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ABSTRACT
 

FACTORS AFFECTING LOSSES FROM INDUS BASIN
 
IRRIGATION CHANNELS
 

Tertiary irrigation conveyance systems (watercourses)
 

in the Indus Basin lose 30 to 50 percent of their flow.
 

Watercourse systems were studied in depth by ponding and
 

inflow-outflow methods to determine functional relationships
 

between several measurable parameters and the loss rates.
 

The objective was to determine simple design changes that
 

are low cost and can lead to increased conveyance efficien

cies in the earthen channels.
 

Statistical analysis of the collected data indicated
 

that:
 

1. watercourse loss rates (ips/100m) increase with,
 

but slightly less than proportional to, the usual
 

flow rate in the channel;
 

2. loss rates are lower in more often used channels;
 

3. loss rates are higher in elevated channels;
 

4. loss rates are very sensitive to changes in flow
 

depths, and thus increase with upward fluctuations
 

in flow rates or roughness coefficients; and
 

5. intake rates into upper bank soils are very high
 

and are apparently caused by extensive rodent and
 

insect burrows inside the banks.
 

vii
 



A watercourse loss model was constructed based on the
 

derived relationships, and was applied to several practical
 

watercourse design alternatives.
 

Thomas J. Trout
 
Agricultural Engineering Department
 
Colorado State University
 
Fort Collins, Colorado 80523
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Chapter 1
 

INTRODUCTION
 

Our world must continue to increase food production if
 

the growing population is to be adequately fed. This neces

sity is especially acute in areas where the food supply is
 

already critically short. In the past, a large part of the
 

agricultural production increase has resulted from the dev

elopment of basic resources--additional land has been brought
 

under cultivation and more rivers have been dammed. The
 

potential for further land and water resource development is
 

dwindling, and the marginal costs of such development are
 

soaring. The primary potential for increasing food produc

tion in the near future is to utilize available resources
 

more efficiently.
 

In the arid and semiarid regions which comprise
 

50 percent of the world's arable land and is inhabited by
 

25-30 percent of the world's population (Biswas and Biswas,
 

1979), the most limiting agricultural input is usually water.
 

In many arid regions the potential for development of signif

icantly larger amounts of this resource no longer exists, or
 

at least is very costly. If food production is to be
 

increased, the existing water must be used more efficiently.
 

More calories of food must be produced with the existing
 

water supplies.
 

There are many facets of improved water use efficiency,
 

from plant breeding to increase food output per unit of water
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uptake, to reducing losses from the irrigation system. This
 

study is concerned with improving the efficiency of the
 

tertiary conveyance system which carries the irrigation water
 

from the canals to the fields.
 

In the past, especially in the technologically advanced
 

societies, when it was realized that the efficiency of
 

earthen channels was poor, the commonly adopted solution had
 

been to line the channels with some type of impermeable
 

material. Although the solution is a costly one, it was
 

deemed the most practicable and could often be shown to have
 

a benefit-cost ratio greater than one. Attempts to reduce
 

the costs of saving water usually led to studies of lower
 

cost linings rather than other alternative solutions.
 

For most of the lesser developed countries, a shortage
 

of capital and a plentiful labor supply increase the desir

ability of alternatives other than channel lining to increase
 

conveyance efficiencies. Even in capital rich areas, a lower
 

cost alternative to channel lining, even if it only saves a
 

portion of the water losses, is economically preferable in
 

many situations, such as for temporary field ditches.
 

Although the costs and potential of channel lining
 

have been considered in this project, the intent of this
 

study was to develop alternative means of ir.proving small
 

irrigation channel conveyance efficiencies utilizing the most
 

readily available and cheapest building material, soil. The
 

emphasis was not on eliminating conveyance losses, but on
 

developing simple design techniques, some of which involve
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no or little extra costs, which lead to a hydraulic system
 

which conveys water more efficiently. Such design alterna

tives include system layout and operation, channel elevation,
 

cross-sectional shape, maintenance methodologies, management,
 

and bed and bank material preparation.
 

The nature of such practical techniques demands that
 

they be adapted to a specific socioeconomic, agronomic,
 

topographic, cultural, and historical situation; although
 

this does not imply that many of the problem identification
 

methodologies or resulting design techniques are not gener

alizable and adaptable to other environments. This study
 

was conducted in the Indus Basin in Pakistan and the findings
 

will apply primarily to the 78,000 small conveyance systems
 

which irrigate 12 million hectares of land in that Basin.
 

It is expected that many of the techniques will be applicable
 

to many other irrigated areas, especially in lesser devel

oped countries where channel lining is often too expensive
 

an alternative.
 

Objective
 

The primary objective of this study is to develop
 

techniques to convey irrigation water from the canal to the
 

field in earthen channels more efficiently, in the context
 

of the Indus Basin conditions.
 



Chapter 2
 

DESCRIPTION OF THE INDUS BASIN CONDITIONS
 

The Indus Basin Irrigation System
 

The Indus Basin is a large flat alluvial basin formed
 

by sediments washed from the Himalayan mountains. The
 

thickness of the alluvium in most areas is very great with
 

the depth to bedrock usually being greater than 300 meters.
 

The Indus River and its five principal tributaries originate
 

in the mountain ranges where they gather monsoon rains and
 

snowmelt and carry them across the plