, as in India,
in the increased railway returns. To put an actual money
value on these indirect receipts is practically impossible.

The second of these indirect advantages of irrigation is, how-
ever, of considerable importance to the engineer. Irrigation
and large storage tanks have a eonsiderable effect in increasing
the humidity of the air and in raising the spring level in wells,
thus rendering the subsoil water more available for irrigation.
Also a certain amount of water evaporated will again be
deposited as rainfall, and may render substantial assistance to
irrigation; and the increased percolation into natural drainage

1 This canal is now classified as ¢ Productive.”
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outfalls may be picked up and utilised in areas far removed from
the original source of supply.

It is, however, the reverse side of the picture that is important
to the irrigation engineer. Irrigation, unless carried out on
scientific principles, is apt to be overdone, and the effect of
excessive irrigation may be to raise the level of the subsoil
water so high that waterlogging and its attendant evils of agues,
fevers, and impoverishment of the soil inevitably appear. Again,
all natural waters contain a certain quantity of salts in solution.
If the subsoil water channels are so overcharged that natural
drainage becomes ineffective, water is continually drawn to the
surface, evaporated, and leaves behind it an excess of saline
matter in the soil. This saline efflorescence is a marked
characteristic of districts artificially over-irrigated, and on some
of the older canal systems in India has resulted in the
deterioration of considerable areas formerly highly cultivated.

It is now fully recognised by irrigation engineers that the
effective drainage of low-lying lands must go hand in hand with
irrigation, and the evils indicated are never allowed to appear in
a modern irrigation system. These evils were well marked in
the system of drainless irrigation practised prior to 1888 in
Egypt. The faulty alignment of the existing canals resulting in
obstruction of the natural drainage outfalls and the use of
natural drainages as irrigation channels were the principal
causes of the evils ; and in the delta the difficulty of leading
surplus water away from the irrigated area was increased by the
flatness of the country, much of which lies below sea level.
Large areas had become waterlogged and unfit for cultivation,
and it was soon recognised that an effective system of drainage
was a pressing necessity. Many hundreds of miles of drainage
channels have since been constructed, and in the year 1908 the
expenditure on constructing new channels and maintaining those
already existing amounted to £145,000.

As affording an illustration of several important principles in
drainage operations, a portion of the Etah district of the United
Provinces in India has been selected for description.

The district consists of an elevated alluvial plateau, the eastern
slope of which dips suddenly down some 50 feet or more into the
valley of the Ganges. Lying between the edge of the plateau
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and the present bed of the Ganges is a belt of fertile land some
one fo three miles in width, in the centre of which a long line
of swamps and hollows connected by a sluggish stream marks
the ancient bed of the river. This valley is covered with a
rich deposit of silt and is abundantly supplied with natural
moisture.

The recent history of this fertile belt, which is called the
valley of the Budhganga (literally, Ancient Ganges), is exceed-
ingly instructive to the irrigation engineer. For some fifty or
sixty miles a branch of the Lower Ganges Canal runs along the
edge of the high land, roughly parallel to the Budhganga and
never more than one or two miles away from it. This branch
canal, which carries some 650 cusecs, is designed to irrigate the
high land to the west, and the Budhganga valley was strictly
debarred from any canal irrigation, as it was recognised that
irrigation was not only unnecessary, but would even prove
injurious. Prior to the opening of the canal in 1878 the level
of the subsoil water in the valley was from 5 fo 15 feet below
the ground surface; rich crops of wheat, barley, millet, and
even sugarcane were successfully reared, and the cultivators
were the most prosperous in the whole district, though somewhat
fever-stricken. The Budhganga was the natural drainage outlet
of the valley, and the cultivators were quite alive to the import-
ance of keeping it clear of weeds and other obstructions; in
fact there was a recognised, though unwritten, law that each
village kept clear the portion of channel within its own lands.
1878 was a famine year in the district, and famine was followed
in 1879 by a terrible epidemic of fever, which swept away some-
thing like half the population. After this calamity, weed clearance
was neglected on the Budhganga, as all the available labour was
required for the fields; the spring level gradually rose, the
volume of subsoil water being considerably augmented by per-
colation from the recently opened canal ; and by 1886 cultivation
had practically disappeared. In that and in the two following
years the author visited the valley on many occasions, and it
would be difficult to conceive a more apparently hopeless prospect.
Subsoil water was level with the ground, all natural drainages
were full of stagnant water and choked with weeds, the ground,
even where comparatively dry, was tinged with green slime,
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saline efflorescence was everywhere rampant, and a few scattered
fields of miserable wheat were the only signs of cultivation.
Fortunately, Government decided on the reclamation of the
district, and as there was a lurking suspicion that the canal was
at the bottom of the mischief, it was determined to place an
irrigation officer on special duty to investigate the causes of the
water-logging and to suggest remedial measures.

The story of the Budhganga drainage works is too long to
recapitulate, but briefly the investigation proved conclusively
that the primary cause of the trouble was the obstruction in the
natural drainage outfall of the tract, and that, given a free
outfall, there would be no difficulty in keeping the subsoil
water at its original levels. The improvement of the main
natural channel was put in hand at once, and consisted in weed
clearance and in cutting across bends to shorten the tortuous
channel and so improve the bed slope. Surveys and estimates
for branch drains were put in hand and sanctioned, and by
1892 the valley was provided with a complete drainage system
constructed and maintained by the Irrigation Department.

In 1900 the author was placed in charge of the district, and
one of his first duties was to draw up from personal observation
a report on the condition of the Budhganga drainage system.
The difference in the appearance of the country since he last
saw it, twelve years before, was a sufficient commentary on the
efficiency of the drains. The whole valley where the soil was
guitable was covered with cultivation, and the condition of the
crops compared favourably with that of the canal-irrigated area
on the uplands. Subsoil water level had sunk from 5 to 10 feet,
saline efflorescence had practically disappeared, and the success
of the drainage system lay patent before one.

In one particular instance the drains were too successful. A
petition had been received by the civil authorities from certain
cultivators praying for the reduction of the land revenue, on
the ground that their crops had been destroyed. It was assumed,
somewhat hastily, that the crops had been destroyed by flooding
or by the rise in the subsoil water level ; and the author was asked
to investigate the complaint and advise whether any extension
of the drainage system was required. The contention of the
cultivators turned out to be not that their crops were ruined by
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too much water, but that the action of Government in regard to
the drainage had deprived them of the natural facilities for
irrigation which they formerly possessed, and the contention was
undoubtedly correct. Before the construction of the drains the
subsoil water level was 8o near the surface that irrigation could
be effected from shallow wells. After the drains were opened
the water level fell so much that irrigation from wells necessi-
tated the construction of deeper wells lined with masonry, for
which they had neither the means nor the requisite skill. The
restoration of the status quo was easily effected by abandoning
the upper portion of the drain, which had never really been
required.

The lessons to be learnt from the story of Budhganga are—

(1) That a rise in the subsoil water level, though offen
beneficial, is decidedly the reverse in low-lying areas;

(2) That the efficient maintenance of natural drainage outfalls
should never be neglected ; and

(8) That over-drainage may, in certain cases, be as prejudicial
to cultivation as over-irrigation.

In the early part of this lecture some figures were given to
indicate the magnitude of Indian irrigation works; these may
now be supplemented by some figures as to drainage works.
When the earlier canals were designed, the importance of
drainage in conjunction with irrigation was not appreciated.
The consequence has been that in the canal-irrigated districts
of the United Provinces drainage works have been carried out
subsequently to the establishment of canal irrigation. Since the
older canals were opened, the introduction of irrigation has
necessitated an expenditure of £300,000 on the construction of
a system of drainage channels, the aggregate length of which is
8,800 miles, or more than one-third of the aggregate length of
the earlier canals, together with their distributing channels. It
may be added that the Irrigation Department of the United
Provinces is responsible for the maintenance and working of,
roughly, some 15,000 miles of irrigation and drainage channels.
Statistics for the whole of India are incomplete, but there are
some 45,000 miles of irrigation channels maintained by Govern-
ment in India, exclusive of Burma, and, at a rough estimate, at
least 100,000 miles of channel maintained by the cultivators.
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This introductory lecture may be concluded by indicating
" very briefly the classes into which irrigation works may be
divided.

The generally accepted classification is :—

(1) “Canals”;
(2) “ Tanks or Lakes ” ; and
(8) “ Wells.”

Under Canals may be placed all works for diverting the water
of rivers and leading it on to the land.

Under Tanks may be placed all works for the storage of water
and all natural depressions the water of which is used for
irrigation.

Under Wells may be placed works for giving access to &
subterranean supply or to the waters of rivers deep below the
surface, and which must be raised vertically so as to flow on to
the land.

The classification is convenient though somewhat indefinite.
It is evident that in the case of a tank or storage work some
form of canal is required for leading the stored water on to the
land, and in fact the three classes of irrigation works indicated
overlap each other to a considerable extent.

To these may be added a fourth class, viz., “ Drainage Works,”
a8 in all modern irrigation systems irrigation and drainage go
hand in hand.




CHAPTER II
STATISTICS REQUIRED FOR PREPARING AN IRRIGATION PROJECT

'WE now come to consider the preliminary investigations which
must be undertaken before the project for an irrigation scheme
can be weighed in the balance. In former days it was accepted
as an axiom that the advantages of irrigation were sufficient to
justify its introduction whenever financially practicable; its
disadvantages under given conditions were not properly appre-
ciated or were at any rate ignored. The result has been the
expenditure of large sums of money on irrigation works of
doubtful utility, or which in extreme cases may have proved
actually injurious. Inmodern irrigation practice it is recognised
that the complete preparation of preliminary statistics is the only
sure basis on which to build an irrigation scheme, and much
time and labour are spent on these preliminaries. For a recently
proposed scheme in the Punjab the estimate for preliminary
investigations amounted to £35,000, and this is money well
spent.

The case of the Chenab Canal in the Punjab, which has already
been mentioned, may be quoted as an instance of the kind of
work involved in the establishment of a large irrigation scheme.
The area commanded by this canal consisted of Crown waste
lands, eminently suitable for canal irrigation, but quite unculfi-
vated owing to the absence of water and of population, which
consisted of a few scattered nomads.

Quite apart from the ordinary construction work, the manu-
facture of material, and the importation of labour, arrangements
had to be made for supplying drinking water and supplies to the
working parties, and in some instances these had to be carried
many miles on camels. The colonisation of the land by intro-
ducing settlers from more congested districts was provided for.
Arrangements had to be made for constructing & railway through
the irrigated area for the exportation of surplus produce. Roads

LW. 0
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had to be constructed, towns and villages had to be built, and,
in fact, everything had to be done for converting a desert into a

- garden. In 1901 the canal irrigated some two million acres, and
the population was 800,000 souls; a railway 200 miles long
runs through the district, and is one of the best-paying branches
of the North-Western Railway system of which it is a feeder.
A headquarters town has been built with its municipal and canal
offices, its club and its church, and villages for the cultivators
are scattered over the irrigated area.

All this extraneous work had been foreseen and provided for,
but it is evident that only a very detailed knowledge of the
existing conditions of the country and a sort of prophetic vision
of the conditions after the canal was made could have enabled
the engineers to make arrangements for converting into a
prosperous district what less than twenty years ago was literally
a desert.

'We must now consider these preliminary investigations more
in detail.

The basis of all irrigation projects is & series of good maps of
the country. Maps form the basis of all engineering projects,
and it is necessary therefore to refer only to the particular
details which differentiate an irrigation map from all other maps.
First of all accurate levelling must be insisted on, and in a canal
survey party both officers and subordinates must be expert
levellers. In ordinary engineering surveys an error of 0'1 foot
in a mile is generally accepted as good work. In canal surveys
001 of a foot per mile is a more exact measure of the degree
of accuracy required. The reason is obvious; in dealing with
surface slopes of a very few inches per mile, an error of a few
inches may result in an attempt to make irrigation channels run
up hill, whereas in railway work, for example, a similar error
would necessitate but a slight alteration in gradient.

For irrigation projects the usual maps and scales in India are
as follows :—

An index map of 1 inch to the mile without very much
topographical detail, but showing all channels existing and
proposed both for irrigation and drainage.

A general plan of 4 inches to the mile, showing channels, sites
and names of masonry works, boundaries of villages, reduced




STATISTICS FOR PREPARING AN IRRIGATION PROJECT 19

levels and contours, together with certain details of irrigation
and drainage to be described presently.

A cadastral map to a scale of 16 inches to the mile, showing
all field boundaries, and which is used in the field for sketching
in the natural flow of surface drainage, the position of minor
watersheds, varieties of soil, area of existing irrigation, etc., such
detail being afterwards reduced from the 16-inch map and
transferred to the 4-inch map. This 16-inch map is most useful
in the field, a8 minor topographical details which would other-
wise require very laborious surveys fo locate them can be
sketched on the spot with considerable rapidity.

There is very often a 4-inch map showing reduced levels and
contours only, and in this case the ground levels on which the
contours are based are omitted from the general 4-inch map.

Longitudinal sections may be 2 inches to the mile horizontal,
and 2 to 5 feet to the inch vertical scale. These show ground
levels, bed levels and gradients, water levels, positions of masonry
works, and in fact all working details of channels, except the
actual working plans of masonry works.

An irrigation map must be carefully contoured, and this in
itself necessitates an immense amount of levelling, as the usual
vertical intervals between the contours is 1 foot only. To
those accustomed to work with the Ordnance Survey maps of
England, for example, where the contours are spaced as a rule
at 100 feet vertical interval, & map with 1 foot contour intervals
comes as & novelty. It must be remembered that in irrigation
maps one is dealing as a rule with very flat or gently undulating
country, and differences of level which are hardly visible to the
untrained eye are of great importance when lining out irrigation
channels. The best method of locating contours for an irrigation
map is to divide the country into squares of 880 or 500 feet side.
The actual ground levels of the corners of the squares (spot
levels) are determined by levelling, and the contours are inter-
polated on the map from the known levels of the corners of the
squares. A map of this description is sufficient for lining out
main and branch canals, but when it is required to lay out small
channels for conveying water to each field or group of fields,
something more detailed than even the contoured map is
required, and the details demarcated on the 16-inch map are

c2
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used for lining out these field channels. In order that the water
should command the country to be irrigated, all channels should
follow the watersheds as far as possible, and no drainage should
be crossed except when it is impossible to avoid doing so. Where
drainage must be crossed, arrangements for passing the drainage
across the irrigation channel must be provided; it is an axiom
in irrigation work that drainage must never be obstructed.
Small surface drainages may be diverted, and several of them
may be combined into one defined channel, but the general
principle is that the free flow of natural drainage must never be
interfered with.

In Upper India maps of each village on the 16-inch scale
(1/4,000) are published by the Cadastral Branch of the Survey
Department, and these maps are also being prepared by the
Egyptian Survey. Whenever procurable these maps should be
used for field demarcation of the details now to be described.
The maps show the boundary of each field, so that one’s position
on the map can readily be determined, and in addition each field
is separately numbered. Even when such maps are not
procurable, if is a simple matter to make a plane table sketch of
each village boundary together with a few details of roads,

and natural drainage channels, on which to base the work of

demarcation. In an organised Cadastral Survey, in addition to
the 16-inch map, there is & village record in which each field is
entered by its number, corresponding to its number on the map,
and this record, which is kept up year by year, contains much
useful information. There is the field number, the owner’s
name, the cultivator’'s name, the area, kind of soil, whether
cultivated in any particular season; if cultivated, the name of
the crop and whether the crop was irrigated or unirrigated, and
if irrigated, the source from which water was obtained, such as a
canal, natural tank, or well.

The object of the demarcation on the 16-inch map is to show
the following information :—

(1) The lines along which drainage flows off the fields and
eventually finds its way into the natural drainage outfalls.

(2) The position of the minor watersheds separating these
field drainages.

(8) The area and distribution of the principal goils.
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(4) The area irrigated from wells or other sources, which
does not require further irrigation.

Much of this work can be done in the office. From the village
records the kind of soil can be shown on the map in distinctive
colours, and the area usually irrigated from wells can be
demarcated. When this office work has been completed, the
16-inch map is ready for use in the field. The surveyor then
goes to a village, and by local inquiry finds out how the surface
drainage flows off the fields near his own position, little by little
he sketches on the map the flow of the surface drainage and
the local ridges from which the waters divide, and he gradually
sketches in the lines of surface drainage and the watersheds over
the whole area of the village, and then proceeds to the next
village. Local information gained on the spot from cultivators
who have spent their lives in the same village is quite trust-
worthy, and the information regarding minor drainages and
watersheds thus obtained is such that even a prohibitive amount
of levelling would not give such accurate results.

This demarcation work may seem laborious and expensive,
but in practice it is found that men of ordinary intelligence can
readily be trained to demarcate several square miles in a day,
and that without any previous knowledge of survey work; and
experience has demonstrated that no practicable amount of

- levelling will locate the minor surface drainages and ridges so
effectively as local inquiry on the ground.

Plate I. is a reproduction on a reduced scale of a 4-inch working
plan of one of the distributaries of the Bari Doab Canal in the
Punjab.! On the western portion of the map is shown the method
adopted for dividing unoccupied land into square fields of 25 acres
each, the watercourses being arranged to deliver water at the
highest corner of the field. On the original plan the levels of the
corners of the squares are noted ; these levels have been omitted
in the reproduction.

Plate II. is a working longitudinal section of the principal
distributary of which Plate I. is the working plan.

Plate III. is a reproduction of a village map demarcated as

1 The vernacular word ‘‘ chak’ in the map heading means ‘ area’ or
¢“‘plot,” and indicates that the area of irrigation allotted to each village or
to each outlet is noted on the map.
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described. It has been reduced from the 16-inch scale, and the
numbers of the fields have been omitted to avoid confusion.

During the process of demarcating maps in the field, the
clerical establishment is engaged in drawing up abstracts of soil
areas, areas cultivable and uncultivable, areas irrigated and
unirrigated; and in the case of uncultivated or uncultivable
lands, the reasons for these lands being uncultivated, such as
want of facilities for irrigation, swamps, sandy tracts, saline
tracts, or want of agricultural population, are also noted. In
districts where a Cadastral Survey has been carried out, most of
this information is procurable from the Survey records, but some
of it may have to be compiled in the field.

A very important class of inquiry in collecting irrigation
statistics relates to the possibility of introducing higher-class
crops than those usually cultivated, given an assured supply of
water for irrigation. The difficulty in considering this problem
lies in the number of factors, not unfrequently somewhat inde-
terminate, which have to be taken into consideration. Some of
these factors may be briefly indicated by considering two
examples of valuable crops.

Sugarcane.—The importance of sugarcane to India may be
gathered from' the fact that for the seven years ending 1902 the
average world’s outturn of cane sugar was seven and a-half
million tons per annum; of this total, three and a-half million
tons were produced in India. The world’s outturn of beet sugar
for the same period was five million tons annually, so that India’s
sugarcane produces 28 per cent. of the world’s sugar supply.

Sugarcane is grown on well-drained alluvial loams and requires
an assured supply of water practically all the year round. It.
also requires heavy manuring, which, in India, presupposes a
community rich in cattle. Given a supply of cattle refuse, it is
by no means certain that the cultivators can afford to use it for
cane cultivation. Dried cattle refuse is & most important fuel in
agricultural India, and if cattle refuse be used as a manure, it
must be replaced as a fuel from some other source, such as waste
jungle lands. The cultivation of sugarcane requires a certain
amount of capital, not necessarily in the form of cash; and
though it yields handsome profits, it is beyond the reach of a
poor man.
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Again the disposal of the crop is a matter of importance.
The cane is grown in comparatively small patches and the cost of
carriage precludes the establishment of a central crushing mill.
Each village therefore provides its own crushing mills and
boiling pans, and this again means capital expenditure. The
question of markets is also important. In the villages, molasses
and possibly unrefined sugar are manufactured, and there must
be facilities for exporting the surplus produce. There is at least
one canal in Upper India where a large area of sugarcane was
anticipated by the engineers, but the cultivators refuse to grow
it. Their sole reason is that there is no railway near at hand,
and the cost of transport by road would swamp their profits.

The last factor to consider is the personality of the cultivator,
whether he is industrious and enterprising and likely to avail
himself of the improvements in agriculture, which he can effect
by means of assured irrigation. As a rule the Indian peasant is
quite alive to his own interests, but he is also intensely con-
servative, and he often hesitates to embark on the cultivation of
a crop of which neither his forefathers nor himself have had
practical experience. It may be mentioned incidentally that the
introduction of sugarcane is important from the point of view
of the canal administrator; the crop is so valuable that the
cultivator can afford to pay a comparatively high water rate for
his irrigation.

Another important and valuable crop is cotton, which is not
only an important export from India, but cotton-spinning is also
a flourishing internal industry.

Prior to 1860 the cotton exported from India was valued af
three millions sterling per annum. During the American Civil
War and immediately afterwards the cultivation increased by
leaps and bounds until in 1866 the exported value reached the
enormous total of thirty-seven millions sterling. Indian cotton,
which has a short staple, cannot compete with the long staple
American cofton in producing the finer yarns, and the present
export value is about eight millions sterling. There are also
about 200 spinning mills in India which employ some 170,000
operatives, in addition to innumerable hand looms which are
found all over the country.

There are no statistics giving the outturn of the cotton-
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producing countries, but taking the consumption of the spinning
mills, it is said that India produces some 10 per cent. of the
. world’s cotton supply.

Cotton is essentially a sun-loving plant, and its cultivation
depends not so much on soil as on climate. It can be reared on
sandy soils, loams, and on heavy clays, given a sufficiency of sun
and of moisture, but excessive variation in the amount of
moisture is injurious. A sandy soil does not retain moisture, a
heavy clay retains too much, and the best soil for cotton is
therefore a deep well-drained loam. Cotton requires a great
deal of attention, and American statistics show that the cost of
manual labour amounts to 54 per cent. of the total cost of
growing the crop.

Given suitable soil, the personality of the cultivator is there-
fore perhaps the most important factor in considering the
possibility of introducing cotton cultivation on a new canal,
and this is due not only to the care which the plant requires,
but also to the peculiar manner in which it suffers by over-
irrigation. Cotton once established deteriorates by being
irrigated, and only the most advanced cultivators realise this
fact. In India there is a distinet inducement to the cultivator
to over-irrigate the plant. Irrigation rates are levied on the
crop, and if the cotton be irrigated up to the time it is gathered,
the ground, after the cotton is gathered, retains sufficient
moisture for a cold weather crop to be sown ; and given a slight
rainfall, this second crop will come to maturity without artificial
irrigation. The cultivator thus pays an irrigation rate for
cotton only, but is able to raise two crops by paying one water
rate. Itis bad agriculture, for the excessive watering deteriorates
the cotton, and the cultivator probably loses more than he gains.
The deterioration of cotton due to over-irrigation has also been
observed in Egypt. In 1903 the Assuan reservoir was filled
and drawn on for the first time, and there was a great extension
of the area under cotton in 1903 and 1904. Water was plentiful
in those years, and yet the total yield of cotton was less than in
1901, when the area was less and when water was scarce. The
official explanation was that water was plentiful and that the
cultivators would not refrain from using it.

These two examples of sugarcane and cotton will serve to
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illustrate the inquiries necessary for discussing the possibility
of introducing higher-class crops, and they also to some extent
explain the advantage of a fair working knowledge of agriculture
to the engineer who makes irrigation his speciality.

Other statistics which have to be compiled refer to the number
and classes of the population, and for these census reports must
be studied, if available. This is important not only from the
agricultural but also from the engineering point of view as
regards the labour available in the district.

The labour market bears directly on the estimates, as if
contractors have to import labour from a distance they must be
paid higher rates than if labour were procurable on the spot.
Knowledge of the habits of the people is also necessary; every
agricultural labourer in India can do earthwork of a sort, and
some are really expert. Some classes will follow the work
wherever it goes, bringing their families with them; others will
work only within a short distance of their village, returning to
it at night. Some classes will work all day in wet foundations,
while others will work in dry excavation only. These and
many similar petty details become important when estimates
amount to several millions sterling.

As an example of the distances from which labour has to be
imported for canal works the case of the Nadrai aqueduct on the
Lower Ganges Canal, which took four years to build, and which
will be referred to presently in connection with rainfall, may be
quoted.

The imported labour was :—

Carpenters and well sinkers from

the Punjab. . . . . 400 miles distant.
Stonecutters from Allahabad . 80 , 2
Bricklayers from Bareilly . . 8 , "
Lascars from Bombay . . . 800 , »
Mechanics and foremen from large

railway bridges . . i . 400 ,, ”
Ordinary labourers from a radius of 40 miles round.

When the work was in full swing some 10,000 men were
employed on and round about the works, so that a large work
practically sweeps the labour of the surrounding districts.
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Means of transport must be noted, as it is often necessary to
make temporary roads for carriage of materials, and if a
railway runs through the district it often pays to concentrate
operations for the manufacture of materials at large depots
close to the railway. In the case of the work just quoted a
branch line of railway was run on to the work from an existing
line five miles away, and it proved cheaper to rail coal 1,200
miles from the Bengal coalfields for engines and lime manu-
facture rather than cart wood from the nearest forest, with
the additional advantage of the assured regularity of supply.
This, of course, taking the comparative efficiency of wood and
coal into account. A contract for fifty million bricks was given
out before the railway was decided on, and the contractor had
already entered into sub-contracts for wood fuel. Had he been
able to use coal sent up by rail he would have made an
additional profit of £8,000 on his contract. This affords an
example of the necessity for entering into all possible details
before work is begun.

In addition to noting the resources of the country as regards
labour, it is very necessary to gain information as to the
materials available. In addition to earthwork, canal engineering
deals principally with bricks and mortar. There is no great
expenditure on iron and steel, as in railways, and as the
irrigation engineer is a pioneer, he is very often thrown on his
own resources, and has not only to burn his own bricks and
lime, but has also to teach his subordinates. This is an aspect
of irrigation engineering which is hardly realised in countries
where responsible and trustworthy contractors can be had for
the asking. ,

‘We now come to perhaps the most important branch of the
details comprised under ‘irrigation works statistics.” That
is rainfall statistics and the discharge of rivers and natural
drainages. :

It has already been shown how rainfall, and especially the
monthly incidence of rainfall, has much to do with the necessity
for irrigation and also with its utility. It is absolutely essential
to have records of rainfall over the whole of the area in which
* irrigation is proposed, and it is equally essential to have defails
of the discharge of all channels carrying natural drainage
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within that area, and also of the channel which is the source of
supply. This implies that in the absence of definite rain gauge
‘records one’s calculations will be simply guesswork and of little
value. In tropical countries rainfall records to be of any exact
value must extend over thirty-five years, so as to include the
cycle of cyclonic storms. This is also the period during which
flood levels in rivers and other drainages should be observed.
Records extending over this period are seldom obtainable, and
one must be content with what one can get, but the important
point to remember; is that if the rainfall records are deficient,
then a very large factor of safety must be allowed in designing
the works. If accurate data are not available, much useful
information as to flood levels can be gathered from old
inhabitants, whose memory of facts is often very useful.

The important points connected with rainfall as far as
irrigation is concerned are the quantity and monthly distribu-
tion of rainfall and the liability to failure or serious deficiency.
Actual statistics of rainfall are best, but failing them, local
tradition or information as to the crops which can usually be
raised from rainfall only has a very considerable value. Where
local tradition fails is in definite information as to the maximum
discharge in drainage channels and rivers. This is quite
explicable ; a cultivator dependent on drainage for his primitive
methods of irrigation remembers the years when the river failed
him and he was hard put to it to find water for his crops, but he
forgets in which of the many years when he had ample water
the channel rose to the maximum level.

When a canal is to be taken out of a river, the important fact
to determine is the minimum discharge which may be expected,
for that determines the minimum supply available for irrigation.
On the other hand, when a canal has to cross a river or other
drainage channel, the important point is to know the maximum
discharge, for on that is based the waterway to be given to
cross drainage works. One of the first arrangements to be made
in drawing up an irrigation project is to establish rain gauges
all over the area under consideration and to establish river
gauges on all rivers and drainage channels, and also to arrange
for measurements of discharge, especially flood discharge, as often
as possible.



28 NOTES ON IBRRIGATION WORKS

The danger which may arise from designing cross drainage
works on an underestimated flood discharge cannot be too
strongly insisted on. The fate of the Nadrai aqueduct conveys
such an impressive lesson to all engineers that its story may be
told rather in detail, quoting from the official records written by
officers on the spot. The Nadrai aqueduct carries the Lower
Ganges Canal over the Kali Nadi, some 83 miles from Narora, -
where the headworks on the Ganges are situated. The Kali
Nadi drains an area above the aqueduct of 2,877 square miles,
the average annual rainfall being 82 inches on the catchment
area. The canal ifself discharges at the aqueduct 4,100 cusecs
and is designed, in addition to its own irrigation, to supplement
the supply in some branches of the older Ganges Canal. When
the canal was first opened it supplied some 2,500 miles of canal
and distributing channels, and while still undeveloped it irrigated
650,000 acres. These figures have latterly been much increased
and are quoted as showing the importance of the canal at the
time of the destruction of the aqueduct.

The aqueduct as originally designed was based on a flood dis-
charge of 9} cusecs per square mile of catchment, which corre-
sponded to the then highest record flood of 28,000 cusecs. It
consisted of five spans of 85 feet founded on wells sunk 25 feet
below the bed of the river. It must be remembered that the
discharge was no haphazard assumption, but was based on
reliable rainfall and discharge statistics extending over nearly
thirty years. The canal was opened in 1878, and on October 4,
1884, a flood calculated to be from 40,000 to 50,000 cusecs came
down the Kali Nadi. This caused so much damage to the aqueduct
that the necessity for a new work was immediately recognised.
The old aqueduct was patched up, and designs and estimates for
a new work of nine spans of 85 feet was drawn up and ready for
sanction, when on July 17, 1885, a flood of 180,000 cusecs
entirely swept away the old aqueduct and upset all former cal-
culations. This extraordinary flood headed up 18 feet at the
canal crossing, the depth above river-bed being 84 feet up stream
and 21 feet down stream, which by no means represents the
actual depth of water. It turned the left flank of the aqueduct,
swept out a breach 800 feet wide in the canal embankment, and
scoured out the bed of the river right down to the clay stratum
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which is found at 80 feet below the river-bed. In addition to the
aqueduct it swept away every bridge whether of road or railway
on the lower 150 miles of its course, and the villagers, whom
tradition teaches to build their houses high above dangerous
flood level, escaped no better than the engineers, as many villages
on the higher slopes of the valley were overwhelmed. The
Kali Nadi fully justified its name—the river of the goddess of
destruction.

Engineers find it difficult to digest the fact that a catchment
of 2,877 square miles with an average rainfall of 82 inches did
produce a flood of 130,000 cusecs, or 56 cusecs per square mile of
catchment. Two experienced engineers, Mr. Garstin (now Sir
William Garstin, of Egypt) and Mr. Good, who built the new
aqueduct, happened,.to be on the spot during the whole of the
flood and kept careful notes of levels and velocities, so that there -
is no doubt as to the discharge after allowing for unknown
factors. The cause of the flood is contained in the Report of the
Meteorological Department for July, 1885. After detailing the
recorded rainfall it goes on to say:—

“From the best information obtainable it seems that over 1,000 square
miles of the drainage area of the Kali Nadi upwards of 20 inches of rain
fell within a little more than twenty-four hours. Accurate statistics were
not available over the whole area, as many gauges were found running over
in the morning.”

Where canal officers happened to be stationed they recognised
that they were witnessing a record rainfall and took the pre-
caution of emptying the gauges before they overflowed. This
heavy rainfall accompanied a small cyclonic storm and was prac-
tically confined to the Kali Nadi catchment. The corresponding
flood in the Ganges thirty miles away was 120,000 cusecs only, as
against a maximum of nearly double that amount. There can
be no doubt that in addition to the record rainfall the drainage
system in the catchment area had a good deal to do with the
excessive height and short duration of the flood ; the whole thing
was over in a day. The Ganges Canal, opened in 1854, irrigates
a considerable portion of the Kali Nadi catchment area and was
constructed before drainage principles were recognised. From
1875 onwards drainage operations were carried on with great
vigour, channels were re-aligned, numerous drains were excavated,
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and much was done to clear away every obstruction to natural
drainage. Obviously an efficient drainage system carries off
surplus rainfall much more quickly than would otherwise be the
case, and results in increasing the intensity and diminishing the
duration of floods. It is therefore necessary in designing cross
drainage works to remember the possibility of maximum dis-
charge being greatly increased by thorough drainage of the
catchment area.

The new Nadrai aqueduct has fifteen spans of 60 feet as against
five of 85 feet in the original. It is founded on 268 wells sunk
52 feet below the river bed. The waterway is 28,325 square feet,
or 9'8 square feet per mile of catchment, and the mean velocity
for an assumed maximum discharge of 140,000 cusecs is 6 feet
per second. It may be mentioned that since the destructive flood
of 1885 the maximum flood in the river up till 1902 was 15,000
cusecs.

Another point on which statistics are required is the level of
subsoil water in the area under consideration. This can be
noted during the progress of the survey preferably in wells in
May and September for minimum and maximum heights in
Upper India. In addition to the general well readings, lines of
wells should be selected going right across the district ; these are
measured fortnightly throughout the year. Bench marks at
known reduced levels are fixed on the wells, and from these the
depths to water surface are measured and reduced to a common
datum. These measurements give cross sections of subsoil water
surface at different periods of the year. It is important to select
wells which are not used for irrigation purposes, as the water level
in such wells varies considerably if they have recently been drawn
on. Wells used for drinking purposes only can generally be
found, but if irrigation wells must be used, they should not be
measured within twenty-four hours of being drawn on.

In the earlier canals of Upper India, such as the Eastern
Jumna and Ganges Canals, little attention was paid to subsoil
water level, waterlogging has followed the introduction of canal
irrigation, and in a good many instances the restoration of the
tract has been a source of considerable difficulty and expense.
Drainage has done much, and in extreme cases it has been
found necessary to prohibit irrigation from canals altogether
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and advance money to enable the cultivators to dig wells or
restore those which they had abandoned for the more easily
obtained canal irrigation. In modern canal schemes areas
watered from wells with a good supply, such as is indicated by
high subsoil water level, are debarred from canal irrigation, which
is right and proper, and quite a different procedure from first
giving canal water and then being forced to prohibit its use.
Subsoil water levels enable one to guard against mistakes of
this sort, and also afford information as to the areas where the
introduction of a canal and consequent increase of percolation
may raise the level of the subsoil water to a dangerous extent.
A very good example of the use that records of subsoil water
and well irrigation can be put to is afforded by the Sardah Canal
project in Oudh, which has caused more discussion than any
other scheme in India, and which the Irrigation Commission
said was the most difficult problem they had laid before them.
The first scheme was drawn up in 1870 to irrigate 3} million
acres in twelve districts in Oudh lying between the Sardah
and the Ganges at a cost of six millions sterling. This
was admitted by all concerned to be unnecessary, and since that
date four separate schemes have been drawn up, the proposed
irrigated area and the proposed expenditure being about the
same in each, 600,000 or 700,000 acres at a cost of about
three millions. The point for settlement was whether the
height of subsoil water level and the area irrigated from
wells and natural tanks did not render the introduction of a
canal unnecessary. Opinion differed considerably according as
the years were wet or dry, but the irrigation officers who in 1870
were keen to make the canal got more and more dubious as
they got more and more information about the rise of subsoil
water, and finally in 1899 they were generally opposed to its
construction. The whole question hinged on the level of the
subsoil water and on the area irrigated from wells, and but for
the statistics of subsoil water which had been collected it is
pretty certain that the canal officers would have -pressed for
carrying out a project which they have now abandoned, except
for a very small canal to irrigate two unprotected districts which
they have recommended should be thoroughly investigated afresh.
After hearing all the evidence the Irrigation Commission declared
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that they had not sufficient data to give a final opinion, and
recommended a fresh investigation for a canal to irrigate six
districts, and the words in which they point out the lines of the
new investigation show the importance they attach to soil and
drainage statistics :—

““The records show that along the alignment proposed for the main
channels the depth to water level varies from a minimum of 11 feet in
Hardoi to a maximum of 33 feet in Lucknow; and that in certain parts of
some districts pure sand is found at a depth of 6 to 12 feet below the surface
of the ground. But much more detailed information will be necessary
before it can be said that the conditions with regard to water level and sub-
soil offer insuperable obstacles to the construction of a canal.”

(The objection to fine sand near the surface is the enormous
loss from percolation which would oceur in the canals.)

“The areas must first be demarcated into which it seems desirable to
carry canal water, having regard solely to their irrigational needs, the
extent to which they must depend on canal water for their protection, and
the suitability of their soils for canal irrigation. The subsoil water level
within these areas, and outside them up to the limits of their main drainage
outfalls, and the depth of overlying loam, must be observed and shown on a
plan or cross sections of the country; and all matters bearing on the
necessity for and the possibility of completely draining the tract likely to be
influenced by the canal must be thoroughly investigated before any decision
will be possible on this important question. The projects for the canal
contain a good deal of general information on these points; but, though
complete in engineering details, they were prepared at a time when the
necessity for very detailed observations of the kind we have noticed had not
yet been fully realised.”

It will thus be seen that the decision as to the expenditure of
geveral millions sterling depends on the questions of subsoil
water levels and drainage referred to above.

The next point to consider in these preliminary investigations
is what is called the * duty "’ of water.

The term ‘ duty "’ of water or water ““duty” is a ferm used
by irrigation engineers to express the amount of work that water
does or may be expected to do in irrigating crops. It depends,
of course, on the kind of ecrop, and also on the position in a canal
system at which the duty is estimated. For example, suppose
that 50 per cent. of the water entering the head of & canal is
lost by percolation, evaporation, and waste before it is delivered
on to fields some hundreds of miles away—and this is by no
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means an exaggeration ; also suppose that one cusec of water
flowing continuously will serve to bring to maturity 200 acres of
wheat, then the duty of one cusec at the field is for wheat 200
acres. But in order to deliver that cusec on to the field two
cusecs must be taken in at the canal head, so that for wheat the
canal head duty of one cusec is 100 acres only. For rice the
duty would be about one quarter of this. The volumes of water
for which channels have to be designed depend on the class of
crops to be irrigated, on their area, and on the duty for these
erops. Duty is therefore an important factor in designing
channels. In India the measure of duty is the area of a par-
ticular crop which one cusec flowing continuously during the life
of the crop will bring to maturify. In America the measure of
duty is the same as in India, using the expression second-foot
instead of cusec. :

Water duty is sometimes expressed differently in terms of the
volume of water which will cover an acre to a depth of 1 foot,
that is a volume of 48,560 cubic feet. This volume is called an
acre-foot, and the duty is the number of acre-feet required to
mature an acre of crop. In other words, it is the depth of the
water expressed in feet (or in inches) which is applied to the
crop. Wheat in India requires five waterings of about 4 inches
depth each, or, say, & depth of 20 inches altogether. The duty
for wheat is therefore 1°70 acre-feet or 20 acre-inches. In
America water storage in a reservoir is designated as so many .
acre-feet, and this is useful, as the acre is the unit used for land
areas, and the rainfall is expressed as so many inches in depth.
The relation between the cusec or second-foot and the acre-foot,
is simple. A cusec running for twenty-four hours will cover an
acre to a depth of 1'98 feet, or say 2 feet, so that one cusec
running for twenty-four hours is equal to 2 acre-feet. Various
other units are used in different countries, such as the cubic
metre in Egypt and the litre in Bouthern Europe, instead of
the cubic foot, but the principle is the same. Duty is, in short,
any method of expressing the volume of water required to mature
a certain area of a certain crop, whether that volume be expressed
as the total depth of water applied to a unit area, or the. con-
tinuous discharge required to mature a unit area. Incidentally,
a somewhat curious discharge unit which is used in the Western

LW. D
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American States may be mentioned; it is called the miner’s
inch. Its amount is defined by State law, which differs in different
States, and varies from 1/40 cusec in Arizona to 1/50 cusec in
California. The expression often appears in American hydraulic
statistics and is apt to puzzle the English reader. Briefly the
definition is that the discharge through an orifice of so many
square inches under a head of so many inches is equal to so
many miner’s inches.

The duty of water may be used in two ways. Given the
supply available, the duty determines the area which it will
irrigate; or given the area it is desired to irrigate, the duty
determines the required discharge, the class of crop being
assumed in both cases.

Water duty is obviously a matter of local conditions, such as .
soil, climate, rainfall, crop ; all have to be considered ; and when
all is said and done there is a econsiderable element of
uncertainty. It is, however, a very important factor in deter-
mining the dimensions of irrigation channels, and the difficulties
must be faced. Experience gained on existing systems under
similar conditions is the best guide; and in India, though the
conditions affecting the duty vary so enormously in different
districts, yet for each district there is a fairly well determined
duty for each crop. For example, most engineers would accept
40 to 50 acres per cusec as a fair field duty for rice without
further inquiry. 'When, however, there is little local information
available, it is possible, by knowing how many waterings a crop
requires to bring it to maturity and what depth of water is
usually applied, to calculate a value for the duty.

Wheat in Upper India is on the ground for about four months,
say 120 days, and receives five waterings of, say, 4 inches each.
The earlier waterings are heavier than this, and the later
waterings not 8o heavy, but 4 inches is a fair average.

Thus each acre of wheat receives 48,560 X 1°7=74,000 cubic
feet of water. '

A cusec running continuously=86,400 cubic feet per day, or
10,868,000 cubic feet in 120 days.

e . 10,868,000
So that for wheat one cusec will irrigate 74,000
Now in the wheat area one can generally count on receiving

=140 acres.
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a certain quantity of rain in the wheat season, say 2 inches, or
the equivalent of half of one watering, so that it may be assumed
that 160 acres would be a fair duty for wheat.

In Upper India there are two crop seasons known as the
Kharif and Rabi. Kharif crops or hot weather crops are maize,
indigo, cotton, and millets. Also rice, which requires so much
water that it is treated by itself, and sugarcane, which is irrigated
in both seasons. Rabi crop is principally cereals.

The duties generally accepted are—

Rabi and sugarcane . . 110 to 140 acres per cusec.
Rice . . . . 40 to 50 ”» ””
Kharif other thanrice . 65to 70 ,, »

It will be noticed that 160 acres is given above as the duty for
wheat, which is the principal rabi crop. But it must be
remembered that in the rabi'the water must be given not only
to wheat, but also to the area of sugarcane already standing, so
that it will not go so far; and therefore the duty for rabi plus
sugarcane is only 110 to 140 acres.

On all canal systems daily and monthly discharges are drawn
up from the gauge records of every branch on the system, and
from the irrigation records duties are calculated and published
in statistical reports. These statistics convey no lesson to any one
except the man who knows every detail of the conditions of the
particular district to which they refer. In the hands of the
local expert water duties afford most valuable information ; they
show whether water has been used economically or has been
wasted, and he takes steps accordingly. But in the absence of
local knowledge they may prove terribly misleading and worse
than useless.

A simple example will illustrate this. Take the average duty
of wheat as 150 acres.

A is a long distributing channel with scattered areas of wheat
and great loss from percolation and evaporation. On such a
channel 120 would be a good duty.

B is a short channel irrigating a compact area of wheat which
can be reached without long channels. On such a channel 180
would be a good duty.

D2
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The returns show that the actual duty on A is 180 acres,
while on B it is 160 acres. Without local knowledge one would
say that B was doing much better than A, whereas the exact

contrary is the case. A has been making the most of its -

water while B has been wasting it, and the local expert would
make a note to investigate B and see where the wastage took
place.

Being now in a position to determine the area which it
will be possible to irrigate and what kind of crops will pro-
bably be irrigated at different seasons, the next thing to con-
sider is what the proposed scheme will cost to construct,
what it will cost to keep up, and what revenue it is likely to
bring in.

As regards cost, it would obviously be a waste of labour to
design and estimate the cost of the innumerable works on a great
canal system, and then find out that the project was beyond the
range of practical politics on the score of expense. It is necessary
first of all to draw up a rough estimate without going into details,
and then if the project seems likely to pay, it will be worth
while going on to detailed consideration of cost. Or if it is
fairly certain that the project will not be productive, it may still
be worth considering from the protective point of view. The
best way to arrive at a rough estimate of cost is to allow so much
per acre on the area to be irrigated. The cost per acre naturally
varies, but a good average figure can be got from comparison of
the cost of canals already existing under similar conditions. I
would serve no useful purpose to go into the causes of the varia-
tions in different provinces, but a few general figures may be of

interest.

Take the Major Irrigation Works of India, that is, large works’

constructed by Government in the expectation that they would
prove remunerative, either directly as Productive Works or
indirectly as Protective Works. In 1901 there were thirty-nine
such works in operation, the capital cost of which aggregated
866} millions of rupees, or about twenty-five millions sterling at
the present rate of exchange.

The area irrigated from these works in that year was over
eleven million acres, so that the capital expenditure on Major
Works for the whole of India was Rs. 88} per acre.
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The capital cost per acre by provinces was as follows :—

Sind . . ) . Rs. 18} per acre irrigated.

Bombay . . . g 22 ’ ”
Punjab . . . . 28 ”" ”
Madras . S .y 24 » ”
United Provinces . ., 46 ” ”
Bengal . . . .« 4 86 ’ »

The conditions of irrigation works in Bengal are altogether
exceptional, but it is useful to consider why Major Irrigation
‘Works in the United Provinces should cost Rs. 46 per irrigated
acre while in the adjoining province, the Punjab, the cost is
exactly one-half. The cause of the difference lies principally in
the incidence of rainfall in the two provinces. Rainfall in the
United Provinces is greater than in the Punjab, the areas which
require artificial irrigation are more scattered, and therefore
require longer channels, and the heavier rainfall necessitates
a greater expenditure on drainage works. Another reason is
‘that the great Punjab canals were constructed as a rule at a later
date than those of the United Provinces, and the Punjab engineers
were thus able to avoid most of the costly mistakes made on the
earlier canals.

Having arrived at a rough estimate of the cost of the project,
the probable irrigation revenues must next be estimated. This
is also a matter which must be based on the experience of similar
canals. Irrigation revenue is the subject of a subsequent lecture,
so the consideration of details may be postponed for the present.
Water rates in India vary from R. 1 per acre for rice in Bengal
to Rs. 50 per acre for sugarcane in Bombay ; the average watef
rate for the whole of India is Rs. 8.5 per acre.

The final point for consideration is the cost of repairs and
maintenance of the irrigation system; this cannot be actually
foreseen, but it remains fairly constant, taking the average of a
series of years. The average cost of maintenance for the whole
of India is slightly over R. 1 per irrigated acre, and on Major
Works it varies from R. 0.4 per acre in Sind to Rs. 2.5
per acre in Bombay.

This completes the statistics necessary for a rough estimate of
financial results, and if the net revenue shows a fair percentage
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on the capital cost, the project is ready for more detailed
consideration.

The detailed examination of the project consists in running
trial lines for the more important branches, designs for the
larger masonry works are drawn up, such as head works,
aqueducts and other large drainage crossings, and generally an
estimate of cost is prepared more detailed than anything
attempted in the preliminary investigations. Forecasts of
financial results are drawn up, taking account of the time neces-
sary to complete the work, which has a direct bearing on the
interest accumulated during the time of construction, which will
be added to the capital account. The project is subjected to
expert criticism from the engineering, financial and economic
points of view; and if it emerges satisfactorily from these tests,
the estimates are submitted for sanction, and the project is placed
on the list of works to be constructed when funds are available.
In the ‘'meantime the engineers in charge of the work prepare
working drawings, programmes of operations, and generally work
out all details, so that they can begin construction as soon as
funds are placed at their disposal.

In the foregoing remarks it has been taken for granted that,
before preliminary investigation, the source from which the
water supply is to be derived has been decided on. In the
earlier irrigation schemes the boundaries of the area to be
irrigated were limited to hydrographical boundaries, and the
supply from each river was distributed to the area which could
be commanded by its waters. Modern irrigation engineers in
their search for sources of supply, have found it necessary to
ignore these hydrographical boundaries, and the surplus water
of one catchment is often diverted to supplement the deficient
supply in another, and this diversion of supply has resulted in
some of the boldest works of construction in modern engineering.

One of the most notable characteristics of modern irrigation
projects is the width of view with which engineers regard sources
of supply, and India affords some remarkable examples of the
formidable natural obstacles which have to be overcome by the
irrigation engineer.

In the extreme south of India the district of Madura has often
suffered from famine owing fo the uncerfain nature of the rainfall
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on the eastern side of the mountain range. On the western
side of the range the rain never fails, and much of the drainage
is carried by the Periyar River into the sea. A dam 155 feet
high has been built across the valley of the Periyar, and the
impounded waters are carried into the Vigai River on the east
through a tunnel pierced under the rocky watershed. The
tunnel, which 'is fitted with regulating sluices, is more than a
mile in length, and a volume of 80,000 millions of cubic feet of
water is annually diverted from the western to the eastern side
of the peninsula.

Another bold projectis now under construction in the Punjab.
Three of the snow-fed rivers of the Punjab irrigate in their own
particular areas; these are the Jhelum on the west, the Chenab
in the middle, and the Ravi on the east. The existing irrigation
takes up nearly the whole cold weather supply of the Chenab
and Ravi, but there is water to spare in the Jhelum. The
surplus water of the Jhelum is to be carried some 90 miles
across country to supplement the existing irrigation, and finally
drop into the Chenab just above the head of the existing
Chenab Canal. From the Chenab a second canal is taken ouf
to irrigate the upper portion of the Rechna doab lying between
the Chenab and the Ravi. This Upper Chenab Canal passes
across the Ravi, a river with a flood discharge of 200,000
cusecs ; and carries its water into the arid districts of Mont-
gomery and Multan. The head portion of the canal for 50 miles
skirts the slopes of the Pabbi Hills, and encounters formidable
hill torrents, discharging in flood volumes up to 156,000 cusecs.
The estimated cost of the works is over five millions sterling,
and an irrigated area of two million acres is anticipated.

The Sardah Canal project has already been referred to as
illustrating the value of subsoil water statistics in determining
the necessity for irrigation. For thirty years the Sardah supply
has been regarded as ear-marked for the irrigation of Oudh, but
the report of the Indian Irrigation Commission has practically
decided that only a comparatively small canal is required.
Surveys are now in progress for a canal to bring the surplus
water of the Sardah 120 miles across country into the Ganges to
extend the existing irrigation from the two Ganges Canals.
Details are not yet available, as the Survey parties are still at
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work, but the cost of the canal must amount to several millions,
and the canal must cross the Ramgunga River, which, though
practically dry in the winter, has a flood discharge of over
200,000 cusecs.

The projects quoted serve to illustrate the diversion of the
surplus water of one catchment to supplement the deficient
supply in another catchment; and also to illustrate the manner
in which hydrographical bounda.nes are ignored by the irrigation
engineer.

Intimately connected with the discharge of rivers is the
relation between the rainfall on a catchment area and the run-off
from the catchment. On this depends the question of the annual
replenishment of a storage reservoir. The question is one of
very great importance, and the factors which have to be taken
into consideration are so complicated and vary so much in
different areas that the engineer, even at the present day, has to
depend very much on the exercise of his own judgment in
arriving at the required data. The carrying out of a reliable
systematic investigation into the relation between rainfall and
run-off requires a large expenditure of money, and to be of any
value, must extend over a long period of years. India and
America have quite recently made hydrographical research of
this nature the special care of their Geological Survey depart-
ments ; Continental nations are also doing something; and in
1906 the British Association, in conjunction with the Royal
Geographical Society, appointed a small Research Committee
with the same object in view. Much has been done in different
countries by individual engineers—MTr. Strangein Bombay, and the
ate Dr. Deacon on the Severn, for example ; but the field is very
large, and the labourers are few.

The object of such an investigation is to ascertain :—

(@) The discharge of rivers in winter and summer, and the
total annual discharge.

(b) The suspended and dlSSO]VOd 1mpur1txea in wet and dry
periods, and the total amount carried in the year.

(¢) The rainfall in different parts of each river basin.

(d) The area of each basin and the elevation of different parts
of it.

(¢) The area occupied by ecalcareous and non-calcareous
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formations and by pervious and impervious formations—in fact,
a geological survey of the catchment area.

A portion only of the rain which falls on a catchment flows
off it The rest is absorbed or evaporated. Absorption varies
with the geological structure and surface configuration, and on
the saturation or dryness of the soil, and on the presence of trees
and vegetation in general. Evaporation varies with the tem-
perature and the hygrometric econdition of the air. The intensity
of the rainfall has also much to do with the amount of run-off.
The statistics relating to rainfall and run-off have been noted for
many tanks in India, and these are very useful when the con-
ditions of a new project coincide fairly well with those of an
existing project. Failing such statistics, measurement of the
rivers discharging from the catchment is the best guide to go by.

The following data extracted from Strange’s book on Indian
Storage Reservoirs are useful as approximations to what may
be expected on an ordinary catchment area:—

In twenty-four Condition of the C‘whmt%nf?ﬁml tnd percentage of Run-off
hours,

Inches.

Dry. Damp, ‘Wet.,
025 Nil Nil 12
050 Nil 10 14
1-00 5 14 20
2:00 10 25 34
3:00 20 40 65
4'00 and over - 30—40 50—60 70—80

These figures show how the run-off varies with the saturation
of the soil and with the intensity of the rainfall, but must be
regarded as approximations only. They also do not cover the
case of exceptional catchments like the rocky plateaux of Central
India, from which it has been calculated that 98 per cent. of the
rainfall is run off by the rivers.

It is of importance in designing storage works to know the
maximum discharge or flood discharge which may be expected
from a catchment, and also to know the rate of run-off or the
time occupied in passing off the flood discharge. On these
factors depend the discharge on which a waste weir is designed.
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In tropical regions average rainfall is of no use in making
allowance for maximum discharge, eyclonic storms accompanied
by intense rainfall must be provided for, and the configuration
of the catchment is important in such conditions. In steep
rocky catchments the rate of run-off is much more rapid than
in undulating well-wooded country, and from small areas the
rate of run-off is relatively greater than from large areas.

The effect of cyclonic rainfall on the design of a storage
reservoir is well illustrated in the case of the Marikanave storage
in Mysore. The catchment area is 200 square miles and the
annual rainfall averages 25 inches, which is calculated to give
a run-off of 10,000 millions of cubic feet. The supply will,
however, be subject to great fluctuations as the annual rainfall
has been as low as 8 inches, and this, owing to a large number
of existing tanks, gives practically no run-off into the large
reservoir. It was originally proposed to constructa dam to store
20,000 millions of cubic feet. When the design came to be
worked out, it was found from records of cyclonic rainfall that
an escape channel for 60,000 cusecs must be constructed. This
could only be provided by cutting a deep channel through hard
rock, and as a matter of estimating it was found cheaper to
increase the height and section of the dam so as to impound
88,000 millions of cubic feet and place the bed of the escape at a
higher level, thus avoiding the expensive rock cutting.

The gross capacity of a reservoir is calculated from the areas
bounded by the contours between high-water level and the bed
of the reservoir. The available capacity is the volume stored
between high-water level and the level of the outlet from the
reservoir, which is governed by the level on to which the water
has to be delivered. From this must be deducted the loss from
evaporation which may vary from 8 to 10 feet in depth
according to climate, and also the loss due to leakage and
absorption, which depends on the nature of the bed and side
slopes of the reservoir, but may roughly be taken as equal to
half the loss from evaporation.




CHAPTER III
TYPES OF WEIRS

WaeN irrigation is effected by means of a canal drawing its
supply from & river, it is necessary to have some means of
raising the low-water level in the river to a height sufficient to
maintain the required supply in the canal. The method adopted
is to build a barrier across the river, and such barriers are of
various types, depending in a general way on the local conditions
affecting the site selected, and the materials available for
construction.

The Indian type of barrier consists of a solid submergible
weir which affords no passage for the river until the water has
risen sufficiently to pass over the top of the weir. The head
sluices of the canal are placed immediately above the weir, and
in order to clear away any silt deposits which may form in front
of the canal head, powerful sluices are provided on the flank
of the weir below the canal head. The Egyptian type is the
“Dbarrage,” which is of French origin and consists of an insub-
mergible regulator formed of piers resting on a platform or
floor, and carried well above flood level. Vertical grooves are
cut in the piers and the level of the river above the barrage is
regulated by raising or lowering shutters which slide in the
grooves. In flood time the shutters are fully opened and the
whole discharge passes through the vents with a minimum of
obstruction.

The Indian weir and the Egyptian barrage are permanent
structures, but there is in India & method of raising the water
surface by temporary dams employed at the head of the great
Ganges Canal, which is unique on a large scale, but which is
also used on some of the Spanish rivers. At Hardwar, where
the Ganges bursts through the Siwaliks, the river is confined in
a comparatively narrow channel, and this is blocked during the
period of low water by dams or bunds, which force the water
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into the side channel from which the canal takes off. When the
floods subside in September or October a bund composed of
rough wooden crates or cribs filled with boulders is formed
across the river, These rest on the bed, which is composed of
boulders, and the cribs are weighted sufficiently to remain in
position when lowered from barges. ~When in position the cribs
are completely filled with boulders thrown in from the barges.
There is a considerable amount of leakage through the first
bund; and a second bund of small boulders and shingle is
formed below if, and, if necessary, below that again a third bund
of sand completely blocks the channel. When .the river is
completely blocked, provision is required for passing off any
surplus water which may come down the river. A permanent
escape head is therefore built quite separate from the bunds, down
which excess water is passed by a channel which joins the river
below, During the floods the bunds are swept away and are
reconstructed next year. This system has been in use for over
fifty years, and is adopted mainly for financial reasons. The
bunds cost less than £2,500 per annum, which is very muech less
than the maintenance and interest on the cost of any permanent
structure which could be built at the site. Hardwar is very
favourably situated as regards the supply of materials for the
bunds; there is an unlimited quantity of timber in the neigh-
bouring forests, and boulders can be got for the cost of collecting
them in the torrent beds.

Permanent weirs are generally designed to head up the low-
water level from 10 to 18 feet, though the delta barrage on the
Nile, with the help of a recently built subsidiary weir below if,
now holds up 20 feet, each portion of the work holding up half the
total head. In considering the design of a weir the effect of
the afflux in causing possible inundation above the weir must be
taken into account, and it may be necessary to construct marginal
embankments to prevent water overflowing the adjoining lands.
The weir therefore must not obstruct the flood waterway to such
an extent as to raise the flood levels above it to an inconvenient
height. There is also another effect of obstructing the flood-
way which makes it desirable to limit the height of the weir.
In several instances in India the afflux caused by the weir is so
small as to be of no practical importance ; but the obstruction to
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the floodway results in irregular silting of the river bed above
the weir, and the low-water channel after the floods may be right
away on the opposite side of the river from the canal head so
that it is difficult to get a supply into the canal. These
difficulties do not occur in weirs or regulators of the barrage
type, the obstruction offered by the piers is very slight and the
shutters which hold up the water can be entirety removed in the

*flood season.

The earlier weirs in India were always built solid, but those
of more recent design are a compromise between the immovable
solid weir and the removable shutters of the barrage. The
lower portion of the weir is built solid, and the crest is fitted with
hinged shutters, which are raised when it is desired to hold up a
low supply and are laid flat on the weir crest during the floods.
These shutters are from 4 to 6 feet wide, and from 2 to 6 feet
high. The falling shutters, in addition to reducing the obstruction
in the flood-way, can be worked as scouring sluices, and their
manipulation during the first rise of the floods is often a very
important feature of river regulation.

Shoals are always formed in & river bed above a weir during
the falling floods, and if allowed to remain may result in cross
currents along the up-stream face of the weir during the next
floods. Such cross currents should always be avoided as much
as possible; as eddies, swirls and consequent scour in the
neighbourhood of his works are the abomination of the canal
engineer. The more evenly the floods pass over the weir, the
better, and the less will be the cost of repairs after the floods are
over. During low water the shutters are kept raised, and when
the first floods come down the opportunity arises for clearing
away shoals. A rise of several inches might be passed over the
top of the shutters, but it is preferable to drop & certain number,
selected so that the current passing over the lowered shutters
impinges on the edge of a shoal and more or less rapidly cuts it
away. When the scouring action ceases, the shutters are raised,

. and another set are worked in the same way, so that gradually

much of the shoaling in the neighbourhood of the weir is removed.
Indian weirs may be classified as follows :—
1. Weirs with a vertical drop on to an impervious floor, such
as the Narora weir on the Gtanges.
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2. Weirs without a vertical drop, but with an impervious floor
sloping downward from the weir crest, such as the Khanki weir
on the Chenab.

8. Weirs without vertical drop on impervious floor, consisting
of a mass of stone with open joints sloping downwards from the
weir crest, such as the Dehri weir on the Sone and the Okhla weir
on the Jumna. )

The Narora and Khanki weirs have been selected as types
because both of them failed some years ago, and the reasons for
their failure and the methods adopted in repairing them afford
useful lessons in weir design.

The Narora weir was originally built as in the diagram
(Plate IV. (a)), the 8-foot falling shutters being added a few years
later to give additional command in the canal as irrigation
developed. There areseveral dangers to which weirs are subject.
There is first the danger of the overflow scouring out the down-
stream bed and cutting backwards until finally the main work is
undermined. The down-stream talus is designed to prevent
gcour, and as an additional protection at Narora the down-
stream curtain wall was added. It is doubtful whether this
curtain is of very much use; if scour ever was serious enough to
work back to the curtain wall it is not likely to stop there. The
talus must therefore consist of masses of stone sufficiently heavy
to resist cutting back. There is always a certain amount of scour
below a weir, but 8o long as it is kept well away from the work
there is no danger. For example, some 250 feet below the
Narora under sluices there is always a 80-foot hole. The talus,
however, efficiently prevents cutting back and the hole is quite
harmless.

Another danger to which weirs are subject is leakage under
the main wall or floor, which is known as ‘piping.” There
is generally water flowing underneath a weir, and if friction
causes sufficient loss of head the velocity of the underneath
water is 8o low that the foundation bed is not disturbed. If,
however, water finds an open space underneath the weir in which
the velocity is high enough to carry, with the water, grains of
sand, then the pipe gets bigger and bigger, more and more sand
is eroded and finally the weir is undermined.

It is important in designing a weir that the length of the
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enclosed space through which water has to flow to find an exit
below the weir is such that the velocity due to the head is
80 reduced by friction as to be incapable of carrying sand along
with the water. So long as springs run clear and carry no sand
they are perfectly harmless. The danger of piping is increased
by the formation of irregular shoals above the weir already
referred to. These shoals tend to cause parallel currents along
the up-stream face and so scour out the bed above the weir. At
Narora and on other weirs this action is defeated by constructing
long spurs of rubble at right angles to the weir so as to guide the
flow at right angles to the weir crest. The Narora weir is
8,800 feet long and is divided up into sections by three such
spurs, or dividing groynes as they are called. Before these
groynes were constructed, parallel currents and scour near the
weir wall were of common occurrence, but now the up-stream bed
is an unbroken bank of sand and any scour up-stream is kept
well away from the weir crest.

The dangers indicated above are more or less common to all
weirs, but in addition the weir with a vertical drop, of which the
Narora weir is an example, has two other forces to resist, viz.,
the pounding action of the water on the weir floor, and the force
of the upward pressure, due to the head of water, which tends to
blow up the floor. The first force is met by giving the floor
a sufficient thickness and covering it with ashlar blocks. It is
important that the ashlar should be properly bedded in mortar.
Any imperfection in the joints is sure to lead to trouble, and it is
& mistake in hydraulic works to have ashlar joints too fine. It is
better to have thicker joints and be sure that they are properly
filled with mortar.

The upward pressure on & weir floor due to the head of water
held up is a very important factor in weir design and requires
careful study. This upward pressure is diminished by the
passage of the water through the foundation material on which
the weir rests. The pressure is 8 maximum at the up-stream
starting-point of the underneath flow, and is reduced at the
point of exit to such an extent that the velocity is incapable
of carrying sand with the water. To simplify matters we may
take the pressure at the point of exit as zero. The pressure at
any point can be found by drawingZa right-angled triangle whose
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base represents the length of the path of the water and a perpen-
dicular to the end of the base represents the pressure due to head
at the starting-point. The hydraulic gradient is then represented
by the hypothenuse of the triangle, and the vertical height from
the base to the hypothenuse represents the upward pressure at
any intermediate point. It is well known from experiment that
the line representing the actual hydraulic gradient is not in all
cases a straight line—for gravel the gradient is steep to begin
with and then flattens out ; for clayey soil the gradient is flatter
to begin with and then gets steeper. With ordinary river sand
the normal slope is nearly a straight line, and we will assume
that it was so at Narora, as any deviation would not affect the
main argument. .

At the point where the floor of the weir failed the upward
pressure was between 10 and 11 feet of water, the water level
above the weir being 12 feet above the floor ; and to resist this
upward pressure there was a floor § feet thick. The giving way
of the floor is thus described :—

"¢ At the time of the accident a strong spring burst through the floor at
the toe of the crest wall, and passing under the stone flooring, lifted it
bodily over a length of 340 feet to a maximum height of 2:23 feet. The
weir wall settled in a length of 120 feet about 3 inches and the flooring
showed vertical cracks. The grouted pitching below the floor was blown
up. Up-stream of the part of the weir which was damaged the apron had
disappeared and the wall was exposed to a depth of 8 or 9 feet. Borings
through the floor revealed cavities extending to about 50 feet on each side
of the point of fracture.”

The interesting point is, what caused the accident? An eminent
authority writes as follows :—
“The cause of the accident is clear enough. The upward pressure was

too strong for the floor or the floor was too weak to resist the upward
pressure.”

But the local officers, who were men of experience and fully
acquainted with the facts, decline to commit themselves to a
positive opinion.

The author was in England when the accident occurred, but
on his return he was called on to complete the repairs which
had already been put in hand. He had opportunities of dis-
cussing the whole matter with engineers who had built the weir
and some of whom were present at the time of the accident ; and

LW. B
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one or two facts may be noted which make the cause of the
accident doubtful.

The weir was completed in 1877, and the falling shutters were
added in 1882 ; the accident occurred in 1898. Since the shutters
were added the water was headed up, year after year, to 18 feet
above the floor, which withstood the pressure without the slightest
sign of a crack for sixteen years. Why did it suddenly fail when
the head of water was 1 foot less than usual ?

The second point is, why did the grouted pitching blow up?
The upward pressure below it was very small, on the supposition
that the sand foundation was intact and quite insufficient to blow
up blocks welghmg, as they did, half a ton and over.

The third fact is very significant. On the morning of the
accident, springs in the talus were observed to be blowing sand,
although up to that time they were running clear. The accident
occurred a very few hours after this was observed.

The author’s opinion, which he gives with all reserve, is that
the floor was first undermined by piping: the concrete, or
perhaps the concrete and masonry, settled away from the ashlar,
leaving a horizontal joint into which .water found its way,
and this probably occurred when the water up stream and down
stream of the weir was at about the same level. To resist the
head of 11 feet when the water was ponded up there was only
1 foot of ashlar floor left, and it accordingly blew up. The talus
stones were also undermined and shaken, and were then ripped
up by the rush of water through the rent in the floor and were
not blown up by hydrostatic pressure. When the floor first
settled it would probably crack at the toe of the crest wall, thus
accounting for the strong spring at that point. The sand-
blowing in the talus is also accounted for by piping, as the
removal of most of the foundation sand under the floor means
that there was little friction to reduce the velocity due to the head.

It will be seen that the theory of piping and settlement is
quite as consistent with the facts as the blowing up theory, and
for this reason the local engineers are by no means positive as to
the actual cause of the accident. '

Lét us now see how the weir was strengthened after the accident
and the theoretical principles which led up to the means employed
for strengthening the work.
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There are two possible methods of strengthening the weir,
either to make the floor strong enough to resist any possible
upward pressure or to reduce the pressure under the floor. In
the sound portion of the weir the latter was the remedy adopted,
and the damaged portion was further strengthened by the
addition of 18 inches of masonry. A dwarf wall 8 feet high was
built near the down-stream edge of the floor to form a water
cushion below the weir wall, and this has also the effect when
the down-stream river bed is dry of counterbalancing 8 feet of
the upward pressure. The reduction of pressure under the floor
was effected by adding an apron of 23} feet of puddle, extending
80 feet up stream and protected from scour by 2 feet of pitching
above it and by a terminal cross wall of masonry and a mass of
rubble. At the up-stream edge of the puddle a curtain wall of
sheet piling was driven to a minimum depth of 17 feet and
extended right across the river. The diagram (Plate IV. (b))
shows the weir as finally strengthened.

Before the accident the original puddle apron up stream had
been scoured out by parallel currents and had been replaced by
_ rubble pitching, so that the starting-point of underneath flow was

against the weir wall itself. The new puddle apron threw the
starting-point of the underneath flow 80 feet up stream, with the
result that the pressure gradient was flattened and the upward
pressure on the floor considerably reduced. The curtain of sheet
piling lengthens the path along which the underneath water has
to travel to reach its exit and still further reduces the upward
pressure on the floor.

Neglecting the effect of the curtains, the diagram shows how
the flattening of the pressure gradient lessens the upward
pressure on the floor. It is assumed that the grouted pitching
is not an integral part of the floor, and that the point of exif
is at the end of the masonry. This is in accordance with the
facts. At the same time, it is well to observe how a grouted
talus, 8o constructed as to form an extension of the weir floor,
has the effect of increasing the upward pressure on the floor,
although it flattens the hydraulic gradient by moving the point
of exit down stream.

There are certain conclusions to be drawn from the history of
the Narora weir which are worth noting :—

B2
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1. The extension of an impermeable apron up stream decreases
the upward pressure on the floor below the drop wall by flatten-
ing the hydraulic gradient ; while the extension of an impermeable
floor down stream, though it also flattens the gradient, increases
the pressure on the floor.

2. A curtain wall is effective in reducing the upward pressure
of the underneath water onlyif placed up stream of the floor.
As regards upward pressure on the floor, it has no effect in
reducing it if placed down stream, and is only a precaution
against cutting back and undermining.

8. The water-tight floor below the drop wall should be strong
enough and wide enough to withstand the impact of the falling
water. It should also be strong enough to resist the upward
pressure of the water at any point, and should be wide enough
to obviate any blowing of sand at the point of exit.

4. Grouted pitching down stream should not be made an
integral part of the floor, or, if it is, the effect in increasing the
upward pressure on the floor must be taken into consideration.

There are two points connected with the repairs of this weir
regarding which a note of warning must be sounded. Up-
stream curtains, whether of wells or piles, are more effective in
preventing piping than a corresponding length of horizontal
apron, as they alter the direction of flow and check the move-
ment of sand; but this is true only if they form a perfectly
water-tight curtain. Any intervals left in the vertical curtain
form runs through which springs find a way, and unless the
curtain is perfectly staunch it is more likely to assist piping than
to prevent it. In the restoration of the Delta barrage on the
Nile the greatest source of trouble was the leakage between the
piles within which the original floor had been built. This
difficulty led to the adoption of a special form of cast-iron pile
(Fig. 1) in the Assiut barrage curtain. One side of the pile
was grooved 8§ inches deep, and the other had a projecting
tongue 2} inches long. This tongue fits into the groove of the
pile next it, and when driven there remains a space between
the point of the tongue and the back of the groove. This space
is first washed out by a water jet and is then filled with Portland
cement grout, thus forming a water-tight joint. The Narora
piles were of timber cut to a feather edge on one side, which
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fitted into & corresponding groove in the next pile ; and, judging
from the difficulty experienced in getting the closing pile of a
gection driven into position, it is hoped that they form a water-
tight curtain, though there is no proof that such is the case.

The second point is with respect to the up-stream puddle
apron. The whole efficiency of the apron in moving up stream
the point where underneath
flow begins depends on there Fre. 1.
being a water-tight junction CAST IRON PILES
between the puddle and the
masonry at the crest wall.
This is undoubtedly a danger
point. If, as may well hap-
pen, any portion of the bed
up stream is laid dry, the
puddle may shrink and thus
lead to the opening up of a
dangerous fissure; and in
that case the point of under-
neath flow is not at the up-
stream edge of the puddle,
but at the crest of the weir
wall. At Narora the puddle ‘l\
at the weir crest was covered }:'_ ot
with a concrete platform to =)
prevent the puddle from ero-
sion, and a tight joint is
maintained between the con-
crete and the weir wall. This
danger point, however, is
worth remembering.

The repairs to the Narora
weir have been described in detail as they exemplify the prin-
ciples on which the design of recently constructed weirs has been
based.

The Chenab weir (Plate V.) has been selected as an example of
the second type of weir—without a drop, but with a sloping im-
pervious floor down stream. Its history is also interesting, as
in its original form it failed in 1895. As originally built, it
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consisted of a solid crest wall 8 feet thick and 8 feet high.
From the weir crest a solid masonry wall 5 feet thick sloped
downward at one in fifteen for 58 feet horizontal, and in con-
tinuation there was a grouted talus extending for 42 feet at the
same slope as the masonry floor ; this talus was 6 feet thick, and
was terminated by a wall 10 feet wide, composed of blocks of
magonry built in 5-foot cubes. Up stream of the weir wall was
a triangle of stone pitching with a horizontal base of 24 feet,
which was meant simply to prevent scour. The weir crest was
fitted with falling shutters 6 feet high, and the up-stream water-
level was 18 feet above the point of exit. In this case the
failure was due to piping or leakage under the floor, which
apparently took place along the line of an old side channel of the
river which had been silted up. The impermeable base width of
the weir in its original form was 108 feet.

The strengthening of the weir consisted, as at Narora, of the
addition of a puddle apron 8 feet thick, covered by 2 feet of
concrete, the apron extending 71 feet up stream of the weir
crest. At 50 feet up stream of the crest a line of wells 20 feet
deep forms a curtain wall, but it is doubtful whether these might
not have been better omitted. Unless the wells are sunk
perfectly vertical it is difficult to staunch the spaces between
them by any method of piling. Up stream of the puddle there
is a belt of pitching 20 feet wide and 5 feet thick for preventing
seour. The impermeable base of the weir has thus: been in-
creased from 108 feet to 179 feet, the head of water remaining
18 feet, as before, but the point at which the underflow begins
has been removed 71 feet up stream. The remarks on the
Narora weir apron apply equally to the Chenab weir, as the
principle on which the strengthening was based is the same in
each, though the construction details are slightly different.

From what has already been said it will be seen that the
length of impermeable floor is an important factor in designing
a weir of one of the first two types, and the lengths adopted in
several important works may be noted.

At Narora, before the accident, the floor length was 78 feet,
with a head of 18 feet, or a ratio of six to one, and this, according
to more recent ideas, was insufficient. After the restoration the
floor length was 142 feet, with the same head of 18 feet, or a
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ratio of fourteen to one, taking into account that 8 feet of head
is neutralised by the cushion of water 8 feet deep which is main-
tained below the weir. At Khanki the original floor was 108
feet and the head 18 feet, a ratio of eight to one; after the
restoration the floor length was 178 feet, with the same 18 feet
head, or a ratio of fourteen to one. The remodelled Delta
barrage in Egypt has 288 feet of floor and 14 feet head, or a
ratio of seventeen to one; but owing to the inferior workman-
ship of the original structure the head has been reduced by the
construction of a subsidiary weir below the barrage. On the
Zifta barrage, one of the most recently constructed, the floor
is 158 feet and the head 18 feet, giving a ratio of twelve to one.

The general conclusion is, therefore, that for rivers with
sandy beds the ratio of floor length to head should be about
fifteen to one, or, as & minimum, twelve to one.

The third class of weir consists of a triangular mass of rubble

Fre. 2—Cross Seorion DEHRI WEIR ON SONE RIVER.

laid on the river bed and divided by two, or sometimes three,
golid masonry walls generally founded on wells sunk in the
river bed. Such weirs are quite permeable, and their stability
depends on their mass. The upper surface consists of a carefully
packed layer of large stones on end. The diagram (Fig. 2) of
the Sone weir sufficiently explains the construction of this type.
This weir has falling shutters 2 feet high on the crest wall;
the total head is 10 feet, which is equally divided between the
two walls. The type is a permanent modification of the crib
and boulders temporary bunds at Hardwar, already described.
The Okhla weir, on the Jumna, is & unique example of this
type. It supplies the Agra Canal. It is remarkable for having
no foundations whatever below the bed of the river. There are
three cross walls built on the river bed, and the spaces between
them are filled with rubble in the usual way. The total head is
18 feet, of which the down-stream wall takes 4 feet 9 inches, the
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middle wall 4 feet 8 inches, and the crest wall takes 4 feet.
Both the Sone and the Okhla weirs were situated close to
extensive stone quarries, and the type adopted is onme which
gives very little trouble, given an unlimited supply of rubble.
There is no question of puddle aprons or impervious floors;
repairs are very simple, and, once the weir has arrived at a state
of permanent régime, by filling up scour holes below it so as to
prevent cutting back, the type is a very comfortable one to be
in charge of. The adoption of this type depends principally on
the cost of delivering stone at the site of the works.

The selection of the site for a weir has much to do with weir
design. The point selected must be such that the canal will be
able as soon as possible to deliver its water on to the fields by
gravitation, without any necessity for lifting the water, and the
shorter the distance in which this can be attained the better.
But the point from which this command can best be attained is
not necessarily the best site for the weir. The material of which
the river bed is composed, the cross section of the river, the
direction of flow above and below the weir, the nature of the
river banks, have all to be taken into consideration.

A concrete example—that of the Narora weir—will best explain
why a certain site wasselected. The Lower Ganges Canal, which
is supplied from the Narora weir, takes out on the right bank of
the Ganges. For some 50 or 60 miles up stream of Narora the
right bank of the river is a perpendicular bluff from 80 to 50
feet high. A canal taking out anywhere along that bluff would
have to run in deep cutting for many miles before it reached
the ground level. At Narqra the bluff on the right bank
suddenly leaves the river and runs away inland. Narora is
therefore the first point at which the banks are favourable. The
river at that point is not quite straight, but flows in a gentle
curve; 4 miles up stream it is spanned by a railway bridge, and
is trained to flow through the bridge at right angles. It then
takes a straight course on to Narora, and below it curves gently
away to the left. The flow of the river is therefore favourable.
At Narora the section is fairly level, the bed is pure sand, and
homogeneous sand is one of the best possible foundations to deal
with. The flood width is not excessive—about 4,000 feet—and for
all these reasons Narora was selected as the site for the weir.
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The site has its disadvantages. The canal has to run for
20 miles parallel to the river before a suitable point can be
found to pierce the high ground and find a way into the irriga-
tion area. For 20 miles, therefore, the canal runs through
the low ground near the river, and is never more than one or
one and a half miles away from it. In an alluvial plain the
river may suddenly change its course, and it must be kept away
from the canal at all costs. This necessitates an extensive
system of river-training works which controls the Ganges for
20 miles of its course, and is the most extensive river-training
system in India. In addition, a spur of the high ground runs
down to the river some 10 miles from the canal head. This has to
be cut through, in a cutting some 80 feet deep and 1} miles long.
Notwithstanding these disadvantages, the Narora site was selected,
as any other site would have involved either the loss of command
or a cufting some 50 miles long and from 80 to 50 feet deep.

Another important point to be considered is the width of the
weir. One of the most unfavourable conditions in controlling a
river is the formation of irregular silt deposits; and irregular
silting may be minimised by a judicious selection of the weir site.
The weir must extend from bank to bank, and, if possible, a
straight reach of the river should be selected. Other conditions
being equal, & site where the river is narrower than the normal
width should be selected. The increased velocity over a short
weir will necessitate heavier protection below it, but this will be
partially counterbalanced by the saving in length. On the other
hand, this does not imply that an abnormally wide site should
not be selected when all the other conditions-are satisfactory. It
is always possible, if necessary, to restrict the width subsequently
by means of training works. If is always difficult to foresee the
effect of a weir on the silt deposits up stream, and while a long
weir i8 more likely to cause irregular deposits than a short one, it
by no means follows that this will be the case. The general
principle is : to select a narrow site in preference to a wide one
if other conditions are equal, but not to reject a wide site if it is
the best on other grounds.

The arrangement of the Narora head works and training
works is shown in Plate VI.

In the Indian types of submergible weirs it is necessary to
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have arrangements for keeping the up-stream bed free of silt,
or at any rate to keep open a clear channel leading to the canal
head, so that the low-water supply may be diverted into the
canal; and this is especially necessary when the weir is not
provided with falling shutters on the crest.

For this purpose powerful scouring sluices are provided at the
end of the weir, above which the canal head is situated. These
sluices are generally called “ under sluices,” which is rather
meaningless, and the term ¢“scouring sluices” more properly
defines their function.

The floor of the scouring sluices is placed at or about the level
of the bed of the deepest channel of the river at the site of the
works, and the general design is much the same as that of a
barrage. Therve is a strong impervious floor, with a heavy talus
to prevent cuttiﬁg back, and the whole of the foundation is well
- packed in with puddle protected by heavy pitching. Above the
floor the superstructure consists of piers with vertical grooves,
in which are shutters of various types, manipulated from the top
of the roadway by crab winches, so as to control the discharge
through the vents.

At Narora the river above the weir is trained by groynes on
both banks into a channel 8,000 feet wide, and for 4 miles has
a practically straight run on to the weir. The weir itself is
8,800 feet long, and on the right flank are forty-two scouring
sluices, divided by abutment piers into three groups of fourteen
each, the vents being each 7 feet 8 inches wide. The total width
of weir and sluices is 4,250 feet from abutment to abutment.
The length of the weir and the width of the up-stream channel
were fixed from data of the flood discharge of the river, and the
highest flood then on record was taken as the basis of calculation.
In consequence, the channel above weir is comparatively easy
to control in high floods, but gives some trouble to prevent
irregular silting in normal floods. There is no doubt that were the
weir to be designed nowadays, the experience of the last thirty
years would lead to its length being shortened by 500 feet.
However, the channel difficulty has never become so acute as to
necessitate the shortening of the weir, and the engineers who
have had most experience of the works have been content to
leave well alone.
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The maximum flood on record occurred in 1880, when the
depth on the weir crest was 7-85 feet. To the present-day
engineer it is strange to read in his predecessor’s flood report
of 1880:—

I very much regret to say it was impossible to get a river discharge of
this flood. It came down on us quite unexpectedly.”

That was before the days of canal telegraphs, and nowadays the
engineer with the telegraph at his elbow would be receiving
hourly reports of the up-stream gauges twenty-four hours at least
before the flood was due. Although no discharge observations
were taken, the author has calculated the discharge from the
records of river levels, and it amounts to 280,000 cusecs, of

which 48,000 were passing through the scouring sluices. The .

sluices were designed to take one-fifth of the flood discharge of
the river, which agrees very well with these calculations.
Notwithstanding the provision of these powerful sluices, it
cannot be said that they are entirely successful in ordinary
floods in keeping a deep channel open, but they are very effective
in clearing away the silt after the floods, when the water is not
80 heavily silt-laden.

The floods of 1900 are typical as illustrating how scouring
sluices fail to fulfil their function in floods, but become efficient
once the season of high flood is over. For two-and-a-half
months (July 1 to September 15) there were no excessive
fluctuations of level at the weir ; the average depth of water on
the weir crest during that period was 8 feet, the minimum
depth being 29 feet, and the maximum 4-4 feet, which gave a
discharge of 115,000 cusecs. The floods were lower than the
normal, but of uniform magnitude for a long period. For
about two months there was a fight between the draw of the
under sluices and a persistent bank of silt in front of the canal
head, which masked about one-third of the canal sluices
furthest away from the scouring sluices. By the middle of
September this silt deposit was about 10 feet thick, and then the
river began to fall and the draw of the sluices began to tell.
In a fortnight half of the shoal was cut away, and the river got
8o low that by raising the falling shutters on the weir a powerful
current was forced through the scouring sluices, which cut away
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the remainder of the shoal, leaving a perfectly clear channel
for several hundred yards up stream.

The final result of the scouring operations in 1900 was that
the river channel was in a more favourable condition for main-
taining & supply in the canal than had ever been known
previously, and was noted by the Chief Engineer as the standard
condition to be aimed at in the regulation of the river.




CHAPTER 1V
THE DEVELOPMENT OF IRRIGATION IN EGYPT SINCE 1884

Tae prosperity of Egypt depends almost entirely on ifs
irrigation, and though irrigation has been practised continuously
for over 4,000 years, one has to go back but five and twenty
years only to arrive at the first dawn of successful scientific
irrigation in the valley and delta of the Nile. TUp to the
beginning of the nineteenth century, irrigation in Egypt, on a
large scale, was practised only during the Nile floods. The
whole valley in Upper Egypt was divided by earthen embank-
ments into compartments varying from 2,000 to 60,000 acres in
area, the banks standing well above the highest flood level.
During low Nile, channels were cut in the river banks, and the
lateral fall of the country being from the river outwards, the
compartments were filled as the flood level rose with water
heavily charged with fertilising silt. The water remained in
the compartments for four or five weeks, depositing its silt and
gradually receding as the river fell. When the alluvial deposit
was sufficiently hard it was lightly scratched with the plough,
barley, wheat, or other crops were sown, germinated, and came
to maturity without any further watering. In Lower Egypt
irrigation was effected from inundation canals, the water level
depending on the height of the flood, there being no means of
holding up a low supply by regulators or dams.

In 1805 Egypt fell under the vigorous rule of Mehemet Ali
Pasha, who controlled the country for over forty years. He was
quick to grasp the possibilities underlying Egyptian irrigation,
and realised that, given a perennial instead of a flood supply
in the canals, it would be possible for Egypt to produce, under
favourable conditions, valuable crops of cotton and sugarcane for
the supply of the European markets.

The Nile in flood rises about 25 feet at Cairo, and Mehemet
Ali’s first scheme was to deepen by 25 feet the canale existing
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in the Delta 8o as to carry water during low Nile instead of
during high Nile only, and thus secure a perennial supply. This
enormous work was doomed to failure from its initiation. The
existing canals had been dug with no attention to levels or
grading, and after they were deepened they silted up during the
next flood. The water level in the canals was dependent on the
level in the river, and during the hottest months in the year,
when the demand for irrigation was most intense, the supply in
the canals failed and large areas of cotton perished.

The Pasha’s next scheme was to raise the level of the low Nile
sufficiently to supply the Delta irrigation, by building regulators
across the Rosetta and Damietta branches of the river just
below the apex of the Delta. This work was entrusted to
Mougel Bey, a French engineer, and his designs resulted in the
construction of the splendidly conceived Delta barrage, which,
however, was a complete failure owing to causes presently to be
described.

An integral part of the scheme was the construction of three
canals—one to the west of the Rosetta branch, a second to the
east of the Damietta branch, and the third to command the
central portion of the Delta between the two branches. The
central canal was completed and has done good service.
The eastern canal was never begun until after the British
occupation ; and the western canal, though dug, was constantly
silted up by drift sand from the desert. Year after year it was
cleared out by corvée, or forced labour, but it was finally
abandoned as a failure.

The Delta barrage consisted of two regulators, that on the
eastern or Damietta branch having seventy-one arches, and the
other on the Rosetta branch having sixty-one arches; each arch
had a span of 5 metres or 16} feet. The general design is shown
on the diagram (Fig. 8). It consisted of an impermeable floor
10 feet thick, composed of concrete surfaced with ashlar, and
the length of the floor was 112 feet to withstand a head of
14 feet. The piers were raised above high flood level, and were
fitted with grooves for regulating gates, and carried arches
supporting a roadway. The work was begun in 1848, and was
completed in 1868 at a cost which can never be known, con-
structed as the work was by forced labour. In 1868 the gates
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of the Rosetta branch were closed, but under a small head of
water the work settled and cracked, and the gates were
immediately thrown open. The experiment of closing the gates
was repeated year after year till 1867, when the barrage cracked
right across from top to bottom. The damaged portion was
shut off by a coffer dam; and until 1884, when it came under
the hands of the Indian engineers, the barrage was stamped as
a hopeless failure.

Although the irrigation schemes of Mehemet Ali resulted in
nothing but failure, it must be remembered that they contained
the germ which, under expert treatment, developed into the

Fia. 3.
DELTA BARRAGE
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highly successful system of Delta irrigation of the present
day. In justice to the memory of a great engineer, it must also
be noted that as regards the design of the barrage there is
nothing very much to cavil at. An impermeable floor 10 feet
thick and 112 feet long to resist a head of 14 feet is a design
which modern engineers would probably consider insufficient ;
but, given good workmanship, the barrage would most likely
have been a success, although it might not have held up the
whole head of 14 feet. The cause of the failure of the barrage
may be given in a few words. Mehemet Ali was so impressed
with the necessity of securing a perennial supply for the Delta
canals, that he hurried on the work against the advice of his
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engineers, and, overcome by his impetuosity, Mougel Bey’s
workmen laid the foundation concrete in running water. The
cement was washed away, and the foundation of the work,
instead of being an impermeable floor of concrete was nothing
more than a mass of broken stone through which springs and
pipes found an easy passage. As regards the length of the
impermeable floor it may be noted that the designer of the
Chenab weir, with the experience of fifty years to guide him,
allowed a length of 108 feet against 112 feet allowed in the
barrage, and for much the same head of water.

So far, this sketch of the Delta irrigation has been a record
of failure; and we now come to the more pleasing part of its
history, which begins with the arrival in 1884 of Colonel (now
Sir Colin) Scott Moncrieff and his staff of Indian irrigation
engineers. .

In 1888 it was proposed to abandon the barrage altogether as
an irrigation work, and to retain it simply as a bridge; and
a scheme was prepared to irrigate the Delta by pumping water
from the river. The pumping installation was estimated to cost
£700,000, and the annual working expenses were to be £250,000.
. Before a decision regarding this scheme was arrived at, the
management of Egyptian irrigation passed into the hands of
Colonel Scott Moncrieff, who vetoed the pumping scheme and
decided on the restoration of the barrage. To anticipate the
sequence of events, it may be mentioned that the cost of restor-
ing the barrage was £475,000, and an additional £500,000 were
spent on the eastern and western canals. The annual cost of
maintenance and regulation of the barrage is under £10,000, and
is unaffected by any extension of irrigation. The annual cost of
working the pumping scheme was estimated in 1883 at £250,000,
and would moreover increase with the extension of the irrigated
ares, and be adversely affected by any rise in the price of coal,
which is all sea-borne.

The restoration of the barrage was by no means viewed
favourably by the engineering profession of the day, and the
following passage occurs in a paper in the Proceedings of the
Institution of Civil Engineers for 1884 :—

¢ After the Sudan troubles . . . he (Col. Scott Moncrieff) unfortunately
determined to make an attempt to raise the waters of the Nile by means of

LW. F
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the Barrage and that work is now being strengthened in a manner which
he expects will enable it to perform the office for which it was designed.
Most experienced engineers, native and foreign, believe that the attempt
will end in failure. . . . Col. Scott Moncrieff and his assistant (now Sir
William Willcocks) have been but a short time in the country; they have
not yet seen the Nile through all its phases. It would surely have been

more prudent to postpone the dangerous experiment of dealing with the
Barrage to a future time.”

It is fortunate for Egypt that, undeterred by adverse criticism,
Colonel Scott Moncrieff persevered with the restoration work
which finally was such a triumphant success, although its actual
completion did not take place until after he had handed over the
reins of office to Sir William Garstin.

The principle on which the restoration was based was the
same as on the Narora and Khanki weirs, viz., to lengthen the
impermeable floor. The width of floor was increased from 112
to 238 feet, two-thirds of the new floor being up stream. The
original floor was also strengthened by a covering of 4 feet of
Portland cement concrete, over which was placed a 15-inch layer
of ashlar under the arches and where the action of the water
was most severe (see diagram); and in some places where the
floor was most seriously damaged the thickness of the new
flooring was increased to 6} feet. A line of sheet piling 16 feet
deep was also driven along the up-stream face of the floor. ~After
this work was completed, the barrage was found capable of hold-
ing up a considerable head of water, but springs appeared
down stream of a certain length of floor. A shallow trench was
dug up stream of the floor, where the sources of the springs were
situated, and the springs were stopped by laying a clay apron
under water, protected from scour by cement concrete laid in
sacks. When this work was completed in 1890, the barrage was
found capable of holding up a head of 18 feet of water.

The unsound state of the foundations was, however, a source
of much anxiety to the engineers. In 1883, when the work was
being examined with a view to converting it into a railway
bridge, a diver was able to make his way right underneath and
across the floor. It was therefore decided to strengthen the
foundations by injecting into the cavities Portland cement
grout, under pressure, on the system used by Mr. Kinipple on
the rsey breakwater. Holes 5 inches in diameter were bored
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through the piers from the top of the roadway to the bottom of the
floor, a depth of 57 feet. Cement grout was then poured into
the bore-holes, and the filling was continued until the grout
reached the roadway level. The bore-holes were about 10 feet
apart, and the pressure exerted by the column of liquid cement
at the bottom of the floor was about 23 tons on the square foot.
This pressure was sufficient to force the cement into all the
cavities below the floor, and to consolidate into one mass all
the loose ballast in the foundations from which the cement had
been washed away during Mougel Bey’s original construction
of the barrage. The details of this interesting method of
strengthening the foundation will be found in a paper by Sir
Hanbury Brown in Vol. LVIII. of the Minutes of Proceedings
of the Institution of Civil Engineers. After this last operation,
which ;was completed in 1898, the barrage was subjected to
a head of 14 feet of water without showing any signs of undue
strain.

Although the barrage had now been rendered capable of holding
up the head of water for which it was originally designed, some-
thing more remained to be done. It was felt that a work of
such vital importance must be relieved of all possible strain, and,
in addition, it was foreseen that the rapid extension of irrigation
would require a greater head than 14 feet at the apex of the
Delta. Subsidiary weirs were therefore constructed on the two
branches of the river below the barrage, so as to hold back the
water on the barrage floor and thus reduce the pressure. The
work was begun in 1899 and completed in 1901. After
the construction of the weirs the water level above the barrage
could be raised to 20 feet above the floor, but the effective head
on the barrage was reduced to 10 feet, the remaining 10 feet
being supported by the subsidiary weirs. This arrangement
secures & more perfect control over the distribution of water in
the Delta, and has removed all misgiving as to the security of the
barrage. '

The design of the subsidiary weirs is based on that of the
Dehri weir on the Sone, and is sufficiently explained by the
diagram, Fig. 4. An interesting feature of the design is
the inverted filter below the footing wall. It is composed

of material gradually increasing in size, the lower stratum being
F2
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of small stone. The filter allows percolation water to pass
freely, but prevents the passage of sand, and is a repro-
duction of an arrangement used with the same object on some of
the Indian canals. The effect of the restoration of the barrage
on the irrigation of the Delta has been an increase in the value
of the cotton crop of Lower Egypt amounting, at a very low
estimate, to more than five millions sterling per annum.

The restoration of the barrage was a work which had bafled
the ingenuity of many successive engineers of all nationalities
who were consulted by the Egyptian Government; and all
credit must be given to Sir Colin Scott Moncrieff and his
assistants for the solution of an exceptionally difficult problem.

Fie. 4.
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‘We now come to consider the improvements in the inundation
system of irrigation in Upper Egypt.

During the exceptionally low Nile floods of 1888, an area of
260,000 acres was left untouched by the rise of the river. The
result was a loss of £800,000 of land revenue, and a very much
greater loss to the cultivators of the whole of their crops. The
attention of the irrigation engineers was thus forcibly directed
to the improvement of the inundation system of irrigation. The
improvements are largely due to Colonel Justin Ross, R.E., who
was the first engineer in Upper India to place the alignment of
minor irrigation channels on a scientific basis.

When the water surface of a river is higher than the adjoining
fields, all that is necessary in order to flood the fields is to cut
leading channels through the river banks. - Owing to the deltaic
nature of the Nile valley the lands close to the river are several
feet higher than ordinary floods, and in a low flood most of the
land close to the river is beyond the reach of the water. Short
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canals were sufficient to flood the low-lying area, but the flood-
ing of the high lands close to the river was a constant difficulty.
The slope of the Nile valley is about 6 inches a mile. If we
suppose a canal taking out of the river and aligned with a slope of
2 inches & mile, then the water surface of the canal gains on the
level of the ground at the rate of 4 inches a mile. If the ground
surface at the head of the canal is 2 feet above the water surface,
then after running 6 miles the water in the canal will be level
with the ground. Nine miles further on, that is 15 miles
from the head of the canal, the canal water surface will be 8 feet

Fia. 6.
IMPROVED BASIN SYSTEM

above the ground, and the canal is capable of flooding the
country to a depth of 8 feet.

This is the principle which has been made use of in improving
the basin system of irrigation of Upper Egypt. The high land
near the river is divided off from the low-lying area by an em-
bankment parallel to the river and the inundation of this high
land is effected by a high-level canal which draws its supply from
a point 15 or 20 miles higher up the river than the area which
it inundates. The low-lying area is inundated by a short canal
taking its supply from the river at a point sufficiently high to
command its own area, and the tail of the high-level canal crosses
the head of the low-level canal and is siphoned under it.

A complete basin system (see diagram, Fig. 5) thus requires
two canals, 1st a low-level canal running parallel to the river and
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delivering to each low-lying basin (Y) its fair share of muddy
water, and 2nd a high-level canal, the tail of which is siphoned
under the head of the low-level canal and supplying water to the
high-level basins near the river bank which without this arrange-
ment would receive no water during low floods.

The distribution of large volumes of water over a chain of
basins necessitates the construction of a system of regulating
works to secure complete control. These consist of head sluices
to control the admission of water from the river into the canal,
basin eluices to admit water from the canal into the basins,
regulators in the cross banks of the basins to pass the water
from one compartment into the other and to regulate the water
level, and escapes to discharge the water back into the river.

The programme of operations in basin irrigation is somewhat
as follows :—

On a fixed date (about the middle of August) the basin sluices
are opened and the basins begin to fill. The escape channels
are also opened and water flows into the basins connected with
the escape channels ; these escape channels are closed as soon as
the water coming down from above causes a backward flow into
the river. To ensure a good deposit of silt, the basin sluices are
kept open after the basins are full, and the water level is regu-
lated by means of the escapes, the average depth of water in the
basins being kept at about 8 feet. By the end of September, all
the basin area is under water and the emptying process begins
about October 5. The. supply from the river is cut off, and the
water is passed forward from basin to basin until it is finally
discharged through the escape channel into the river. In a fort-
night or three weeks the basins are empty, the seed is sown
broadcast and the crop takes care of itself until ready for
harvest. ,

In the country served by the basin system of irrigation there
was one exception to the general rule. The Khedive, Ismail
Pasha, owned large estates round about Assiut, Lat. 27° N., and
in the Fayum, between the twenty-seventh and twenty-ninth
parallels of latitude; and in order to irrigate sugarcane in this

- distriet he constructed the Ibrahimieh Canal, which takes out of
the Nile at Assiut and runs parallel to the river for about 200
miles, with a branch irrigating the Fayum. This canal was
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intended to be a perennial canal, but as there was nothing to
regulate the supply it was merely what is called in India an
inundation canal, i.e., a canal in which the supply fluctuates
with the level of the water in the river. This canal was badly
aligned, crossed most of the natural depressions of the country,
and did much harm by its interference with natural drainage.
Many of its defects were remedied, but in order to secure a .
perennial supply it was necessary to provide means for raising
the water level when the river was low. This was effected by
the construction of the Assiut barrage. This barrage is of
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the same type as the Delta barrage and has 111 spans of &
metres.

Its length is about half a mile and it supports a head of 8 feet.
The work was begun in 1898 and was finished in 1902. The
ratio of impermeable floor to head is about 17 to 1, which is
somewhat greater than the ratio in more recent designs.

After the restoration of the barrage the expansion of irrigation
in the Delta necessitated the construction of a barrage across
the Damietta branch of the Nile at Zifta. This work, begun in
1901, may be taken as the most approved design of the Egyptian
type of river regulator. The construction details are shown in
the cross section of the floor in the diagram (F'ig. 6).

The following extract from Sir Hanbury Brown’s ¢ Irrigation
enumerates briefly the benefits which immediately followed the
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establishment of an efficient system of control and distribution
of the Nile waters :—

“The cotton crop, the modern source of Egypt's wealth, has increased
from 3,000,000 to 6,000,000 cwt., or in value from £7,500,000 to £15,000,000 ;
the maturing of the maize, the peasant’s food crop, has been assured by its
timely sowing being made a certainty; the cost of raising crops has been
lessened by improved means of irrigating them; the cultivable area has
been increased from 5,000,000 to 6,000,000 acres; the value of land has
been more than doubled ; and the system of forced and unpaid labour, with
its attendant abuses, has been abolished. The capital expenditure which
produced these results was about £4,000,000.”

Intimately connected with the remodelling and improvement
of the existing irrigation systems was the introduction of an
efficient system of drainage. The evils which, in an irrigated
country, inevitably follow any interference with the natural
drainage outfalls, viz., waterlogging and the formation of saline
deposits, necessitated some thirty years ago the realignment of
practically the whole of the network of distributing channels
of the Ganges Canal in India. Many of the channels were
carried in embankments across natural depressions and there
was either no provision or, at best, very inadequate provision
for the passage of drainage. Large areas of land were thrown
out of cultivation and the remodelling of the channels to run on
the ridges of the country, together with the provision of drainage
crossings, caused a very heavy addition to the capital cost of the
canal.

In 1884 Egypt was in exactly the same condition as the Ganges
Canal area—there were no drains, and for want of them much
land had been ruined and still more was rapidly relapsing into
barrenness. The design of & drainage system for the irrigated
area in Egypt was fortunately simplified by the practical absence
of rainfall, as in such a case the volume of water to be discharged
is proportional to the area irrigated and to the volume of water
supplied for irrigation.

For main drains serving a large area the discharge is practi-
cally constant and continuous, and the discharge of the drain was
taken at one-third of the volume of water supplied for irrigation
to the whole area. For small branch drains serving areas in
which irrigation is intermittent a larger volume must be
provided for; as though the total volume discharged during long
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periods is constant, yet the total discharge is made up by
alternate discharges of high and low volume, according as irriga-
tion is or is not being carried on. For branch drains one-half
of the maximum irrigation allowance of water per acre was
provided for. The maximum discharge allowed for irrigation in
Egypt is 25 cubic metres a day per acre commanded on main
canals, and 86 cubic metres on distributing channels. The
"volume which the drains were designed to carry was therefore
8 cubic metres per day per acre commanded for main drains,
and 18 cubic metres for small branch drains. Drains inter-
mediate between the main and small branch drains were
designed to carry 10, 12, or 15 cubic metres per day depending
on their position in the drainage system. Based on these
general principles hundreds of miles of drains have been
constructed in Egypt and the waterlogging and deterioration of
the land has not only been stopped, but the lands which were
ruined are now being reclaimed and made fit for cultivation.

Up to 1902 the Egyptian engineers had been engaged in the
improvement of existing methods of irrigation and in utilising
the available supply; having completed their work, their
attention was directed to the possibility of storing the surplus
waters of the Nile which ran to waste during the flood season.

The advantages of storing the surplus Nile supply had been
suggested to the engineers ever since their arrival in Egypt, bub
they contended that the finances of the country necessitated the
utilisation and improvement of all existing irrigation works
before embarking on costly works which, though desirable in
themselves, would have swamped the funds at their disposal.
As the financial resources of the country improved it was found
possible to undertake the construction of a dam across the river
and store surplus water to supplement the supply in the canals
during low Nile, and thus convert flood irrigation into perennial
irrigation, This cautious policy of making irrigation pay its way
was undoubtedly sound, and after the improvement of the existing
irrigation works was successfully completed the next great work
undertaken in Egypt was a storage work, pure and simple—the
Assuan dam.

In constructing a dam across a river to form a storage reser-
voir there is always the difficulty to be faced that, sooner or
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later, deposits of silt will fill up the storage basin and seriously
affect the available volume of water. In Spain the Val de
Infierno dam, which is 115 feet high, has for many years been
simply a waterfall, the reservoir having silted up to the crest of
the dam. The necessity of preventing silt deposit has led to
the design of an insubmergible dam pierced by numerous large
sluices. The first example of this class of work was the
Bhatgarh dam in India, constructed about 1892. The dam
is 127 feet high and is provided with fifteen sluices, each of 8 feet
by 4 feet section with their sills about 100 feet below the crest of
- the dam. The object of the sluices is to provide a low-level
passage for the early floods which are heavily silt laden. During
the later floods, which contain comparatively little silt, the
sluices are closed and the water is impounded in the reservoir.

This principle of allowing the silt-laden flood waters to pass
through the reservoir basin has been carried to its extreme limit
at Assuan, which is the first insubmergible dam built without
a waste weir to discharge surplus water. The total flood dis-
charge of the river can be passed through sluices pierced in the
body of the work and the possibility of the reservoir silting up is
thus reduced to a minimum.

The site of the Assuan dam, a cross section of which is shown
in Fig. 7, is at the head of the First Cataract, where the bed of
the river is a dyke of syenite on which it was found possible
to construct the dam without laying any foundations under
water. The greatest height of the dam is 127 feet, and it
impounds the waters of the Nile in a basin extending up stream
for 140 miles, thus forming the greatest artificial reservoir in the
world. The volume of the impounded water is roughly 40,000
millions of cubic feet. The dam is 1} miles long and it is
pierced by 180 sluices each 6} feet wide. These are placed at
different levels to facilitate regulation and consist of forty sluices
each 111 feet high and 140 sluices each 23 feet high. A maxi-
mum flood of nearly 500,000 cusecs can be passed through the
140 large sluices with a heading up of about 11} feet and &
velocity of 21 feet a second. The maximum velocity through
any sluice is nearly 85 feet per second.

Water heavily charged with silt and moving at these excessive
velocities acts as a sand blast, and it has already been found
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necessary to protect the down-stream toe of the dam from
dangerous erosion. The river-bed below the work was originally
left in its rough state, but this has now been levelled up by
building an apron of masonry laid in cement so as to form
a smooth talus down stream. The cost of the Assuan dam was
£2,000,000, and its completion was a great advance in Egyptian

ASSUAN DAM
Scale

irrigation ; but even the enormous storage it provided was very
soon found insufficient for the requirements of the country, and
the dam is now being raised by 23 feet. This work when com-
pleted will bring an additional million acres of land under
perennial irrigation. Quite recently a dam of 120 openings
of b metres each has been completed at Isna, 98 miles north of
Assuan, at a cost of a million sterling. It will supply perennial
irrigation to 180,000 acres.
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The foregoing sketch of the development of Egyptian irrigation
relates to projects which have been completed or which will
shortly be completed. It remains to consider what yet has to be
done, before Egypt receives the full possible benefit from her
sources of supply.

The irrigable area of Egypt is now taken as seven million acres,
and avolume of 12 cubie metres per acre per dayis found to besuffi-
cient for summer cultivation. The total daily discharge required
for summer cultivation is therefore eighty-four million cubic
metres. The ordinary available summer discharge of the Nile is
about twenty-four million cubic metres, which allows for loss from
evaporation in storage works, and sixty million cubic metres per
diem have therefore to be provided by storing surplus water. The
ordinary Nile supply has to be supplemented by storage for about
three months, or, say, 100 days, so that the total storage volume
required is 6,000 millions of cubic metres. The Assuan reser-
voir after the raising of the dam is completed will store some
2,500 millions of cubic metres, so that storage for 8,500 millions
of cubic metres has still to be provided. Space does not permit
of entering into a description of the action of the Nile fribu-
taries in controlling its discharge, an interesting account of
which is given in Sir William Garstin’s lecture, ‘ Fifty Years
of Nile Exploration ”’ (Geographical Journal, February, 1909).

On the Blue Nile, the Abyssinian branch, it is proposed to
construct & regulating dam to supply a great canal which will
irrigate three million acres in the Gezira province near Khartoum,
though owing to sparseness of population and their 1gnorance
of irrigation many years must elapse before this area is
errived at.

It is also proposed to control the torrentml river Gash in
the Eastern Sudan to supply irrigation in Kassala. These
schemes, however, do not affect the problem of finding 8,500
millions of cubic metres of storage for Egypt proper.

Much of the waste on the Nile is due to the enormous evapo-
ration and absorption in the great swamps, through which the
river finds it way for 400 miles below Gondokoro. In this
“ Sudd ” region, as it is called, from the masses of weed which
block the flow of the river, the water spreads out laterally a
distance of from 10 to 80 miles, and from actual measurement
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it is found that from 50 to 75 per cent. of the supply coming
down from the lakes is lost in the Sudd region. The summer
discharge of the Nile at Lado above the Sudd is from 600 to
700 cubic metres per second, and 800 cubic metres only find an
exit at the other end. The percentage of loss during a high
flood is even greater than this ; 2,000 cubic metres enter the Sudd
and but 500 reappear.

It has been proposed, in order to minimise this enormous
wastage, to construct an embanked channel from end to end of
the Sudd region so that the side spill from the river may be
controlled or prevented. This channel, if carried in a straight
line through the swamps, would be something over 200 miles in
length from Bor to Taufikia, the existing winding channel between
these points being over 400 miles long. The prevention of
waste in the Sudd would result in an addition of a daily volume
of twenty-six million cubic metres to the summer discharge of
the Nile, which is equivalent to a storage capacity of some
2,000 millions of cubic metres, allowing for unavoidable loss.
This storage capacity, though an invaluable addition to Egypt’s
sources of supply for irrigation, is not sufficient to meet the
existing deficiency, which is estimated at 8,500 millions of cubic
metres, and further means of storage are therefore under
investigation.

In addition to the raising of the Assuan dam and the con-
struction of an embanked canal through the Sudd, there are
three possible means of supplementing the supply in the Nile
valley and delta.

These are: 1st, The construction of a dam, similar to the
Assuan dam, in the river channel itself ;

2nd, The construction of an artificial storage reservoir in the
Fayum ; and

8rd, The regulation of the discharge from the equatorial
lakes, 8o as fo store, for future use, water surplus to immediate
requirements.

The success of the Assuan dam storage is a strong argument
in favour of the first proposal ; but the discovery of a suitable
site is a difficulty, and it is practically certain that at Assuan
the most favourable site has already been utilised, and any other
must be of but subsidiary value.
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The second proposal has great historical as well as engineering
interest. The site of Lake Moeris is now generally accepted
a8 covering the modern province of the Fayum. Moeris,
according to Herodotus, was an artificial storage reservoir, and
was used for storing the surplus Nile waters for use in the Delta
during low Nile. The Wadi Rayan in the Fayum is a favourable
site for a storage reservoir similar to Lake Moeris, but on a
smaller scale. Its position some 60 miles above Cairo is suitable
for the development of irrigation in the Delta which, however,
is already sufficiently provided for by the restoration of the
barrage.

The final proposal, viz., the regulation of the discharge from
the equatorial lakes is the one which seems to be most promising,
taken in conjunction, as it must be, with the construction of a
channel through the S8udd. Sir Hanbury Brown has shown how
the regulation of the discharge from the Albert Nyanza necessi-
tates raising its water surface some 8 feet only, resulting in a
storage of its supply for four months and a distribution of its
stored waters during the remaining eight months of low supply.

Sir William Garstin has pointed out that much further infor-
mation and study are still necessary before & final decision
regarding Egypt’s requirements is arrived at. The problem is
difficult, but no engineer who has studied the development
of Egyptian irrigation has any doubt that a solution will shortly
be found, and that in the future, as in the past, Egypt’s irrigation
requirements will be provided for by the genius of Egypt's

irrigation engineers.




CHAPTER V
ON THE DESIGN OF IRRIGATION CHANNELS

WaEN we consider that in India, speaking generally, less than
40 per cent. of the water entering the head of a canal does
effective work in watering the fields, and that a considerable
portion of this loss may be prevented by improvements in the
design of channels, it is evident that there is room for much
systematic research in this branch of canal engineering.

An irrigation system consists of channels to carry the water,
of regulating works to control its flow, and of drainage works
to carry surplus water from the irrigated area. The irrigation
channels consist of canals, main and branch ; distributaries,
main, branch, and minor ; and, finally, field watercourses.

For reasons to be explained presently, no direct irrigation is
permitted from a main or branch canal in a modern irrigation
system.

A canal, therefore, may be defined as a channel which carries
water for irrigation, but from which direct irrigation on to the
fields is not permitted. A main canal is one which directly taps
the source of supply, and branch canals carry the water into
different areas in the irrigated zone.

The term * distributary” is applied to those irrigating channels
which distribute water to the fields and are maintained by the
State. A distributary, therefore, is a Government channel or a
whole system of Government channels, the supply to which is
derived from a main or branch canal. The main line and
principal branches are frequently called major distributaries
whilst the smaller branches are termed * minors.”

A minor may best be described as the last link in the chain of
Btate distributary channels, taking off from a larger distributary
(either main or branch) and delivering the whole of its supply
into watercourses ; whilst a branch may be defined as a channel
intermediate between a main distributary and a minor, faking



80 NOTES ON IRRIGATION WORKS

off itself from a main distributary or from another branch, but
with minors as well as watercourses taking off from it.

A watercourse is an irrigating channel which has a legal
definition. It is defined by the Indian Aect VIIL. of 1873 as a
distributing channel which is not maintained at the cost of the
State. It may have been originally constructed at the cost of
the State or under State supervision, and the State may even
undertake its maintenance at the cost of the cultivators; but so
long as the cost of maintenance is not borne by the State the
channel is a ‘‘ watercourse.”

Attempts have been made to define main, branch, and minor
channels according to their discharging capacities, and this
practice has led to much confusion in irrigation terminology.
It is well to have a precise definition of the names of the various
irrigating channels, and that just quoted is due to Sir John
Ottley, a former Inspector-General of Irrigation in India. The
following remarks also are extracted from an unpublished paper
written by the same authority :—

‘In the present day an elaborate system of distributary channels for the
conveyance of water from the parent canal to the villages to be irrigated
forms an essential and important part of every new scheme for canal
irrigation, the cost amounting to one-quarter, one-third, or even more of
the cost of the supply channels themselves. So fully is the necessity for
such expenditure now recognised that it is hard to realise that this has not
always been the case and that in point of fact the system now so generally
accepted as a matter of course, is really the result of exceedingly slow
growth, nearly seventy years having elapsed since the first step was taken by
Captain (afterwards Sir Proby) Cautley on the road which has since led by
very gradual stages to the highly developed system of distributaries now
obtaining on the most modern canals.”

Sir John Ottley then goes on to show how the earlier canals
had no distributing channels whatsoever, and how the waste of
water which arose from the practice of allowing cultivators to
carry water where they pleased, generally in channels aligned
without any attention to levels or drainage, gradually forced the
Indian Government to adopt the principle that all irrigation
channels should be at least aligned by the Btate engineers,
whether the construction and future maintenance were carried
out by the State or by the cultivators.

The practice of permitting irrigation from the main canals
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direct on to the neighbouring fields led to many abuses; the
fields near the canal were over-irrigated, whilst those at a
distance suffered ; the unequal distribution of water was extrava-
gant and led to loss of revenue, and in many cases the leakage
along the primitive outlets in the canal banks caused serious
breaches. '

Without tracing in detail the development of the modern
system of distribution, the present practice of delivering water
on to the fields may be illustrated by quoting a note written in
December, 1908, by Mr. C. W. Johnson, a Punjab irrigation
officer :—

“ Systems of ¢ watersheds’ and ¢ valleys’ obtain, not only among hills,
but also in plains, which even if apparently flat, are made up of ridges and
drainages more or less complex. The fundamental principle of irrigation
engineering is to align the main canal on the main ridge with branches and
distributaries on subsidiary ridges.

“ Of late, owing to the extension of irrigation, the demand for water has
exceeded the supply, and economy has followed mainly, perhaps, from the
discovery that losses from evaporation-and absorption are highest in the
badly made watercourses leading from the distributary to the field, being
21 per cent. in the watercourses compared with 20 per cent. in the canal
and 6 per cent. in the distributaries.

¢ Consequently it became recognised that the construction of these water-
courses should not be left entirely to the cultivator, but that the water-
courses should be aligned on the same principle as the larger channels. On
the newer canals, the whole irrigated area is divided into squares of about
25 acres, with watercourses on the local ridges coinciding with the sides of
the squares into which water is delivered from the highest corner.

“ With regard to the longitudinal section of the channels the main
desideratum is command, and in distributaries the Full Supply Level is
designed about a foot above the ground surface when possible. Generally,
however, a choice is necessary between several conflicting considerations,
the next important after command being to avoid silting by giving the
channel a silt-carrying capacity capable of carrying on all silt brought in by
the water.”

It will be observed from Mr. Johnson’s note that 21 per cent.
of the water entering the head of a canal is lost in the water-
courses, and the design of small irrigating channels is therefore
a matter of vital importance.

In designing the cross section of an irrigating channel we
have certain data to consider. The statistics relating to areas
suitable for irrigation have already been compiled, and the
areas of irrigation to be effected in different villages, taken in

LW. e}
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conjunction with the water duty, have determined the amount of
water required for any given tract. The supply available may
be less than the demand for irrigation, andjthe irrigable areas
may have to be cut down to suit the available supply; but in any
case the discharge allotted to the various irrigating channels is
known. The longitudinal sections of the alignment of the
channels, taken in conjunction with the fact that the water
surface should be, if possible, about a foot above ground surface,
fixes the possible surface slopes of the channels. We have
therefore two factors more or less arbitrarily fixed, viz., the
discharge of the channel and its surface slope. We have next
to consider the variable or undetermined factors, viz., the bed
width, depth of water, and the resulting mean velocity. Given
the discharge and surface slope, there are many possible com-
binations of bed width and depth which might be selected, and
in practice these dimensions are selected from tables of discharge
for open channels, based on well-known formuls. It is this
combination of bed width and depth, together with the resulting
mean velocity, which forms the more important portion of this
lecture.

In the earlier days of irrigation engineering the design of
channels was governed by the theorem of Neville, which lays
down the conditions for the most economical form of channel,
or, in other words, it lays down the dimensions which will give
the section requiring the minimum amount of excavation for
given side slopes and depth of water. Professor Unwin has
shown that for a given discharge and given side slopes, the
channel in which excavation is a minimum is that in which the
hydraulic radius is one-half of the depth. As a corollary to this
theorem it follows that when the hydraulic radius is equal to
half the depth, then the bed and side slopes are tangent to &
semi-circle described on a line representing the water surface
and with a radius equal to the depth. This theoretical section
is shown on the diagram (Fig. 8). It will be observed from the
diagram that the channel of minimum section may be described
generally as narrow and deep.

In large canals it is found in practice that the ratio of bed
width to depth is governed by practical considerations rather
than by theory. A deep channel is costly both to excavate and
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to maintain, and, in addition, spring level would most probably
be reached before the theoretical depth was attained. Excava-
tion below spring level is very expensive, and in large channels,
therefore, the practice is to make the depth of the canal as great
as the local conditions will permit, and the bed width is then fixed
so as to give the required discharge.

In all irrigation channels the question of silt deposit is very
important, The amount of silt deposited in a canal should
obviously be & minimum, and yet it is advantageous to take the
light fertilising silt into the canal and to exclude the heavy
sterile sand, The lighter silt acts as a fertilizer if carried on
to the fields, or if deposited in the canal it helps to reduce
percolation, acting as a self-deposited layer of puddle. A high

F1a. 8.—CHANNEL oF MINIMUM SECTION.
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velocity will carry silt forward, but a high velocity generally
means a steep gradient and consequent loss of command, and
too high a velocity will result in the scouring out of the bed.

The subject of the silt-carrying power of water as affected by
the cross section of the channel has been very little discussed in
professional literature. Mr. Flynn, in his book on * Irrigation
Canals,” mentions that the erosive power of water or its power
of overcoming cohesion varies as the square of the velocity of
the current, while the silt-transporting power of the current
varies as the sixth power of the velocity. The resistance to be
overcome in the one case is cohesion, and in the other case
weight. If this conclusion be correct as regards the silt-
transporting power of water, it is interesting as being, it is
believed, the only known case in which the sixth power of &
variable occurs in nature.

¢ 2
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In large canals the successful management of silt deposit
depends on practical experience rather than theory, and each
particular problem has to be solved by methods adapted to local
conditions. A concrete example will serve to illustrate how silt
deposit is dealt with practically in large canals. In the early
days of canal management a common practice was to increase
the discharge in a canal during heavy floods on the assumption
that with an increased mean velocity the stream would carry off
more than the excess of silt thus brought into the canal. The
excess volume of water was run off the canal by means of escapes
situated some distance down stream. The experience gained by
the regulation of supply on the Sirhind Canal in the Punjab,
where silt deposit caused much anxiety to the engineers, has
shown that this idea is entirely fallacious. On the Sirhind Canal
the canal officer has to decide whether, for the purpose of keeping
the silt deposit at a minimum, he should pass into the canal a
supply greatly in excess of irrigation requirements, running the
surplus out of the canal by means of escapes; or whether he
should admit only the minimum supply necessary for irrigation.
Briefly, the practice based on experience is to run as large
supplies as possible when the water is lightly charged with silt,
and to run minimum supplies only when the water is heavily
silt-laden. ‘

The practical question of the depth of supply which will cause
8 minimum of silting depends in most cases on the percentage
of silt carried by the water. If the turbidity of the water is
such that silt is deposited at a mean velocity of 2 feet a second,
while the silt is all carried on by a velocity of 25 feet a second,
it is evident that the depth of supply should be increased till a
mean velocity of 2:5 feet per second or more is arrived at. On
the other hand, if the turbidity of the water is such that no
attainable mean velocity will prevent silt deposit, then the lower
the supply, the less will be the volume of silt admitted into and
deposited in the canal. The practical question as to the degree
of turbidity at which it is desirable to stop flushing and run only
minimum supplies is one that must be decided by experience for
any particular case in which it arises.

On all modern canals a simple method of regulation is adopted
which gets rid of much of the trouble formerly caused by silt
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deposit. The head regulators are made véry broad, and a thin
film of surface water only is admitted into the canal. The
surface water contains light fertilising silt only, and its admission
into the canal is an advantage. The heavy sterile sand sinks
below the level of the sill of the head sluices and is thus little
drawn upon. This simple device has resulted in reducing much
unprofitable expenditure formerly incurred in -clearing silt
deposit from the canal bed. From the foregoing remarks it will
be seen that on large canals the design of their cross section and
the selection of a mean velocity sufficient to minimise silting
are both governed by practical rather than by theoretical
considerations.

On small distributing channels the principles of design as
governed by theoretical considerations can be adhered to more
closely, and on these small channels the silt question becomes
more acute than on large canals.

In a distributary 10 feet wide with a slope 1 in 10,000 a 4-foot
depth of water gives & discharge of 58 cusecs. If silt to a depth
of 6 inches is deposited in the channel, the discharge becomes
42 cusecs, or a reduction of 20 per cent. In a canal with the
same slope, a bed width of 200 feet and 8 feet depth of water, a
silt deposit of 6 inches causes a reduction in the supply of
10 per cent. only; and this silt deposit can generally be scoured
out by flushing when the water is clear, whereas in the distribu-
tary the silt has to be dug out at a considerable cost.

The earlier Indian distributaries had many faults, and it is
interesting to compare the principles of design in force at the
present day with those generally accepted some forty-five years
ago. Sir John Ottley, in the note already quoted, gives extracts
from an article on irrigation published in 1863 by General
Medley, and it is curious to note how nearly every principle
relating to the design of distributaries laid down in 1863 by an
expert is diametrically opposed to modern practice.

In the following paragraphs General Medley's principles are
first quoted, and immediately following each the modern practice
is noted :—

(1) The bed of a distributary will generally be from 1 to 8 feet
higher than the bed of the main canal, and the distributary
head takes out at this level.
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In modern practice the bed level depends on the ground level ;
and in any case the sill over which water is drawn into the
distributary is kept high and broad, so that only a thin film of
the top water is drawn upon.

(2) Distributary heads were of two fixed spans, 8 feet and
6 feet. They are now made of any width necessary to give the
required discharge.

(8) The heads of distributaries were kept deep, as otherwise
fluctuations in the water level in the canal might interfere with
the supply. A regulator is now generally provided in the canal
below the distributary head, so that water may be held up as
required.

(4) The slope should be as great as possible so long as the
bed is not cut away by the induced velocity; 2 feet a mile is
not too much, and below 1 foot a mile great inconvenience is
experienced from silt deposit.

These heavy slopes were given to carry forward the silt
drawn in from the canal by the deep-seated heads, and also to
conform as closely as possible to the slope of the country.

In modern practice the slope is very seldom more than 1 foot
a mile, and 056 of a foot per mile is of very common occurrence.
This flat slope has two distinct advantages. First, the heavy
gilt is8 not drawn info the distributary because top water only
is drawn upon. Secondly, the flat slope gives greater command,
and when the bed gets too high above the country it is dropped
down by means of a masonry fall. Falls were avoided in old
channels because they necessitated a masonry work and added

. what after all was a mere bagatelle to the cost of the channel.
The expense of clearing out the silt in an irrigation channel
would cover the cost of many masonry falls.

(5) The practice of raising water to the level of the country
by means of stop dams or planks introduced into grooves cannot
be too strongly condemned; it converts what should be a
running channel into a series of stagnant and unwholesome
pools.

This is correct to a certain extent, but the remedy is to
flatten the slope, and so gain command without using stop
dams.

(6) When “tatils” are necessary they should be effected by

Lt memm—
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closing off outlets, and not by closing off distributary heads;
keeping a constant supply in a distributary checks the growth
of weeds.

“Tatil” means “closure,” and is a method of distributing
the water from a canal which runs constantly to areas which
require water intermittently. Suppose, in a given area of crop,
irrigation is required for five days consecutively and then no
more watering is required for ten days. A distributing channel
running continuously can irrigate a certain area for five days.
That area then requires no more water for ten days, and the
supply is delivered to a second area for five days, and again to
a third area for the next five days. By means of this rotation
a channel carrying a constant supply can irrigate for five days
at a time three separate areas of irrigation each requiring
irrigation for five days. When one area has received its five
days’ watering its outlets are closed off or “tatiled” and the
water is passed on to the next area.

In former practice a channel, say, 15 miles long, was
constructed : the first 5 miles received water for five days and
the outlets were then closed ; for- the next five days the second
5 miles of the channel received water; and for the third five
days the last 5§ miles of the channel got water, The dis-
tributing channel, therefore, ran constantly for fifteen days and
irrigated three 5-mile lengths in the fifteen days.

In the old system the channels carried silty water, and it
was an advantage to run them constantly because weeds are
killed by silt. In the modern practice comparatively clear water
is run in the channels, and it is therefore an advantage to kill
the weeds by shutting off the whole supply of a channel. In
addition, the closure of portions of a channel gave unlimited
facilities for peculation by subordinate officials; and experience
has shown that to close off the whole of a channel is more
efficacious than to keep it running constantly and close off
portions only. In modern practice, therefore, instead of one
long channel divided into three portions, each irrigating for
five days, there would be three separate minors, and each of
these would be shut off for ten days after performing its
five days’ irrigation. The introduction of a system of minors
has resulted in the abolition of the * tatil” system, and is
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characterised by Sir John Ottley as one of the greatest
improvements ever made in canal administration.

(7) Once a year the bottom and side slopes of the channel
should be cut away to the proper section. The “ proper”
section had 1 to 1 side slopes. Acting on this principle, large
sums of money were spent annually in clearing silt from the
channels and in cutting away the natural puddle which had been
deposited on the side slopes and which has such an important
effect in reducing percolation. Some thirty years elapsed before
canal engineers recognised that heavy silt deposits could be pre-

Fia. 9.

DISTRIBUTARIES.
Original System on Ganges Canal.

vented by improving the design of a channel, and that the self-
assumed side slope of a channel in permanent régime was the
one which should be maintained rather than an arbitrary slope
of 1 to1.

(8 and lastly) The general arrangement of distributaries was
to have a main distributary running parallel to the main canal
and midway between the main canal and the main drainage of
the country. This was supplied by feeders run straight from
the canal to the main distributary. The diagram (F'ig. 9) shows
how under this arrangement the irrigating channels were
deliberately run across the drainage lines of the country.
Drainage crossings were but little thought of, and the result

L
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was serious flooding of crops and innumerable breaches in
distributary banks.

The second diagram (Fig. 10), which shows the alignment of
distributing channels which would be adopted at the present day,
sufficiently illustrates the difference between the two systems.

Enough has been gaid to show how the modern system con-
flicts with its predecessor, and some further points in the design
of distributary channels will now be considered.

As a rule, distributary channels are excavated with side
slopes of 1 to 1, as most ordinary soils will stand at that angle.

Fia. 10.

DISTRIBUTARIES.
(Modern System.)
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This, however, is not the natural section which a channel will
assume if left to itself. The natural side slope of a self-graded
channel almost invariably approximates to 3 to 1; and this
natural slope should never be interfered with, as it is the slope
at which the self-deposited layer of puddle lies on the wetted
perimeter of the channel. In designing the channel, therefore,
the calculation of dimensions must be based on this } to 1
slope, although for convenience in construction the channel is
excavated at a 1 to 1 slope. The relation between the bed width
for a % to 1 slope as compared with a 1 to 1 slope can easily be
got by drawing a section to scale of the dimensions indicated
on the diagram (Fig. 11).



90 . NOTES ON IRRIGATION WORKS

The ideal velocity in a distributary is that which will neither
cause scour nor deposit silt, and this ideal velocity must vary
with the character of the silt and with the nature of the soil.
Mr. R. G. Kennedy’s experiments on channels where permanent
régime has been attained go to show that this ideal velocity is
some function of the depth. The critical velocity at which silt
begins to be deposited he expresses by the empirical equation
Vo = ¢d™, and for the particular channels on which he was
experimenting V, = 0-84d %%, It follows, therefore, that, within
certain limits, a broad and shallow channel will be kept free
from silt by a less velocity than a narrow and deep one—in other
words, the broad shallow channel is less likely to silt. Everyone

F1a. 11.—SELF-sILTED CHANNEL.

will probably agree that the greater the mean velocity of a
channel, the greater is its silt-carrying capacity, other things
being equal. It is not so obvious that this capacity decreases
with an increase of depth, and most engineers would be inclined
at first sight to say exactly the opposite. It has been urged in
opposition to Mr. Kennedy’s theory that in most channels which
occur in practice the greater the ratio of depth to bed width, the
greater is the mean velocity, and therefore the greater is the silt-
. carrying power, and therefore the channel is less likely to silt.
This sounds plausible, but in reality it begs the whole question at
issue. It may be conceded that the greater the ratio of depth to
bed width, the greater is the mean velocity; but Mr. Kennedy’s
contention is that the greater the ratio, the greater is the mean
velocity required to prevent silting, and that in many cases, there-
fore, the advantage of increased velocity is more than neutralised
by the disadvantage of increased depth.
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As previously mentioned, the design of large canals depends
more on practical than on theoretical principles, and it is there-
fore in the design of small channels that Mr. Kennedy’s theory,
if accepted, would be of importance. It is, moreover, in these
small minors and watercourses that silt deposit gives the
greatest trouble.

In one of the Punjab irrigation branch professional papers,
Sir Thomas Higham has made a critical examination of the ratio
of bed width to depth as affecting the discharge of small irriga-
tion channels, and his results are exhibited in the following
table :—

Ratio of | Hydraulic Mean Absolute
bed width to | mean depth velocity abaorption

depth varies as varies as varios as
033 0-355 0:428 2091
05 0-366 0439 1-991
10 0-378 0-450 1-838
1-236 0-379 0451 1803 | Maximum mean velocity.
1-5 0-378 0450 1-789
20 0373 0°445 1-756
25 0-366 0-438 1751 | Minimum loss by absorption.
30 0:357 0428 1755
40 0340 |- 0413 1-776
50 0-324 0:397 1-807

120 0-248 0-319 2:029

He shows that with } to 1 side slopes the maximum hydraulic
mean depth and velocity are obtained when the bed width is
equal to 1'236 times the depth. Also that for values of the
hydraulic mean depth lying between 1°0 and 50, and taking
Kutter’s coefficient of rugosity, N = 0025, the mean velocity
varies as R %,

A minor watercourse designed with the bed width equal to
1-286 times the depth of water has a mean velocity which may
be represented by 451, this being the maximum. Now minors
are frequently designed with a bed width of 1 foot and 8 feet
depth of water, the resulting velocity being as 428, or, say, 5 per
cent. less. If, however, the minor were designed with a bed width
of 4'4 feet and a depth of 1°46 feet (i.e., a rafio of 8), then the
resulting mean velocity is still as 428, and the channel has the
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same area of cross section and therefore the same discharge as
the narrow and deep channel.

As regards velocity only the broad and shallow channel is just
as good as the narrow and deep one, and this without any
reference to Mr. Kennedy’s theory. If we accept Mr. Kennedy's
theory, however, the shallow channel is very much better than
the deep one, as the great reduction in depth reduces the velocity
required to prevent silting.

The next point investigated by Sir Thomas Higham is the loss
from absorption in shallow channels as compared with deep
channels of the same capacity. Working on the Punjab formula
for absorption,

Loss in cusecs=C v/ ¢ x WWE,

he arrives at the proportional figures given in the fourth colamn
of the table, and these are very remarkable.
The symbols in the formula are as follows :—

C=a coefficient usually taken as 8'5.
d=depth of supply in feet.
W=width of water surface in feet.
L=Length of any reach in feet.

It will be seen from the table that while the minimum rate of
absorption obtains when the ratio of bed width to depth is 2'5
(2:472 gives the actual minimum), the rate of increase is much
slower when the ratio is increased than when it is diminished.
Thus when the ratio is increased to 5, the rate of absorption is
less than when it is reduced to 1, and there is less absorption
when the ratio is increased to 12 than when it is reduced to 0°83.
From this it follows that, as regards absorption only, wide and
shallow channels are better than narrow and deep ones, a result
which seems surprising until it is realised how greatly the loss
from absorption increases with the depth of the supply.

It must be remembered, however, that the channel of minimum
absolute loss from absorption is not that in which the percentage
of loss is & minimum. Absolute loss depends on the rate of
percolation per unit of perimeter and is independent of the
velocity. The percentage of loss varies directly with the absolute
loss, and for channels of equal section it varies inversely with
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the mean velocity. The ratio of bed width to depth which will
give the minimum percentage of loss by absorption lies some-
where between that which gives the maximum velocity and that
which gives the minimum absolute absorption. The ratio lies
therefore between 1'236 and 2472, or, say, that the ratio is 2
approximately. This would appear to be the ideal ratio as
regards loss from absorption.

There is yet another form of wastage which must be con-
sidered, viz., loss from evaporation. The formula used in the
Punjab canals for loss from evaporation is

Loga 219X W . L
-—""'—104 cusecs.

It will be seen that the loss for unit length varies directly with
the surface width of the channel. It follows, therefore, that the
narrower the channel, the less is the percentage of loss from
evaporation. In distributary channels of ordinary sections the
loss from evaporation is very much less than the loss from
percolation, so that, considering mean velocity, percolation and
evaporation, the general conclusion is that broad and shallow
channels are better than those which are narrow and deep.

Apart from any theoretical considerations, a broad and
shallow channel has certain advantages over a narrow and
deep one.

(1) The less depth means a decrease in the height of the
banks of the channel and a consequent saving in the cost of
construction and maintenance. As a set-off against this,
however, the wider channel occupies more land, which adds to
the cost.
~ The second advantage is more important.

(2) The variation in water level due to variation in volume is
not 8o great as in the narrower channel, and there is therefore a
smaller loss of command over the land to be irrigated when the
supply falls short.

The conclusion of the matter is that both theoretically and
practically a broad and shallow channel is to be preferred to
one which is narrow and deep—and this even if we reject
Mr. Kennedy’s theories ; still more so if we accept them.

As regards the silting theory itself, it is difficult fo conceive
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that the transverse vortices which are induced in all channels in
which the bed width has a finite value as compared with the
depth should have no effect on the silting of a channel ; and very
possibly future investigations may show that bed width as well
as depth comes into the empirical formula for the critical
velocity.  All that Mr. Kennedy claims for his theory is that in
the absence of more extended experiments and data it may be
regarded as a first approximation to the truth, and there is
much room for future research in the direction where he has led
the way.

As bearing on the silting theory it may be mentioned that for
several years before Mr. Kennedy’s paper was written it was
noticed by canal officers on the old canals in the United Provinces
that a channel in permanent régime in which there was neither
scouring nor silting tended to assume a section much more broad
and shallow than its original design ; and this was specially the
case in the field watercourses, which when once dug out were
thereafter left very much to themselves. In the manual of
professional instructions to irrigation officers the following
appears under the head ‘ Distributaries ”’ :—

“To silt clear frequently the first 8 miles of a distribu-
tary is a confession of weakness, and remedial measures should
be sought for. Silting at the head is due to one of the following
causes : —

“ (1) Excessive velocity in the parent stream, such as caused
the silting in the Sone Canal ;

“(2) Want of a raised sill at the head and insufficient
opening;

“(8) Presence of tight siphons, bridges, or falls near the head
of the channel; and

‘(4) Want of sufficient width in the distributary.”

Insufficient width, whether of masonry works or of channel,
appears in three out of the four causes of silting, and this agrees
with the conclusions already referred to.

Mr. Kennedy has published & series of graphic hydraulic
diagrams which are much more easy to work with than the
usual tables. They give in a graphic form discharges and mean
velocities for varying bed widths, depths, and slopes, and are
very useful in determining the dimensions of earthen channels
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for given data; or, conversely, given the data, the tables may be
used for determining the discharge. These diagrams can be
used quite independently of the silting theory ; they are simply
graphs of the results got from working out Kutter's formula for
discharge. A simple addition to the diagrams embodies the
results of the acceptance of the silting theory. Curves repre-
senting the critical velocity are drawn across the diagrams, and
the nearer the mean velocity approaches this curve of critical
velocity, the better the section; in addition, curves are drawn
representing the velocities at which scour may be expected in
ordinary soils. These diagrams, though they include.discharges
up to 9,000 cusecs, are of most practical value in designing
small channels.

To sum up the whole subject, Sir John Ottley has given in a

very few words the guiding principles of the design of distribu-
tary channels :—

(1) Adherence to the ridges as far as possible.

(2) The conveyance of water to its ultimate destination by the
shortest practicable route, in the largest volumes, in channels
maintained in the highest possible state of efficiency and repair,
and at such levels as will ensure rapid irrigation.

To these may be added that, other things being equal, & broad

and shallow section should be selected in preference to one which
is narrow and deep.



CHAPTER VI
IRBIGATION REVENUE AND LAND REVENUE IN INDIA

Ir may seem strange that ‘ Revenue” should be selected as
the subject of one of a course of lectures on a specialised branch
of engineering. The design, construction and maintenance of
irrigation works come obviously within the province of the irri-
gation expert ; it is not so evident that, as engineer, he is vitally
interested in the control of the revenue derived from the works
he has designed and constructed.

The Indian Irrigation Commission have dealt with the manage-
ment of irrigation revenue as part of the duty of an irrigation
engineer, and no apology is necessary for quoting largely
from the report which they presented to the Houses of Parlia-
ment. To indicate the weight attached to the opinions of the
Commission one need only mention that the engineer mem-
bers were Sir Colin Scott-Moncrieff, to whom Egypt owes so
much of her present prosperity, and Sir Thomas ngham, lately
Inspector-General of Irrigation in India.

They write as follows :—

*“We regard it of essential importance that the distribution of supply in
all large irrigation works should be closely and continuously controlled by
expert irrigation officers, who should be required to keep as strict an account
of the disposition of every cubic foot of water entering their canals as they
keep of the cash which they draw from the Government treasury. Itis
only by doing so that they can localise wasteful expenditure, or prevent an
unequal or ineffective distribution of supply. The canal officer should also
be regularly apprised of all applications for remission of revenue on account
of flooding, or of the insufficiency or irregularity of the supply, in time to
give him an opportunity of inquiring into the circumstances and taking the
necessary measures to prevent their recurrence.

“We fully recognise the importance of placing large and important
irrigation works under a separate staff of irrigation officers, who should not
only as engineers be capable of designing, constructing and maintaining the
works, but who should also be trained in revenue management, and devote
all their energies to the improvement of the distribution and to the interests
of the cultivator. We think that the more closely they are connected with
the work of assessment and remissions, and with the settlement of all
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questions connected with the internal distribution of water within the
villages on which a reference is necessary to external authority, the more
progressive and sympathetic will be the administration.

«“It is, we are aware, sometimes contended that the engineer should
confine himself to his own work, that of construction ; and that the distribu-
tion of water, the settlement of disputes among irrigators, the assessment of
water rates, and the disposal of claims for remissions are not properly an
engineer’s work at all, and would be better carried out by revenue officers
and their subordinates whose training fits them for such questions of
administration. 'We do not dispute that an officer who has been able to pass
into the Indian Civil Service will be able to master the knowledge necessary
to direct the distribution of canal water. But in the first place, his ordinary
duties as a district officer leave him little time for such work, which must in
practice be delegated to his subordinates; in the ‘second, an officer who may
have been able to devote his time and attention to the subject is very likely
to be moved to another district where there are no canals, and to be
succeeded by another who cannot interest himself in the matter; and in the
third, the services of the engineer cannot be dispensed with altogether, for
he will still be required to inspect frequently all channels and to attend to
the maintenance of the works.

“If therefore a choice must be made between calling on the district
officers to acquire the special knowledge required for the effective manage-
ment of a large canal, or requiring the canal officers to learn the duties of a
revenue officer to the extent that may be necessary for the purposes of canal
administration, we should be disposed on these grounds alone, and for the
sake of securing continuity in canal management, to prefer the latter
alternative. But there is another reason to which we attach even greater
importance. The successful manager of a large canal division, the ideal
irrigation officer, should be something more than either engineer or revenue
officer. He is constantly inspecting every part of the system, looking after
both his public works subordinates on the canal works and banks and his
revenue establishment in the fields and villages, and hearing all the petitions
and complaints of the cultivators. Being thus in daily touch with the
canal staff and the cultivators, he is always on the alert to propose improve-
ments in the distribution of water and in all matters of management; his
main concern being to get the most he can out of the available supply, not
only by localising waste from Government channels or village watercourses,
but also by constant adaptation of the distribution to the requirements of
the moment or of the locality.

¢ It may well be doubted whether any of the improvements in distribution
which have been made on the Northern Indian canals would have been pro-
posed if the canal officers had been responsible only for the maintenance of the
works. Under a dual control it would have been no one’s business to initiate
them ” (Indian Irrigation Commission’s Report, 1901-03, Part I., pp. 102, 103).

Nothing need be added to this explanation of the necessity of
an irrigation engineer having a thorough knowledge of revenue
administration.

LW. H
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Before describing Indian irrigation revenue systems it will be
convenient to describe briefly, and in very general terms, the
land revenue systems of India, as the two are intimately
connected.

The right of the State to claim a share in a produce of the
land has been a fundamental principle of Indian finance from
time immemorial. We find it recognised not only under British
administration and under the preceding native administrations,
but also under what might be called the self-government of the
early village communities. In early days the individual occupier
of the land was not responsible for the revenue; the whole pro-
duce of the land held by the community was lumped together,
and the community, represented by its headman, paid in kind a
certain share of the produce to the ruler of the country.

This fundamental principle has been adhered to by the suc-
cessive rulers of India, whether they be Hindu, Maratha, Moghul,
or British ; and the right to a share in the produce of the land is
now, as it always has been, the most important source of the
revenue of the State. In 1904-5 the land revenue amounted to
88 per cent. of the total net revenue of India, which was some
eighty-five millions sterling.

In early times the share appears to have been one-sixth, which
could be raised to one-quarter in time of need—during the pro-
gress of a war, for example. Just before the time of the Moghul
emperors the share had gradually risen to one-half, and this was
invariably paid in kind. Payment in kind still exists in India,
but the land revenue, owing to the difficulty of assessment and
collection, is now levied in cash, at least in British territory.
The introduction of payment in cash instead of in kind was due
to the emperor Akbar; but though the assessment was on &
cash basis, it was at first left optional to the cultivator to pay in
cash or in kind. The assessment was based on what is now
called a cadastral, or revenue survey. The cultivable land was
measured up and an estimate was made of the average yield of
each kind of crop which might be expected from the land. The
value of the produce was based on the average price of grain for
the preceding nineteen years and the emperor’s share was fixed
at one-third of the estimated value.

This is the basis of the present-day procedure under British
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administration, and the assessment of the amount of land revenue
to be paid by a district is what is known as the * settlement”
of the district.

With the decline of the Moghul empire the farming out of the
land revenue became common, and there was little or no check
on the demands of the revenue farmer, so that in most pro-
vinces the amount of land revenue collected was regulated by no
fixed assessment and was limited only by the amount which could
be wrung from the cultivator.

As British rule became paramount the assessments in the
various provinces were investigated and the different systems
were gradually reduced to order, but there was no attempt made
to secure uniformity of system; the methods already existing
were adhered to in so far as they were equitable, and thus it
arises that the land revenue systems differ very considerably in
different parts in India.

The various systems may, however, be roughly classified into
two main divisions, depending on the status of the individual
from whom Government demands payment of the land revenue.
Wherethe revenue is demanded from the person or persons owning
an estate the asgessment is known as ‘ zemindari’’; and where
it is demanded from the actual occupiers of the land or their
representatives the assessment is known as ‘ryotwari” The
gemindari system prevails in Northern and Central India and
the ryotwari system prevails in Bombay, Madras, and also in
Burma. Assam is also ryotwari. In British India 53 per cent.
of the land revenue assessment is zemindari and 47 per cent.
ryotwari.

The settlement of a district comprises two separate opera-
tions :—

(1) The preparation of the cadastral or revenue survey,
which includes not only the preparation of the cadastral map,
but also the preparation of a fiscal record, which shows the
amount of the assessment and also the individual from which it
is to be realised.

(2) The actual assessment of the land revenue.

The actual process of preparing the cadastral map need not
be described in detail. It is simply a large scale survey,
usually to a scale of 1555, or about 16 inches to the mile, and is

' H 2
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drawn up sometimes by the staff of the Survey Department and
sometimes by local surveyors, who base their work on traverses
and triangulation carried out by the Survey Department. The
work is very much the same as the preparation of the 25-inch
map of the English ordnance survey.

A separate map is usually prepared for each ¢ village,” the
Indian village being somewhat analogous to the English
‘“parish.” After the map is completed the fiscal register is
prepared, the principal object of which is to enable Government
to identify the persons who are responsible for payment of the
land revenue. When the country was first acquired or annexed,
it was found that various individuals had rights in the land. The
cultivator was sometimes a temporary occupier; sometimes he
had hereditary rights. In some cases he paid revenue direct to
Government ; in others he paid through an intermediary. The
intermediary was sometimes the headman of the village, whose
only concern with the land was the right to collect revenue; in
other cases he was a revenue farmer appointed by the ruler; or
in many cases he was a subordinate of the ruler to whom the
revenue had been assigned as a reward for services rendered,
the grant being often accompanied by the proviso that the
grantee should keep up a military force for the service of the
ruler in time of need.

In preparing the original fiscal record much investigation of
ancient tenures was necessary, but gradually in each part of
India a decision was arrived at as to the person who might be
looked on as the proprietor of the land and who should be held
responsible for payment of the land revenue. In the present
day the initial record is carefully revised annually or at short
intervals ; alterations in land rights are recorded, so that when
the assessments of a district are revised there is an up-to-date
record of the individuals responsible for payment of the land
revenue.

The next step in the settlement is the assessment of the
revenue. The share of the State was originally a certain per-
centage of the gross produce of the land ; but in the present day
the share of the State is based on the net produce of the land,
the cost of production being deducted. The value of the net
produce is arrived at in various ways, which are too complicated
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to treat of in detail. In general terms the assessment consists in
dividing the areas into different classes of soils, the crops which
may be grown on these soils are considered, the outturn from
the various areas is determined, and a cash value for the out-
turn is based on certain accepted values for different kinds of
produce. A liberal allowance is made for the cost of pro-
duction, and the net value of the produce is taken as the basis, a
certain percentage of which has to be paid to Government as
land revenue.

The percentage of net land revenue demanded by the State
varies in different provinces. In the older provinces the assess-
- ments are fixed for twenty or thirty years, and amount to some
50 per cent. of the net produce of the soil. In the newer
provinces the assessments, being tentative, are revised more
frequently, and the share of the State is generally lower than
in the older provinces. »

It is sometimes urged that in India direct faxation would be
preferable to the imposition of land revenue. A discussion
of fiscal policy is beyond the scope of these lectures, buf
it must be remembered that the payment to the State of a
share of the produce of the land has been in force in India from
time immemorial, and is therefore well understood by the people.
A comparison between the incidence of the land revenue in the
time of the Moghuls and in the present day may be of interest.
The cash assessments of Akbar, according to contemporary
records, represented one-third of the gross produce of the
land; according to more recent authorities it represented one-
quarter only. The Famine Commission of 1900-1 made certain
calculations as to the incidence of the existing land revenue,
and found that it varied from 4 per cent. in the Central Pro-
vinces to 20 per cent. in Gujrat of the gross produce, so that
the demand of the British Government is very much less than
the demand in the time of the most enlightened of the Moghul
emperors.

Remembering the fandamental principle that the land revenue
is the State’s share of the produce of the land, and remembering
also how irrigation increases the produce of the land, it is evident
that irrigation revenue must be intimately connected with the
land revenue. ‘
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In India the revenue from Government Irrigation Works is
derived mainly from two sources :—

(1) From charges made for the sale of water ;

(2) From charges made for “ water advantage,” which may be
described as the benefit which accrues to the land by water being
available for irrigation. In all cases these charges depend
not on the actual volume of water supplied, which may vary
largely according to the incidence of rainfall, but on the area
actually or usually irrigated, and on the class of crop.

When the State’s share of the land produce was taken in kind,
the value of this share naturally increased with the introduction
of irrigation. When the system of assessment of land revenue
on a cash basis was introduced, the assessment of lands enjoying
the advantage of irrigation was pitched higher than on similar
land which had no irrigation. The difference between the
assessment on irrigated or “ wet”” lands and on unirrigated or
““dry” lands represented the revenue earned by the irrigation
works.

In Madras the irrigation revenue is consolidated with the land
revenue assessment. In that Presidency over 90 per cent. of the
irrigated lands are under rice, and water is applied to the same
fields year after year; and the system of lumping together the
land revenue and the irrigation revenue has many advantages.
The irrigated area is much the same year after year, and lands
which can be irrigated have a higher assessment than those
which get no water. The system is more elastic than that
under which the cultivator pays a fixed rate per acre irrigated,
the rate varying with the kind of crop. The settlement officer in
fixing the land revenue in Madras takes into account not only
the effect of irrigation in increasing the produce of the land, but
he also takes into account the value of the increased produce to
the cultivator. The produce of a field remote from a market is
not so valuable as that of a field in close proximity to & market ;
and this is taken into account in fixing the land revenue, which
includes the irrigation revenue. It will readily be understood;
that the value of the produce of land close to a market may be
increased by Rs. 20 per acre by the introduction of irrigation,
while the cost of carriage of the produce of a field remote from

a market would reduce the value of irrigation to Rs. 10 per acre.
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In the consolidated system, therefore, the increase in land
revenue assessment represents the State’s share of the increased
value to the cultivator of his irrigated produce; and this is in
accordance with the usage from time immemorial.

The system of consolidated assessment is also followed on the
older irrigation works in Bombay and in those districts in Burma
which have come under settlement.

In Sind the principle is much the same, though the details
are slightly different. There is practically no cultivation in
Sind except by the aid of canal water. The land revenue
is levied on the lands actually irrigated during the year, and
nine-tenths of the land revenue assessed is credited to the canals
as irrigation revenue. The land revenue is therefore practically
a water rate varying with the area irrigated and the class of crop
sown, although this water rate is assessed as land revenue. The
system in Sind is very much the same as in Egypt. In that
country payment of the land tax gives an absolute right to arti-
ficial irrigation; and the land which, from shortage of water or
other cause, has not received water for irrigation is ipso facto
entitled to remission of the land tax.

In Northern India the consolidation of land revenue and irri-
gation revenue is not possible. The irrigated fields are not the
same year by year as in Southern India; much of the land
irrigated in one year lies fallow the next; the demand is less
constant and depends on the incidence of the rainfall; and in
the rotation of crops the fields actually irrigated vary from year
to year.

In Northern India and also in Bengal the charge for water is
distinct from and independent of the land revenue assessment ;
it is levied as a water rate varying with the kind of crop, and is
charged on the acreage actually irrigated. It is a charge on the
user of the water, the tenant or the occupier, and is known as
the occupier’s rate. The application of water to land by the
occupier results in an increase of the produce of the land, and the
State therefore claims a share of this increased produce in
accordance with the fundamental principle that the land revenue
is the State’s share of the actual produce of the land. This
share of the increased produce is in fact land revenue, due
to water advantage, and being land revenue it is levied not on



104 NOTES ON IRRIGATION WORKS

the user of the water, the occupier, but on the owner of the
land.

When the land revenue has been fixed—that is, when the
district has been *“ settled ” for a term of years and after settle-
ment irrigation is introduced—then the State’s share of the
increased produce is levied by the imposition on the owner of a
rate on the area actually irrigated ; and this is known as the
owner’s rate. In Upper India the owner’s rate is one-third of
the occupier’s rate.

There are therefore three rates levied on the land when irri-
gation is introduced after settlement. These are: (1) the
land revenue, which was estimated when there was no irrigation ;
(2) the occupier’s rate, levied on the individual who uses the
water; and (8) the owner’s rate, an extra assessment of land
revenue caused by the introduction of irrigation, and payable by
the individual responsible for the land revenus, i.e., the owner.
The calculation and collection of these three rates means & con-
siderable expenditure on revenue establishment, just as in this
country the differentiation in the income tax levied on earned
and unearned incomes has resulted in an increase in the cost of
collection of the income tax. Two of these three sources of
revenue are levied on the same individual, viz., the land revenue
and the owner’s rate, both payable by the owner of the land.

It obviously would reduce the cost of collection were these two
taxes to be consolidated, and this is done when the current
settlement expires and when a revision of the settlement becomes
necessary. At revision of settlement the owner’s rate is merged
in the land revenue assessment, and in a re-settled district there
are only two assessments : (1) the land revenue, payable by the
owner and baged on water advantage, i.e., based on the fact that
the lands can be irrigated ; and (2) the occupier’s rate, based on
the class of crop and on the area actually irrigated by the
occupier of the land. Under such conditions the revenue earned
by a canal consists of the occupier’s rate, a cash transaction;
and of a certain percentage of the land revenue, a book trans-
action, which represents the difference between the land revenue
which is actually levied and the land revenue which would have
been levied had there been no irrigation. Owner’s rate as an
item of irrigation revenue is gradually disappearing as it

e —
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becomes merged into the land revenue, and in a few years the
irrigation revenue in the Punjab and United Provinces will
consist of occupier’s rate and a certain share of the land revenue
on lands having water advantage, being the difference between
the land revenue on ‘“dry” lands and on “wet” lands. In
Bengal a permanent settlement was fixed under Lord Cornwallis
in 1798 ; that is to say, the land revenue was fixed in perpetuity.
This being so, the State cannot demand an increased land
revenue although the produce of the land has been increased
by the introduction of irrigation. The occupier pays the occu-
pier’s rate, and there can be no owner’s rate because owner’s
rate is really an increased land revenue which cannot be levied.
In Bengal, therefore, the landowner takes all the profits due to
the increased rental which he charges on irrigated lands although
the increase is directly due to the expenditure of capital not by
the landowner, but by the Government, i.e., by the general tax-
payer. There is much to be said on both sides as to the
advantages and disadvantages of permanent and periodical
settlements. Against the permanent settlement, it may be said
that the general taxpayer of India has provided funds for
irrigation works in Bengal which have caused an enhancement
of rentals ; and the Government, which provided the capital, has
no share in this enhancement—it is enjoyed by thle Bengali
landlord as a purely unearned increment.

On the other side it may be urged that, on the approach of
a revision of settlement, lands are deliberately thrown out of
cultivation in order to reduce the assets on which the land
revenue assessment is based and so secure a reduction in the
land revenue. Under a permanent settlement this is not the
case, and the investment of capital in land is directly
encouraged.

Without going into details, it may be said that permanent
settlement in Bengal is not likely to be rescinded ; and that from’
a purely irrigation point of view the loss of the ‘“owner’s rate ”
accounts mainly for the fact that, in Bengal, irrigation works are
not directly remunerative. '

As regards the actual charges for irrigation, these vary so
much in different localities that it would serve no useful purpose
to give them in detail. As a general rule they vary from 10 to
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12 per cent. of the value of the crop, except in Bengal and the
Bombay Deccan, where the average is about 6 per cent. of the
value.

As pointed out by the Indian Irrigation Commission, there is
one defect in all the existing systems of payment for irrigation in
India. Thereisnodirect inducement to the cultivator to economise
water and to see that it is not wasted between the Government
irrigation channel and the field. The payment for irrigation by
volume of water actually used instead of by area actually irrigated
is an ideal which has attracted most irrigation engineers.

In charging for irrigation by volume of water consumed, there
are two systems which have to be considered : a charge by meter
and a charge by module.

Under the meter system the cultivator would pay for the
actual amount of water he uses for irrigation, the quantity being
measured by a water meter. The system is precisely that in
everyday use by gas or electric light companies. It is, however,
altogether impracticable on a large irrigation system. The
basis of the mefer system is that the cultivator pays so much
per unit for the water he uses. Any unit may beused. Suppose
it to be 1 acre-inch or 8,680 cubic feet. In a rainy season
two units of water may suffice for his crop, while in a dry season
he may require ten units. In the latter case the cultivator pays
five times as much as in the former, although the value of the
crop remains the same. If the rate per unit be pitched very
high, then in a very dry season the cultivator might have to pay
more than his crop was worth, or in a wet year he might have
to pay a comparatively small amount for a single watering,
which nevertheless was absolutely necessary to save a valuable
crop. It is practically impossible to fix an all-round meter rate
for water which would meet all cases.

There is, however, a more serious objection to the meter
system. On an extensive canal system the irrigation officer has
to arrange for delivering a certain volume of water at a point
which may be more than 200 miles away from the source of
supply. When arrangements have been made for delivering
water at a particular watercourse it ought to be paid for,
whether the owners of the watercourse use the whole of it or
not. A very large percentage of the water taken in at the head
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of the canal in order to supply a watercourse is lost in transit,
and when water has been passed down distributing channels it
cannot be sent back again and utilised elsewhere. Under the
meter system no charge is possible for water unless it is actually
used, and for this reason the meter system is not suitable for
large irrigation systems.

The function of a module is not to measure the quantity of
water supplied, but to control it. A module gives a certain
volume of water, and the action of the module keeps that volume
constant, whatever may be the fluctuations of water level in the
supply channel—this, of course, within certain limits. It is
therefore possible to charge a rate for the module based on the
supply which it discharges, whether the full discharge be utilised
or not. The cultivator can lessen the discharge from the module,
or he can shut it off altogether ; he cannot increase the discharge.
The difficulty lies in fixing a scale of charges which shall be
equitable both to the Government and to the cultivator. Under
the present system of charging by crop and by area irrigated
the cultivator knows exactly where he stands ; under the module
system he undertakes to pay a certain contract rate for a certain
supply of water which he may utilise as he pleases. The Indian
cultivator is very conservative, and the introduction of a new
system of charges for water supplied he looks on with suspicion.
The module system of charging for water is, however, the only
possible volumetric system on large irrigation works, and by
cautious tentative experiments it may be possible to introduce
a volumetric system of charges in India.

Contracts for a period of years for the supply of water for
irrigation are entered into by the Indian cultivator, especially
in Bengal; the module system of volumetric supply is essentially
a contract, and there is therefore ground for hoping that when
the Indian cultivator is educated to understand the module
system, he will accept it to the great advantage of all concerned.
It may be added that in countries where a volumetric charge
for irrigation has been introduced—in Italy, in Spain, and in
America—it is 8 module and not a meter system which is in
force.
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—— The A 1 TelegraphicCode................................. 8vo, *7 50
Cleemann, T. M. The Railroad Engineer’s Practice.............. 12mo, *1 50
Clevenger, S. R. Treatise on the Method of Government Surveying.
I6mMO, MOTOCCO. ...ttt ittt 2 50
Clouth, F. Rubber, Gutta-Percha, and Balata.................... 8vo, *5 oo
Coffin, J. H. C. Navigation and Nautical Astronomy............. 12mo, *3 50
Cole, R. S. Treatise on Photographic Optics.................... 12mo, 2 50
Coles-Finch, W. Water, Its Originand Use...................... 8vo, *s5 oo
Collins, J. E. TUseful Alloys and Memoranda for Goldsmiths, Jewelers.
IOMI0. .. ittt e 0 50

5

00 .
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Constantine, E. Marine Engineers, Their Qualifications and Duties. . 8vo,

Cooper, W. R. Primary Batteries....................... e 8vo,

¢ The Electrician” Primers................................ 8vo,
Copperthwaite, W. C. Tunnel Shields. ........................... 4to,
Corey, H. T. Water Supply Engineering................ 8vo (In Press.)
Cornwall, H. B. Manual of Blow-pipe Analysis................... 8vo,
Cowell, W. B. Pure Air, Ozone, and Water. .................... 12mo,

Crocker, F. B. Electric Lighting. Two Volumes. 8vo.
Vol. 1. The Generating Plant.................................
Vol II. Distributing Systems and Lamps. .......................

Crocker, F. B., and Arendt, M. Electric Motors................... 8vo,
Crocker, F. B., and Wheeler, S. S. The Management of Electrical Ma-
chinery... ... .. ... .. ... . 12mo,

Cross, C. F., Bevan, E. J., and Sindall, R. W. Wood Pulp and Its Applica-
tions. (Westminster Series.).................. 8vo (In Press.)
Crosskey, L. R. Elementary Perspective......................... 8vo,
Crosskey, L. R., and Thaw, J. Advanced Perspective. . ............ 8vo,
Davenport, C. The Book. (Westminster Series.)................. 8vo,
Davies, E. H. Machinery for Metalliferous Mines................. 8vo,
Davies, D. C. Metalliferous Minerals and Mining. . ......... .. .... 8vo,
Davies, F. H. Electric Power and Traction.................. .. ... 8vo,
Dawson, P. Electric Traction on Railways....................... 8vo,
Day, C. The Indicator and Its Diagrams....................... 12mo,
Deerr, N. Sugar and the SugarCane......................... ... 8vo,
Deite, C. Manual of Soapmaking. Trans. by S. T. King.......... 4to,
De la Coux, H. The Industrial Uses of Water. Trans. by A. Morris. . 8vo,
Del Mar, W. A. Electric Power Conductors...................... 8vo,
Denny, G. A. Deep-level Minesof the Rand...................... 4to,
——-- Diamond Drilling for Gold. . ....................... ... ... ... ...
Derr, W. L. Block Signal Operation .................... Oblong 12mo,
Desaint, A. Three Hundred Shades and How to Mix Them......... 8vo,
Dibdin, W. J. Public Lighting by Gas and Electricity............. 8vo,
Purification of Sewage and Water........................... 8vo,
Dieterich, K. Analysis of Resins, Balsams, and Gum Resins........ 8vo,

Dinger, Lieut. H. C. Tare and Operation of Naval Machinery..... 12mo,
Dixon, D. B. Machinist’s and Steam Engineer’s Practical Calculator.
16mo, morocco,
Doble, W. A. Power Plant Construction on the Pacific Coast (In Press.)
Dodd, G. Dictionary of Manufactures, Mining, Machinery, and the
Industrial Arts.......................................I2m0,
Dorr, B. F. The Surveyor’s Guide and Pocket Table-book.
16mo, morocco,

Down, P. B. Handy Copper Wire Table........................ 16mo,
Draper, C. H. Elementary Text-book of Light, Heat and Sound. . . 12mo,
—— Heat and the Principles of Thermo-dynamics............... 12mo,
Duckwall, E. W. Canning and Preserving of Food Products........ 8vo,
Dumesny, P., and Noyer, J. Wood Products, Distillates, and Extracts.

8vo,

Duncan, W. G., and Penman, D. The Electrical Equipment of Collieries.
8vo,
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Duthie, A. L. Decorative Glass Processes. (Westminster Series.). .8vo,

Dyson, S. S. Practical Testing of Raw Materials......... e 8vo,
Eccles, R. G., and Duckwall, E. W. Food Preservatives........... 8vo,
PaPer. .. i e e
Eddy, H. T. Researches in Graphical Statics..................... 8vo,
—— Maximum Stresses under Concentrated Loads................. 8vo,
Edgcumbe, K. Industrial Electrical Measuring Instruments........ 8vo,
Eissler, M. The Metallurgy of Gold............................ .8ve,y
—— The Hydrometallurgy of Copper. .. ......................... 8vo,
—— The Metallurgy of Silver............... ... . ... ... civiuuns 8vo,
—— The Metallurgy of Argentiferous Lead....................... 8vo,
—— Cyanide Process for the Extracfionof Gold.................. :.8vo,
—— A Handbook on Modern Explosives......................... 8vo,
Ekin, T. C. Water Pipe and Sewage Discharge Diagrams.......... folio,
Eliot, C. W., and Storer, F. H. Compendious Manual of Qualitative
Chemical Analysis...........................c.ovo.n. 12mo,
Elliot, Major G. H. European Light-house Systems............... 8vo,
Ennis, Wm. D. Linseed Oil and Other Seed Oils. .. ... P 8vo,
—— Applied Thermodynamics. ....................... 8vo (In Press.)
Erfurt, J. Dyeing of Paper Pulp. Trans. by J. Hubner........... 8vo,
“Erskine-Murray, J. A Handbook of Wireless Telegraphy........... 8vo,
Evans, C. A, Macadamized Roads........................ (In Press.)
Ewing, A. J. Magnetic InductioninIren........................ 8vo,
Fairie, J. NotesonLeadOres.....................c.covounnn.. 12mo,
—— Noteson Pottery Clays...................coiiiiiinnann.. 12mo,
Fairweather, W. C. Foreign and Colonial Patent Laws.. ..........8vo,
Fanning, J. T. Hydraulic and Water-supply Engineering........... 8vo,
Fauth, P, The Moon in Modern Astronomy. Trans. by J. McCabe.
8vo,
Fay, . W. The Coal-tarColors....................... 8vo (In Press.)
Fernbach, R. L. Glue and Gelatine. . .. ......................... 8vo,
Fischer, E. The Preparation of Organic Compounds. Trans. by R. V.
Stanford. ........ ... ... .. 12mo,
Fish, J. C. L. Lettering of Working Drawings . ........... Oblong 8vo,
Fisher, H. K. C., and Darby, W.C. Submarine Cable Testing....... 8vo,
Fiske, Lieut, B. A. Electricity in Theory and Practice.. . ........... 8vo,

Fleischmann, W. The Book of the Dairy. Trans. by C. M. Aikman. 8vo,
Fleming, J. A. The Alternate-current Transformer. Two Volumes.

8vo.
Vol. I. The Induction of Electric Currents......................
Vol. II.  The Utilization of Induced Currents.....................
—- Centenary of the Electrical Current. .. ...................... 8vo,
— Electric Lamps and Electric Lighting........................ 8vo,
—— Electrical Laboratory Notes and Forms. . . .. . . 4to,
—— A Handbook for the Electrical Laborntory and Testmg Room Two
Volumes ............ ...t 8vo, each,
Fluery, H. The Calculus Without Limits or Infinitesimals. Trans. by
C.O.Mailloux.......................co.n.n. (In Press.)

Foley, N. British and American Customary and Metric Measures. . folio,
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Foster, H. A. Electrical Engineers’ Pocket-book. (Sixth Edition.)
12mo, leather,
Foster, Gen. J. G. Submarine Blasting in Boston (Mass) Harbor.. . . 4to,

Fowle, F. F. Overhead Transmission Line Crossmgs . 12mo,
The Solution of Alternating Current Problems. .. .. .. 8vo (I n Pr&ss )

Fox, W., and Thomas, C. W. Practical Course in Mechanical Draw-
IO .o 12mo,

Francis, J. B. Lowell Hydraulic Experiments. .................... 4to,
Fuller, G. W. Investigations into the Purification of the Ohio River. 4to,
Furnell, J. Paints, Colors, Oils, and Varnishes.................... 8vo,
Gant, L. W. Elements of Electric Traction.,..................... 8vo,
Garcke, E., and Fells, J. M. Factory Accounts.................... 8vo,
Garforth, W. E. Rules for Recovering Coal Mines after Explosions and
Fires. ...... ... ... .. 12mo, leather,

Geerligs, H. C. P. Cane Sugar and Its Manufacture. . ............. 8vo,
Geikie, J. Structural and Field Geology.......................... 8vo,

Gerber, N. Analysis of Milk,Condensed Milk,and Infants’ Milk-Food. 8vo,
Gerhard, W. P. Sanitation, Watersupply and Sewage Disposal of Country

HoOUSeS. . ... ..ot 12mo,
Gerhardi, C. W. H. Electricity Meters. .......................... 8vo,
Geschwind, L. Manufacture of Alum and Sulphates. Trans. by C.

Salter. . ... ... .. ... .. 8vo,
Gibbs, W. E. Lighting by Acetylene........................... 12mo,

Physics of Solids and Fluids. (Carnegie Technical School’s Text-

DOOKS. ). ... i

Gibson, A. H. Hydraulics and Its Application.................... 8vo,

Water Hammer in Hydraulic Pipe Lines................... 12mo,
Gillmore, Gen. Q. A. Limes, Hydraulic Cements and Mortars. . ...... 8vo,
—— Roads, Streets, and Pavements. . .......................... 12mo,
Golding, H. A. The Theta-Phi Diagram........................ 12mo,
Goldschmidt, R. Alternating Current Commutator Motor. . .. ...... 8vo,
Goodchild, W. Precious Stones. (Westminster Series.)............ 8vo,
Goodeve, T. M. Textbook on the Steam-engine. ................ 12mo,
Gore, G. Electrolytic Separation of Metals....................... 8vo,
Gould, E. S. Arithmetic of the Steam-engine. .. ................ 12mo,
—— Practical Hydrostatics and Hydrostatic Formulas. (Science Series.)
16 no,

Grant, J. Brewing and Distilling. (Westminster Series.) 8vo (In Press.)
Gray, J. Electrical Influence Machines. . ...................... 12mo,
Greenwood, E. Classified Guide to Technical and Commercial Books. 8vo,
Gregorius, R. Mineral Waxes. Trans. by C. Salter...... ... .. .. 12mo,
Griffiths, A. B. A Treatise on Manures......................... 12mo,
Dental Metallurgy.. . ..................................... 8vo,
Gross, E. Hops............... . .. . i 8vo,
Grossman, J. Ammonia and Its Compounds.................... 12mo,
Groth, L. A. Welding and Cutting Metals by Gases or Electricity . . . .8vo,
Grover, F. Modern Gas and Oil Engines......................... 8vo,
Gruner, A. Power-loom Weaving............................... 8vo,

Giildner, Hugo. Internal Combustion Engines. Trans. by H. Diederichs.
4to,
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Gunther, C. O. Integration........................ . 12mo, *1 25
Gurden, R. L. Traverse Tables................... folio, half morocco, 7 se
Guy, A. E. Experiments on the Flexure of Beams................. 8vo, *1 25

Haeder, H. Handbook on the Steam-engine. Trans. by H. H. P.

Powles. ... i 12mo, 3 oo
Hainbach, R. Pottery Decoration. Trans. by C. Slater.......... 12mo, *2 oo
Hale, W. J. Calculations of General Chemistry............,.... 12mo, *1 oo
Hall, C. H. Chemistry of Paints and Paint Vehicles............ -..12mo, *2 oo
Hall, R. H. Governors and Governing Mechanism............... 12mo, *2 oo
Hall, W.S. Elements of the Differential and Integral Calculus. . . . .. 8vo, *2 25

................ 8vo volume and a 4to atlas, *3 so
Haller, G. F., and Cunningham, E. T. The Tesla Coil........ (In Press.)
Halsey, F. A. .Slide Valve Gears............................... 12mo, I S0
——— The Use of the Slide Rule. (Science Series.)................ 16mo, o 50
—-— Worm and Spiral Gearing. (Science Series.)............... 16mo, o 50
Hamilton, W. G. Useful Information for Railway Men.......... 16mo, 1 00
Hammer, W. J. Radium and Other Radio-active Substances....... 8vo, *1 00
Hancock, H. Textbook of Mechanics and Hydrostatics............ 8vo, 1 50
Hardy, E. Elementary Principles of Graphic Statics. ............ 12mo, *1 50
Harper, W. B. Utilization of Wood Waste by Distillation. ... ..... 4to, *3 oo
Harrison, W. B. The Mechanics’ Tool-book.................... 12mo, I 50
Hart, J. W. External Plumbing Work. ......................... 8vo, *3 oo
—— Hints to Plumbers on Joint Wiping. . .................. .. ... 8vo, *3 oo
~—— Principles of Hot Water Supply............................. 8vo, *3 oo
—— Sanitary Plumbing and Drainage. . ..................... ....8v0, *3 o0
Haskins, C. H. The Galvanometer and Its Uses................. 16mo, 1 50
Hatt, J. A.H. TheColorist............................ square 12mo, *1 5o
Hausbrand, E. Drying by Means of Air and Steam. Trans. by A. C.

Wright. . ... 12mo, *2 oo
—— Evaporating, Condensing and Cooling Apparatus. Trans. by A. C,

Wright. ... 8vo, *s5 00
Hausner, A. .Manufacture of Preserved Foods and Sweetmeats. Trans.

by A. Morrisand H. Robson............................ 8vo, *3 oo
Hawke, W. H. Premier Cipher Telegraphic Code..................4t0, *5 00
—— 100,000 Words Supplement to the Premier Code............... 4to, *5 oo
Hawkesworth, J. Graphical Handboox for Reinforced Concrete Design.

4to, *2 50
Hay, A. Alternating Currents.................................. 8vo, *2 50
Principles of Alternate-current Working.................... 12mo, 2 00
—— Electrical Distributing Networks and Distributing Lines........ 8vo, *3 s0
—— Continuous Current Engineering. ........................... 8vo, *2 s0
Heap, Major D. P. Electrical Appliances. . .eve......8v0, 2 00
Heaviside, 0. Electromagnetic Theory. Two Volumes ....... 8vo, each, *s5 oo
Heck, R. C. H. Steam-Engine and Other Steam Motors. Two Volumes.
Vol. I. Thermodynamics and the Mechanics.................8vo, *3 50
Vol. II. Form, Construction, and Working................... 8vo, *s5 00
—— Abridged edition of above volumes (Elementary)... .. 8vo (In Preparation.)
-—— Notes on Elementary Kinematics................... 8vo, boards, *1 oo
— — Graphics of Machine Forces......................... 8vo, boards, *1 oo

Hedges, K. Modern Lightning Conductors. ...................... 8vo, 3 oo
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Heermann, P. Dyers’ Materials. Trans. by A. C. Wright...... ... 12mo,
Hellot, Macquer and D’Apligny. Art of Dyeing Wool, Silk and Cotton.
8vo,
Henrici, 0. Skeleton Structures................................. 8vo,
Hermann, F. Painting on Glass and Porcelain................ . ... 8vo,
Herrmann, G. The Graphical Statics of Mechanism. Trans. by A. P.
Smith......... ... .. 12mo,
Herzfeld, J. Testing of Yarns and Textile Fabrics................. 8vo,
Hildebrandt, A. Airships, Past and Present. . ......8vo,
Hill, J. W. The Purification of Public Water Supphes. New Edmon (In Press.)
—— Interpretation of Water Analysis . ..................... (In Press.)
Hiroi, I. Statically-Indeterminate Stresses...................... 12mo,
Hirshfeld, C. F. Engineering Thermodynamics. (Science Series.).16mo,
Hobart, H. M. Heavy Electrical Engineering......... P '...8vo,
——Electricity...... ... .. 8vo,
——Electric Trains. . ...... ... ... .. ... (In Press.)
Hobbs, W. R. P. The Arithmetic of Electrical Measurements. . . .. 12mo,
Hoff, J. N. Paint and Varnish Facts and Formulas. ............. 121n0,
Hoff, Com. W. B. The Avoidance of Collisions at Sea. . . 16mo, morocco,
Hole, W. The Distributionof Gas.............................. 8vo,
Holley, A, L. Railway Practice................................ folio,
Holmes, A. B. The Electric Light Popularly Explained . .. .12mo, paper,
Hopkins, N. M. Experimental Electrochemistry...................8vo,
—— Model Engines and Small Boats........................... 12mo,
Horner, J. Engineers’ Turning................................. 8vo,
—— Metal Turning. .......... ... ... . 12mo,
—— Toothed Gearing.............. ... ... ... ..o, 12mo,
Houghton, C. E. The Elements of Mechanics of Materials........12mo,
Houllevique, L. The Evolution of the Sciences. .................. 8vo,
Howe, G. Mathematics for the Practical Man ......... 12mo (In Press.)
Howorth, J. Repairing and Riveting Glass, China and Earthenware.
8vo, paper,
Hubbard, E. The Utilization of Wood-waste. .. .................. 8vo,
Humber, W. Calculation of Strains in Girders.................. 12mo,
Humphreys, A. C. The Business Features of Engineering Practice. . 8vo,
Hurst, G. H. Handbook of the Theoryof Color................... 8vo,
—— Dictionary of Chemicals and Raw Products. . ................ 8vo,
—— Lubricating Oils, Fats and Greases.......................... 8vo,
e S0P L et e e e e 8vo,
—— Textile Soapsand Oils..................................... 8vo,

Hutchinson R. W, Jr. Long Distance Electric Power Transmission. 12mo,
Hutchinson, R. W,, Jr., and Ihlseng, M. C. Electricity in Mining. . 12mo,

(In Press)

Hutchinson, W. B. Patents and How to Make Money Out of Them.
12mo,
Hutton, W. S, Steam-boiler Construction........................ 8vo,
—— Practical Engineer’s Handbook............................. 8vo,
——— The Works’ Manager’s Handbook . . . ....................... 8vo,
Ingle, H. Manual of Agricultural Chemistry .................... 8vo,

Innes, C. H. Problems in Machine Design...................... 12mo,
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Innes, C. H. Air Compressors and Blowing Engines............. 12mo, *2 oo
—— Centrifugal Pumps...................................... 12mo, *2 oo
——The Fan........ ... ... .. . . 12mo, *2 oo
Isherwood, B. F. Engineering Precedents for Steam Machinery.. . .. 8vo, 2 s0
Jamieson, A. Text Book on Steam and Steam Engines............. 8vo, 3 o0
—— Elementary Manual on Steam and the Steam Engine......... I12mo, 1 50
Jannettaz, E. Guide to the Determination of Rocks. Trans. by G. W.
Plympton......... P ..12mo0, I S0
Jehl, F. Manufacture of Carbons..................... e 8vo, *4 oo

Jennings, A. S. Commercial Paints and Painting. (Westminster Series.)
‘ 8vo (In Press.)

Jennison, F. H. The Manufacture of Lake Pigments.............. 8vo, *3 oo
Jepson, G. Cams and the Principles of their Construction.......... 8vo, *I1 50
——— Mechanical Drawing ...................... 8vo (In Preparation.)
Jockin, W. Arithmetic of the Gold and Silversmith.............. 12mo, *1 oo
Johnson, G. L. Photographic Optics and Color Photography...... .. 8vo, *3 oo
Johnson, W. H. The Cultivation and Preparation of Para Rubber...8vo, *3 oo
Johnson, W, McA. The Metallurgy of Nickel. ..... .. .(In Preparation.)
Johnston, J. F. W., and Cameron, C. Elements of Agricultural Chemistry
and Geology............. .. ... . ... ... .o 12mo, 2 60
Joly, J. Raidoactivity and Geology............................ 12mo, *3 oo
Jones, H. C. Electrical Nature of Matter and Radioactivity.......12mo, 2 oo
Jones, M. W. Testing Raw Materials Used in Paint..............12mo, *2 oo
_Jones, L., and Scard, F. I. Manufacture of Cane Sugar............ 8vo, *s5 00
Joynson, F. H. Designing and Construction of Machine Gearing....8vo, 2 oo
Jiiptner, H. F. V. Siderology: The Science of Iron................ 8vo, *s5 o.
Kansas City Bridge................coi i, 4to, 6 oo
Kapp, G. Electric Transmission of Energy. . ................... 12mo, 3 50
—— Dynamos, Motors, Alternators and Rotary Converters. Trans. by
» H. H. Simmons. ................ ..ttt 8vo, 4 oo
Keim, A. W. Prevention of Dampness in Buildings. .............. 8vo, *2 oo
Keller, S. S. Mathematics for Engineering Students. 12mo, half leather.
Algebra and Trigonometry, with a Chapter on Vectors. ............ *1 75
Special Algebra Edition..................coiuiiriiraniaranian.n. *1 00
Plane and Solid Geometry........................ N *1 25
Analytical Geometry and Calculus. .............................. *2 00
Kelsey, W. R. Continuous-current Dynamos and Motors.......... 8vo, *2 50
Kemble, W. T., and Underhill, C. R. The Periodic Law and the Hydrogen
Spectrum. ...t "....8vo, paper, ¥o s0
Kemp, J. F. Handbook of Rocks............................... 8vo, *1 50
Kendall, E. Twelve Figure Cipher Code.......................... 4to, *15 oo
Kennedy, R. Modern Engines and Power Generators. Six Volumes. 4to, 15 oo
Single Volumes. . ......... ... ... ... i each, 3 oo
—— Electrical Installations. Five Volumes...................... 4to, 15 o0
Single Volumes. .. .. ... ... ... ... ... ... i, each, 3 50
—— Flying Machines; Practice and Design.................... 12mo, *2 oo
Kennelly, A. E. Electro-dynamic Machinery..................... 8vo, 1 50
Kershaw, J. B. C. Fuel, Water and Gas Analysis. . ............... 8vo, *2 &

—— Electrometallurgy. (Westminster Series.)................... 8vo, *2 ¢
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Kershaw, J. B. C. The Electric Furnace in Iron and Steel Production.

12mo, *I
Kingdon, J. A. Applied Magnetism. ............................ 8vo, *3
Kinzbrunner, C. Alternate Current Windings........... ......... 8vo, *I
—— Continuous Current Armatures. ... ........ ... ... .......... 8vo, *1
—— Testing of Alternating Current Machines..................... 8vo, *2
Kirkaldy, W. G. David Kirkaldy’s System of Mechanical Testing....4to, 10
Kirkbride, J. Engraving for Illustration......................... 8vo, *1
Kirkwood, J. P. Filtration of River Waters. ... .................. 4to,
Klein, J. F. Design of a High-speed Steam-engine................ 8vo, *s5
Kleinhans, F. B. Boiler Construction. .. ........................ 8vo,
Knight, Lieut.-Com. A. M. Modern Seamanship.................. 8vo, *6
Half MOTOCCO. ... ...t hid
Knox, W. F. Logarithm Tables..................... (In Preparation.)
Knott, C. G., and Mackay, J. S. Practical Mathematics............ 8vo,
Koester, F. Steam-Electric Power Plants......................... 4to, *s5
—— Hydroelectric Developments and Engineering................. 4to, *s
Koller, T. The Utilization of Waste Products......... e 8vo, *3
——Cosmetics. . ... ... ... 8vo, *2
Krauch, C. Testing of Chemical Reagents. Trans. by J. A. Williamson
and L. W.Dupre. . . ........ ... .. ... ... 8vo, *3
Lambert, T. Lead and its Compounds........................... 8vo, *3
—— Bone Productsand Manures. . ............................. 8vo, *3
Lamborn, L. L. Cottonseed Products............................ 8vo, *3
—— Modern Soaps, Candles, and Glycerin........................ 8vo, *7

Lamprecht, R. Recovery Work After Pit Fires. Trans. by C. Salter. .8vo, *4

Lanchester, F. W. Aerial Flight. Two Volumes. 8vo.

Vol. I. Aerodynamics................. ...t *6

Vol. II.  Aerodometics.................. ..o, *6
Larner, E. T. Principles of Alternating Currents................ 12mo, *I1
Larrabee, C. S. Cipher and Secret Letter and Telegraphic Code. ...16mo,

Lassar-Cohn, Dr. Modern Scientific Chemistry. Trans. by M. M. Patti-

son Muir. . ... .. ... .. L 12mo, *2
Latta, M. K. Handbook of American Gas-Engineering Practice. . . .. 8vo, *4
-—— American Producer Gas Practice............................ 4to, *6
Leask, A. R. BreakdownsatSea.............................. 12mo,
Triple and Quadruple Expansion Engines................... 12mo,
Refrigerating Machinery................................. 12mo,
Lecky, S. T. S. ¢ Wrinkles ” in Practical Navigation .............. 8vo, *8
Leeds, C. C. Mechanical Drawmg for Trade Schools.. .. .oblong 4to,
High School Edition. . S ¢
Machinery Trades Edmon ...................................... *2
Lefévre, L. Architectural Pottery. Trans. by H. K. Bird and W. M.
Binns......... ... .. 4to, *7
Lehner, S. Ink Manufacture. Trans. by A. Morris and H. Robson . .8vo, *2
Lemstrom, S. Electricity in Agriculture and Horticulture.......... 8vo, *I1
Lewes, V. B. Liquid and Gaseous Fuels. (Westminster Series.)....8vo, *2
Lieber, B. F. Lieber’s Standard Telegraphic Code................. 8vo, *10
—— Code. German Edition................................... 8vo, *10

— ——Spanish Edition. ................ ... ... ... ........... 8vo, *10
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Lieber, B. F. Code. French Edition........................... 8vo,
—— Terminal Index. . .............vtriiiiiieineaeeaeaannn, 8vo,
—— Lieber’s Appendix. .............. . ... i folio,
—— ——MHandy Tables......................... ... ... . ... .... 4to,
—— Bankers and Stockbrokers’ Code and Merchants and Shippers’ Blank

Tables. ... e 8vo,
—— 100,000,000 Combination Code............................. 8vo,
—— Engineering Code.............. ... ... .. ... ..., 8vo,
Livermore, V. P., and Williams, J. How to Become a Competent Motor-

TOAD. .ottt ettt et et e e 12mo,
Livingstone, R. Design and Construction of Commutators......... 8vo,
Lobben, P. Machinists’ and Draftsmen’s Handbook................8vo,
Locke, A. G. and C. G. Manufacture of Sulphuric Acid............ 8vo,
Lockwood, T. D. Electricity, Magnetism, and Electro-telegraphy.. . .8vo,
—— Electrical Measurement and the Galvanometer.............. 12mo,
Lodge, O. J. Elementary Mechanics........................... 12mo,
—— Signalling Across Space without Wires. . .................... 8vo,
Lord, R. T. Decorative and Fancy Fabrics....................... 8vo,

Loring, A. E. A Handbook of the Electromagnetic Telegraph.. . ..16mo,
Lowenstein, L. C., and Crissey, C. P. Centrifugal Pumps. . .. (In Press.)
Lucke, C. E. GasEngine Design............................... 8vo,
—— Power Plants: their Design, Efficiency, and Power Costs. 2 vols.
(In Preparation.)
-—— Power Plant Papers. FormI. The Steam Power Plant.......paper,
Lunge, G. Coal-tar and Ammonia. Two Volumes................ 8vo,
—— Manufacture of Sulphuric Acid and Alkali. Three Volumes. . . .8vo,
Vol. 1. Sulphuric Acid. Intwoparts.........................
Vol. II. Salt Cake, Hydrochloric Acid and Leblanc Soda. In two

—— Technical Chemists’ Handbook.................... 12mo, leather,
—— Technical Methods of Chemical Analysis. Trans. by C. A. Keane.
in collaboration with the corps of specialists.

Vol. I. Intwoparts............oovuiiunniniinninnnnnnnn.. 8vo,
Vols. Mand IIX . .. ............................ (In Preparation.)
Lupton, A., Parr, G. D. A., and Perkin, H. Electricity as Applied to
Mining. ... ... 8vo,

Luquer, L. M. Minerals in Rock Sections........................ 8vo,
Macewen, H. A. Food Inspection............................... 8vo,
Mackie, J. How to Make a Woolen Mill Pay..................... 8vo,

Mackrow, C. Naval Architect’s and Shipbuilder’s Pocket-book.
16mo, leather,
Maguire, Capt. E. The Attack and Defense of Coast Fortifications. . .8vo,

Maguire, Wm. R. Domestic Sanitary Drainage and Plumbing. . . . .. 8vo,
Marks, E. C. R.  Construction of Cranes and Lifting Machinery. . . . 12mo,
—— Construction and Working of Pumps. ..................... 12mo,
—— Manufacture of Iron and Steel Tubes...................... 12mo,
—— Mechanical Engineering Materials......................... 12mo,
Marks, G. C. Hydraulic Power Engineering...................... 8vo,

—— Inventions, Patents and Designs. . ..................cuv.n. 12mo,
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Markham, E. R. The American Steel Worker................... 12mo,
Marlow, T.G. Drying Machinery and Practice. . .................. 8vo,
Marsh, C. F. Concise Treatise on Reinforced Concrete............. 8vo,
Marsh, C. F., and Dunn, W. Reinforced Concrete................. 4to,

—— Manual of Reinforced Concrete and Concrete Block Construction.
16mo, morocco,

Massie, W. W., and Underhill, C. R. Wireless Telegraphy and Telephony.
12mo,

Matheson, D. Australian Saw-Miller’s Log and Timbcr Ready Reckoner.

12mo, leather,
Msthot, R. E. Internal Combustion Engines. . ... ................ 8vo,
Maurice, W. Electric Blasting Apparatus and Explosives........... 8vo,
—— Shot Firer’'sGuide............................... U 8vo,
Maxwell, W. H., and Brown, J. T. Encyclopedia of Municipal and Sani-
tary Engineering............. ... ... . ... sl 4to,
Mayer, A. M. Lecture Noteson Physics......................... 8vo,
McCullough, R. S. Mechanical Theory of Heat................... 8vo,
McIntosh, J. G. Technology of Sugar.............. e 8vo,
—— Industrial Alcohol........ P 8vo,
—— Manufacture of Varnishes and Kindred Industries. Three Volumes.
8vo.

Vol. 1. 0il Crushing, Refining and Boiling.....................

Vol. II. Varnish Materials and Oil Varnish Making..............
VoLTIL ... . e (In Preparation.)
McMechen, F. L. Tests for Ores, Minerals and Metals. ........... 12mo,
McNeill, B. McReill’sCode.................... ... .ccciiiuno... 8vo,
McPherson, J. A. Water-works Distribution. . ................... 8vo,
Melick, C. W. Dairy Laboratory Guide. ....................... 12mo,
Merck, E. Chemical Reagents; Their Purity and Tests............ 8vo,
Merritt, Wm. H. Field Testing for Gold and Silver....... 16mo, leather,
Meyer, J. G. A., and Pecker, C. G. Mechanical Drawing and Machine
Design....... ... e 4to,

Michell, S. Mine Drainage.........................cc.0ouunnnn. 8vo,
Mierzinski, S. Waterproofing of Fabrics. Trans. by A. Morris and H.
Robson. ... ... 8vo,

Miller, E. H. Quantitative Analysis for Mining Engineers.......... 8vo,
Milroy, M. E. W. Home Lace-making......................... 12mo,
Minifie, W. Mechanical Drawing............................... 8vo,
Modern Meteorology............ ...t 121mo0,
Monckton, C. C. F. Radiotelegraphy. (Westminster Series.)...... 8vo,
Monteverde, R. D. Vest Pocket Glossary of English-Spanish, Spanish-
English Technical Terms...................... 64mo, leather,

IZoore, E. C. S, New Tables for the Complete Solution of Ganguillet and
Kutter’'s Formula. . ................................... 8vo,
Moreing, C. A., and Neal, T. New General and Mining Telegraph Code, 8vo,
Morgan, A. P. Wireless Telegraph Apparatus for Amateurs. ...... 12mo,
Moses, A. J. The Characters of Crystals......................... 8vo,
Moses, A. J., and Parsons, C. L. Elements of Mineralogy.......... 8vo,
Moss, S. A. Elements of Gas Engine Design. (Science Series.). . . . 16mo,
The Lay-out of Corliss Valve Gears. (Science Series.). . . .. .. 16mo,

‘ullin, J. P. Modern Moulding and Pattern-making.............12mo,
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Munby, A. E. Chemistry and Physics of Building Materials. (Westmin-

Ster Series.).. ...t 8vo, *2 oo
Murphy, J. G. Practical Mining. . ............................ 16mo, I o0
Murray, J. A. Soils and Manures. (Westminster Series.).......... 8vo, *2 oo
Naquet, A, Legal Chemistry........................c.ouuunn. 12mo, 3 oo
Nasmith, J. The Student’s Cotton Spinning...................... 8vo, 3 00
Nerz, F. Searchlights. Trans. by C.Rodgers..................... 8vo, *3 00
Neuberger, H., and Noalhai, H. Technology of Petroleum. Trans, by J.

G.McIntosh......... ... ... ..ot 8vo, *10 00
Newall, J. W. Drawing, Sizing and Cutting Bevel-gears............ 8vo, I 50
Newlands, J. Carpenters and Joiners’ Assistant.. .. .. folio, half morocco, 15 oo
Nicol, G. Ship Construction and Calculations..................... 8vo, *4 so0
Nipher, F. E. Theory of Magnetic Measurements................ 12mo, 1 00
Nisbet, H. Grammar of Textile Design.......................... 8vo, *3 oo
Noll, A. How to Wire Buildings.............................. 12mo, 1 50
Nugent, E. Treatiseon Optics................................ 12mo, 1 50
O’Connor, H. The Gas Engineer’s Pocketbook........... 12mo, leather, 3 50
—— Petrol AirGas. ................. . 12mo, *o 78
Olsson, A. Motor Control, in Turret Turning and Gun Elevating. (U. S.

Navy Electrical Series, No. 1.)................... 12mo, paper, *o S0
Olsen, J. C. Text-book of Quantitative Chemical Analysis.......... 8vo, *4 oo
Oudin, M. A. Standard Polyphase Apparatus and Systems..........8vo, *3 oo
Palaz, A. Industrial Photometry. Trans. by G. W. Patterson, Jr.. .8vo, *4 oo
Pamely, C. Colliery Manager’s Handbook. ...................... 8vo, *10 00
Parr, G. D. A. Electrical Engineering Measuring Instruments. . . ... 8vo, *3 s0
Parry, E. J. Chemistry of Essential Oils and Artificial Perfumes. . . .8vo, *s5 oo
Parry, E. J., and Coste, J. H. Chemistry of Pigments.............. 8vo, *4 50
Parry, L. A. Risk and Dangers of Various Occupations............ 8vo, *3 oo
Parshall, H. F., and Hobart, H. M. Armature Windings............ 4to, *7 s0
—— Electric Railway Engineering............................... 4to, *10 00
Parshall, H. F., and Parry, E. Electrical Equipment of Tramways.. . . (In Press.)
Parsons, S. J. Malleable CastIron.............................. 8vo, *2 50
Passmore, A. C. Technical Terms Used in Architecture......... ... 8vo, *3 50
Patterson, D. The Color Printing of Carpet Yarng................. 8vo, *3 s0
—— Color Matching on Textiles. ............................... 8vo, *3 oo
—— The Science of Color Mixing. .............................. 8vo, *3 oo
Patton, H. B. Lecture Notes on Crystallography.................. 8vo, *1 25
Paulding, C. P. Condensation of Steam in Covered and Bare Pipes..8vo, *2 oo
—— Transmission of Heat through Cold-storage Insulation....... 12mo, *1 oo
Peirce, B. System of Analytic Mechanics......................... 4to, 10 0O
Pendred, V. The Railway Locomotive. (Westminster Series.).. ... 8vo, *2 oo
Perkin, F. M. Practical Methods of Inorganic Chemistry......... 12mo, *I1 o0
Perrigo, O. E. Change Gear Devices. .. ......................... 8vo, 1 oo
Perrine, F. A. C. Conductors for Electrical Distribution............8vo, *3 50
Petit, G. White Lead and Zinc White Paints..................... 8vo, *I1 s0
Petit, R. How to Build an Aeroplane. Trans. by T. O’B. Hubbard, and

J.H.Ledeboer................. ... ... i 8vo, *1 50

*

Perry, J. Applied Mechanics....................... ... ...l 8vo,
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Phillips, J. Engineering Chemistry. ........................... 8vo, *4 50
——Gold Assaying. . ........ ... ... 8vo, *2 s0
Phin, J. Seven Follies of Science.............................. 12mo, *1 25
—— Household Pests, and How to Get Rid of Them....... 8vo (In Preparation.)
Pickworth, C. N. The Indicator Handbook. Two Volumes..12mo, each, 1 s0
—— Logarithms for Beginners......................... 12mo, boards, o so
—— TheSlideRule. . ........................ e I12mo, I 00
Plane Table, The......... ... ... . ... ... i iuiiiiiiiiiannnn... 8vo, 2 oo
Plattner’s Manual of Blow-pipe Analysis. Eighth Edition, rc7ised. Trans.

: by H.B.Cornwall..................................... 8vo, *4 oo
Plympton, G. W. The Aneroid Barometer. (Science Series.)..... 16mo, o 50
Pocket Logarithms to Four Places. (Science Series.)............. 16mo, o 50
Pope, F. L. Modern Practice of the Electric Telegraph............. 8vo, 1 50
Popplewell, W. C. Elementary Treatise on Heat and Heat Engines. .12mo, *3 oo
-—— Prevention of Smoke............... ... o il 8vo, *3 s0
--- — Strength of Materials................ccc0iiiiiiiiinnnnnn... 8vo, *1 78
Potter, T. Concrete.................cciiiiieineeeneeeennnnnnnn. 8vo, *3 oo
Practical Compounding of Oils, Tallow and Grease................. 8vo, *3 50
Practical Iron Founding......................... ... ceeennnn. 12mo, 1 50
Pray, T., Jr. Twenty Years with the Indicator.................... 8vo, 2 50
—— Steam Tables and Engine Constant................cc00unn... 8vo, 2 oo
—— Calorimeter Tables ......................cciiiiiiinenennn. 8vo, 1 o0
Preece, W. H. ElectricLamps............................ (In Press.)

Prelini, C. Earth and Rock Excavation...................c...... 8vo, *3 oo
Graphical Determination of Earth Slopes..................... 8vo, *2 oo
—— Tunneling...... ... ... 8vo, 3 00
—— Dredging. A Practical Treatise....................... (In Press.)
Prescott, A. B. Organic Analysis............................... 8vo, 5 oo

Prescott, A. B., and Johnson, O. C. Qualitative Chemical Analysis. ..8vo, *3 so0
Prescott, A. B., and Sullivan, E. C. First Book in Qualitative Chemistry.

12mo, *1 50
Pritchard, 0. G. The Manufacture of Electric-light Carbons. .8vo, paper, *o 6o
Prost, E. Chemical Analysis of Fuels, Ores, Metals. Trans. by J. C.

Smith. . ... ... . 8vo, *4 s0
Pullen, W. W. F. Application of Graphic Methods to the Design of

SHUCEUTES. ... ... i 12mo, *2 50
—— Injectors: Theory, Construction and Working............... 12mo, *1 s0
Pulsifer, W. H. Notes for a Historyof Lead...................... 8vo, 4 oo
Putsch, A. Gas and Coal-dust Firing............................ 8vo, *3 oo
Pynchon, T. R. Introduction to Chemical Physics................. 8vo, 3 oo

Rafter, G. W. Treatment of Septic Sewage. (Science Series.)..... 16mo, o 50
Rafter, G. W., and Baker, M. N. Sewage Disposal in the United States.4to, *6 o>

Raikes, H. P. Sewage Disposal Works. ......................... 8vo, "*4 oo
Railway Shop Up-to-Date......................coiiiiiunnnoo.... 4to, 2 00
Ramp, H. M. Foundry Practice. . ........................ (In Press.)
Randall, P. M. Quartz Operator’s Handbook................... 12mo, 2 00
Randau, P. Enamels and Enamelling........................... 8vo, *4 oo
Rankine, W. J. M. Applied Mechanics.......................... 8vo, 5 00
—— Civil Engineering.......... ... ... ... ... .. . oo 8vo, 6 50
Machinery and Millwork. ...........................co.ouu. 8vo, 5 092
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Rankine, W. J. M. The Steam-engine and Other Prime Movers.. . . .8vo,
-—— Useful Rules and Tables...................... T 8vo,
Rankine, W. J. M., and Bamber, E. F. A Mechanical Text-book.. . .8vo,
Raphael, F. C. Localization of Faults in Electric Light and Power Mains.

8vo,

Rathbone, R. L. B. Simple Jewellery........................... 8vo,
Rateau, A. Flow of Steam through Nozzles and Orifices. Trans. by H.
B.Brydon......... ... ... e 8vo,
Rausenberger, F. The Theory of the Recoil of Guns............... 8vo,

Rautenstrauch, W. Notes on the Elements of Machine Design, 8vo, boards,
Rautenstrauch, W., and Williams, J. T. Machine Drafting and Empirical

Design.
Part I. Machine Drafting..........................c........ 8vo,
Part II. Empirical Design. . .................... (In Preparation.)
Raymond, E. B. Alternating Current Engineering............... 12mo,
Rayner, H. Silk Throwing and Waste Silk Spinning............... 8vo,
Recipes for the Color, Paint, Varnish, Oil, Soap and Drysaltery Trades.8vo,
Recipes for Flint Glass Making................................ 12mo,
Reed’s Engineers’ Handbook.................................... 8vo,
—— Key to the Nineteenth Edition of Reed’s Engineers’ Handbook. .8vo,
—— Useful Hints to Sea-going Engineers....................... 12mo,
Marine Boilers. . ............. ... ... ... .. 12mo,

Reinhardt, C. W. Lettering for Draftsmen, Engineers, and Students.
oblorg 4to, boards,

—— The Technic of Mechanical Drafting............ oblong 4to, boards,
Reiser, F. Hardening and Tempering of Steel. Trans. by A. Morris and

H.Robson.......... ... ... .. .. ... . i, 12mo,
Reiser, N. Faults in the Manufacture of Woolen Goods. Trans. by A.

Morrisand H. Robson. .. ................ccivveunee. .. 8vo,
—— Spinning and Weaving Calculations......................... 8vo,
Renwick, W. G. Marble and Marble Working.................... 8vo,
Rhead, G. F. Simple Structural Woodwork..................... 12mo,
Rice, J. M., and Johnson, W. W. A New Method of Obtaining the Differ-

ential of Functions....... i 12mo,
Richardson, J. The Modern Steam Engine.............cc0u.. ... 8vo,
Richardson, S. S. Magnetism and Electricity.................... 12mo,
Rideal, S. Glue and Glue Testing...................covevunn.... 8vo,
Rings, F. Concrete in Theory and Practice..................... 12mo,
Ripper, W. Course of Instruction in Machine Drawing............folio,
Roberts, J., Jr. Laboratory Work in Electrical Engineering. . .. ... 8vo,
Robertson, L. S. Water-tube Boilers............................ 8vo,
Robinson, J. B. Architectural Composition....................... 8vo,
Robinson, S. W. Practical Treatise on the Teeth of Wheels. (Science

Series.). .. ... .. e 16mo,
Roebling, J. A. Long and Short Span Railway Bridges........... folio,
Rogers, A. A Laboratory Guide of Industrial Chemistry..........12mo,
Rogers, A., and Aubert, A. B. Industrial Chemistry......... (In Press.)
Rollins, W. Noteson X-Light....................c.viuiureinn.. 8vo,
Rose, J. The Pattern-makers’ Assistant..............cc00ueee... 8vo,
—— Key to Engines and Engine-running....................... 12mo,

Rose, T. K. The Precious Metals. (Westminster Series.)......... 8vo,
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Rosenhain, W. Glass Manufacture. (Westminster Series.). ... ... 8vo, *2 oo
Rossiter, J. T. Steam Engines. (Westminster Series.).. ..8vo (/n Press.)
—— Pumps and Pumping Machinery. (Westminster Series.)..8vo (/n Press.)

Roth. Physical Chemistry....................... . ............ 8vo, *2 oo
Rouillion, L. The Economics of Manual Training............ .. .. 8vo, 2 oo
Rowan, F. J. Practical Physics of the Modern Steam-boiler.. . ... .. 8vo, 7 50
Roxburgh, W. General Foundry Practice........................ 8vo, *3 so
Ruhmer, E. Wireless Telephony. Trans. by J. Erskine-Murray. .. .8vo, *3 50
Russell, A. Theory of Electric Cables and Networks. ... ........... 8vo, *3 oo
Sabine, R. History and Progress of the Electric Telegraph........12mo, 1 25
Saeltzer, A. Treatise on Acoustics. . ........................... 12mo, I 00
Salomons, D. Electric Light Installations. 12mo.
Vol. 1. The Management of Accumulators. ..................... 2 50
Vol. II. Apparatus ......................oiiiiieennnninann 2 25
Vol. ITI.  Applications. . ............ ... . ... ... iiiieii.. I 50
Sanford, P. G. Nitro-explosives................................. 8vo, *4 oo
Saunders, C. H. Handbook of Practical Mechanics.............. 16mo, 1 0O
leather, 1 25
Saunnier, C. Watchmaker’s Handbook........................ 12mo, 3 00
Sayers, H. M. Brakesfor Tram Cars............................ 8vo, *1 25
Scheele, C. W. Chemical Essays................................ 8ve, *2 oo
Schellen, H. Magneto-electric and Dynamo-electric Machines. ... ... 8vo, 5 00
Scherer, R. Casein. Trans. by C.Salter................ ... ..... 8vo, *3 oo

Schmall, C. N. First Course in Analytic Geometry, Plane and Solid.
12mo, half leather, *1 75
Schmall, C. N., and Shack, S. M. Elements of Plane Geometry....12mo, *1 25

Schmeer, L. Flowof Water.................................... 8vo, *3 oo
Schumann, F. A Manual of Heating and Ventilation. .. .. 12mo, leather, 1 50
Schwarz, E. H. L. Causal Geology.............................. 8vo, *2 50
Schweizer, V., Distillation of Resins ........................... .. 8vo, *3 s0

Scott, W. W. Qualitative Analysis. A Laboratory Manual..8vo (In Press.)
Scribner, J. M. Engineers’ and Mechanics’ Companion . ..16mo, leather, 1 50
Searle, G. M. ¢ Sumners’ Method.” Condensed and Improved. (Science

Series.). ....... ... ... 16mo, o 50
Seaton, A. E. Manual of Marine Engineering. .................... 8vo, 6 oo
Seaton, A. E., and Rounthwaite, H. M. Pocket-book of Marine Engineer-

Ing. ... 16mo, leather, 3 oo
Seehgmann, T., Torcilhon, G. L., and Falconnet, H. India Rubber and

Gutta Percha Trans. by J. G. McIntosh. ................ 8vo, *s5 00
Seidell, A. Solubilities of Inorganic and Organic Substances........ 8vo, *3 oo
Sellew, W.H. SteelRails.......................... ... 4to (In Press.)
Senter, G. Outlines of Physical Chemistry............... ... ... .. 12mo, *r1 so
Sever, G. F. Electric Engineering Experiments........ . ... 8vo, boards, *1 oo
Sever, G. F., and Townsend, F. Laboratory and Factory Tes:s in Electrical

Engineering.......... ... .. .. .. ... i 8vo, *2 50
Sewall, C. H. Wireless Telegraphy.............................. 8vo, *2 oo
-—— Lessons in Telegraphv....... ... ... .. ... ... ............ 12mo, *1 oo
Sewell, T. Elements of Electrical Engineering.................... 8vo, *3 oo
—— The Construction of Dynamos...................... ....... 8vo, *3 oo

Sexton, A. H. Fuel and Refractory Materials................... 12mo, *2 50
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Sexton, A. H. Chemistry of the Materials of Engineering.. . ..... 12mo,

—— Alloys (Non-Ferrous).................coiiiiii ... 8vo,
—— The Metallurgy of Ironand Steel. .......................... 8vo,
Seymour, A. Practical Lithography.... .. e 8vo,
—— Modern Printing Inks. ............................ ... . ... 8vo,
Shaw, P. E. Course of Practical Magnetism and Electricity......... 8vo,
Shaw, S. History of the Staffordshire Potteries. .................. 8vo,
—— Chemistry of Compounds Used in Porcelain Manufacture. . .. ..8vo,
Sheldon, S., and Hausmann, E. Direct Current Machines. ... ... ... 8vo,
Sheldon, S., Mason, H., and Hausmann, E. Alternating-current Machines.
8vo,

Sherer, R. Casein. Trans. by C.Salter......................... 8vo,
Sherriff, F. F. Oil Merchants’ Manual......................... 12mo,
Shields, J. E. Notes on Engineering Construction............... 12mo,
Shock, W. H. Steam Boilers....................... 4to, half morocco,
Shreve, S. H. Strength of Bridgesand Roofs..................... 8vo,
Shunk, W. F. The Field Engineer.................... 12mo, morocco,
Simmons, W. H., and Appleton, H. A. Handbook of Soap Manufacture.
8vo,

Simms, F. W. The Principles and Practice of Leveling.............8vo,
Practical Tunneling. .................. ... ... ... .. ... ... ... 8vo,
Simpson, G. The Naval Constructor. . .. .. . 12mo, morocco,
Sinclair, A. Development of the Locomotnve Engme 8vo, half leather,
Sindall, R. W. Manufacture of Paper. (Westminster Series.). ... .. 8vo,
Sloane, T. O'C. Elementary Electrical Calculations.............. 12mo,
Smith, C. F. Practical Alternating Currents and Testing............ 8vo,
—— Practical Testing of Dynamos and Motors.................... 8vo,

Smith, F. E. Handbook of General Instruction for Mechanics. . . . 12mo,
Smith, I. W. The Theory of Deflections and of Latitudes and Departures.
16mo, morocco,

Smith, J. C. Manufacture of Paint.............................. 8vo,
Smith, W. Chemistry of Hat Manufacturing.................... 12mo,
Snell, A. T. Electric Motive Power.............................. 8vo,

Snow, W. G. Pocketbook of Steam Heating and Ventilation. (In Press.)
Snow, W. G., and Nolan, T. Ventilation of Buildings. (Science Series.)

16mo,

Soddy, F. Radioactivity. .........................ccccviiinn.. 8vo,
Solomon, M. Electric Lamps. (Westminster Series.).............. 8vo,
Sothern, J. W. The Marine Steam Turbine....................... 8vo,
Soxhlet, D. H. Dyeing and Staining Marble. Trans. by A. Morris and
H.Robson.......... ... i 8vo,

Spang, H. W. A Practical Treatise on Lightning Protection. . .. .. 12mo,
Speyers, C. L. Text-book of Physical Chemistry.................. 8vo,
Stahl, A. W.,and Woods, A. T. Elementary Mechanism.......... 12mo,
Staley, C., and Pierson, G. S. The Separate System of Sewerage. . . .8vo,
Standage, H. C. Leatherworkers’ Manual........................ 8vo,
—— Sealing Waxes, Wafers, and Other Adhesives................. 8vo,
—— Agglutinants of all Kinds for all Purposes.................. 12mo,
Stansbie, J. H. Iron and Steel. (Westminster Series.).............8vo,
Stevens, H. P. Paper Mill Chemist...................cc0vvnen... 16mo,

Stewart, A. Modern Polyphase Machinery...............c...... 12mo,

*2 50
*3 00
*6 50
*2 50
*2 00

00
*3 00
*5 00
*2 80

*2 50
*3 00
*3 50
I 50
15§ 00
3 50
2 50

*3 00
2 50
7 so

$888888

8888

*2 50
1 00
*2 25

*3 00
*3 s0

*3 50

*2 50
*2 00



20 D. VAN NOSTRAND COMPANY’S SHORT TITLE CATALOG

Stewart, G. Modern Steam Traps............................. 12100,
Stiles, A. Tables for Field Engineers........................... 12mo,
Stillman, P. Steam-engine Indicator........................ ... 12mo,
Stodola, A. Steam Turbines. Trans. by L. C. Loewenstein. . ...... 8vo,
Stone, H. The Timbers of Commerce...................... e 8vo,
Stone, Gen. R. New Roadsand Road Laws. .................... 12mo,
Stopes, M. AncientPlants..................................... 8vo,
Sudborough, J. J., and James, T. C. Practical Organic Chemistry. . 12mo,
Suffling, E. R. Treatise on the Art of Glass Painting. ............. 8vo,
Swan, K. Patents, Designs and Trade Marks. (Westminster Series.).8vo,
Sweet, S. H. Special ReportonCoal............................ 8vo,
Swoope, C. W. Practical Lessons in Electricity.................. 12mo,
Tailfer, L. Bleaching Linen and Cotton Yarn and Fabrics..........8vo,

Templeton, W. Practical Mechanic’s Workshop Companion.
. 12mo, morocco,
Terry, H. L. India Rubber and its Manufacture. (Westminster Series.)

8vo,
Thom, C., and Jones, W. H. Telegraphic Connections. .. .. oblong 12mo,
Thomas, C. W. Paper-makers’ Handbook.................. (In Press.)
Thompson, A. B. Oil Fieldsof Russia........................... 4to,
—— Petroleum Mining and Oil Field Development................ .8vo,
Thompson, E. P. How to Make Inventions....................... 8vo,
Thompson, W. P. Handbook of Patent Law of All Countries. ... .. 16mo,
Thornley, T. Cotton Combing Machines... .. e 8vo,
—— Cotton Spinning. 8vo.
First Year. ... ... ... e
Second Year. ... ........ ... ... e
Third Year. . ... ... ... .
Thurso, J. W. Modern Turbine Practice......................... 8vo,
Tinney, W. H. Gold-mining Machinery......................... 8vo,
Titherley, A. W. Laboratory Course of Organic Chemistry:........ 8vo,
Toch, M. Chemistry and Technology of Mixed Paints..............8vo,
Todd, J., and Whall, W. B. Practical Seamanship................ 8vo,
Tonge, J. Coal. (Westminster Series.).......................... 8vo,
Townsend, J. Ionization of Gases by Collision.. . ................ 8vo,

Transactions of the American Institute of Chemical Engineers. 8vo.
Vol. I 1008, ..o e e

VoL IL. X000. .. ..ottt ittt et
Traverse Tables. (Science Series.)............................. 16mo,
morocco,

Trinks, W., and Housum, C. Shaft Governors. (Science Series.). . 16mo,
Tucker, J. H. A Manual of Sugar Analysis....................... 8vo,
Tumlirz, O. Potential. Trans. by D. Robertson................ 12mo,

Tunner, P. A. Treatise on Roll-turning. Trans. by J. B. Pearse.

8vo, text and folio atlas,
Turbayne, A. A. Alphabets and Numerals........................ 4to,
Turrill, S. M. Elementary Course in Perspective................. 12mo,

Underhill, C. R. Solenoids, Electromagnets and Electromagnetic Wind-
IS, ittt e 12mo,
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Urquhart, J. W. Electric Light Fitting. ........................ 12mo, 2 oo
——Electro-plating............... ... ... .. ... 12mo, 2 00
——Electrotyping............. .. ... .. 12mo, 2 0o
—— Electric Ship Lighting................................... 12mo, 3 00
Universal Telegraph Cipher Code. . ............................ I2mo, I 00
Vacher, F. Food Inspector’s Handbook........................ 12mo, *2 s0
Van Nostrand’s Chemical Annual. Second issue 1909............ 12mo, *2 g0
—— Year Book of Mechanical Engineering Data. First issue 1910. .. (In Press.)
Van Wagenen, T. F. Manual of Hydraulic Mining.............. .16mo, 1 00
Vega, Baron Von. Logarithmic Tables.............. 8vo, half morocco, 2 s0
Villon, A. M. Practical Treatise on the Leather Industry. Trans. by F.
T.Addyman................ i 8vo, *10 00
Vincent, C. Ammonia and its Compounds. Trans. by M. J. Salter. .8vo, *2 oo
Volk, C. Haulage and Winding Appliances....................... 8vo, *4 oo
Von Georgievics, G. Chemical Technology of Textile Fibres. Trans. by '
C.Salter. ... 8vo, *4 so
—— Chemistry of Dyestuffs. Trans.byC.Salter.................. 8vo, *4 so
Wabner, R. Ventilation in Mines. Trans. by C. Salter............ 8vo, *4 so
Wade, E. J. Secondary Batteries............................... 8vo, *4 oo
Wadsworth, C. Primary Battery Ignition....... ... .. 12mo (In Press.)
Wagner, E. Preserving Fruits, Vegetables, and Meat.............12mo, *2 5o
‘Walker, F, Aerial Navigation.................................. 8vo, 3 oo
——— Electric Lighting for Marine Engineers. ...................... 8vo, 2 oo
Walker, S. F. Steam Boilers, Engines and Turbines............... 8vo, 3 oo
—— Refrigeration, Heating and Ventilation on Shipboard.
12mo (In Press.)
—— Electricityin Mining...................... ... ... ... .. 8vo, *3 50
—— Steam Boilers, Engines and Turbines........................ 8vo, *3 oo
Walker, W. H. Screw Propulsion............................... 8vo, o075
Wallis-Tayler, A. J. Bearings and Lubrication................. ... 8vo, *1 50
——ModernCycles.............. ... ... 8vo, 4 oo
—— Motor Cars. .......... ... e 8vo, 1 80
—— Motor Vehicles for Business Purposes........................ 8vo, 3 50
—— Pocket Book of Refrigeration and Ice Making............... 12mo, I 50
—— Refrigerating and Ice-making Machinery.................... 8vo, 3 oo
—— Refrigeration and Cold Storage............................. 8vo, *4 s0
——Sugar Machinery............. ... ... ..o 12mo, *2 oo
Wanklyn, J. A. Treatise on the Examination of Milk............ 12mo, I 00
—— Water Analysis. .................... ... .. ... ... 12mo, 2 0o
Wansbrough, W. D. The A B C of the Differential Calculus. . . ... 12mo, *I1 so
——Slide Valves............. ... .. 0.t 12mo, *2 oo
Ward, J. H. Steam for the Million.............................. 8vo, 1 o0
Waring, G. E., Jr. Sewerage and Land Drainage..................... *6 oo
——— Modern Methods of Sewage Disposal....................... 12mo, 2 00
—— HowtoDrainaHouse.................................. 12mo, I 25
Warren, F. D. Handbook on Reinforced Concrete............... 12mo, *2 50
Watkins, A. Photography. (Westminster Series.)....... 8vo (In Press.)
Watson, E. P. Small Engines and Boilers...................... 12mo, 1 2§
Watt, A. Electro-plating and Electro-refining of Metals............ 8vo, *4 s0
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Watt, A. Electro-metallurgy................................. 12mo, I 0o
—— The Art of Soap-making................................... 8vo, 3 00
—— Leather Manufacture. ..................................... 8vo, *4 oo
Weale, J. Dictionary of Terms Uséd in Architecture............. 12mo, 2 50
Weather and Weather Instruments. . ........................... 12mo, I 0O
paper, o S50
Webb, H. L. Guide to the Testing of Insulated Wires and Cables. .12mo, 1 oo
Webber, W. H. Y. Town Gas. (Westminster Series.)............. 8vo, *2 oo
Weekes, R. W. The Design of Alternate Current Transformers....12mo0, 1 oo
Weisbach, J. A Manual of Theoretical Mechanics................. 8vo, *6 oo
: sheep, *7 50
Weisbach, J., and Herrmann, G. Mechanics of Air Machinery...... 8vo, *3 75
Weston, E. B. Loss of Head Due to Friction of Water in Pipes ...12mo, *1 50
Weymouth, F. M. Drum Armatures and Commutators. ........... 8vo, *3 oo
Wheeler, J. B. Artof War................................... 12mo, I 75
—— Field Fortifications. . .............. ... ... ............... 12mo, I 75
Whipple, S. An Elementary and Practical Treatise on Bridge Building.
8vo, 3 o0
Whithard, P. Illuminating and Missal Painting................ . 12mo, I 50
Wilkinson, H. D. Submarine Cable Laying and Repairing......... .8vo, *6 oo
Williams, A. D., Jr., and Hutchinson, R. W. The Steam Turbine.. ... (In Press.)
Williamson, R. S. On the Use of the Barometer................ ... 4to, 15 00
——— Practical Tables in Meteorology and Hypsometery............. 4to, 2 s0
Willson, F. N. Theoretical and Practical Graphics..........:...... 4to, *4 oo
Wimperis, H. E. Internal Combustion Engine.................... 8vo, *3 oo
Winchell, K. H., and A. N. Elements of Optical Mineralogy........ 8vo, *3 s0
Winkler, C., and Lunge, G. Handbook of Technical Gas-Analysis...8vo, 4 oo
Woodbury, D. V. Elements of Stability in the Well-proportioned Arch.
8vo, half morocco, 4 oo
Worden, E. C. The Nitrocellulose Industry. Two Volumes.
8vo (In Press.)
Wright, A. C. Analysis of Oils and Allied Substances.............. 8vo, *3 so
—— Simple Method for Testing Painters’ Materials................ 8vo, *2 50
Wright, H. E. Handy Book for Brewers......................... 8vo, *s5 00
Wright, F. W. Design of a Condensing Plant................... 12mo, *1 50
Wright, T. W. Elements of Mechanics.......................... 8vo, *2 50
Wright, T. W., and Hayford, J. F. Adjustment of Observations.....8vo, *3 oo
Young, J. E. Electrical Testing for Telegraph Engineers........... 8vo, *4 oo
Zeidler, J., and Lustgarten, J. Electric Arc Lamps................ 8vo, *2 oo
Zeuner, A. Technical Thermodynamics. Trans. by J. F. Klein. Two
Volumes. ....... ... ... iiiiiaae e, 8vo, *8 oo
Zimmer, G. F. Mechanical Handling of Material.................. 4to, *10 00
Zipser, J. Textile Raw Materials. Trans. by C. Salter............. 8vo, *s5 00
Zur Nedder, F. Engineering Workshop Machines and Processes. Trans.
by J. A. Davenport....... e e 8vo *2 oo








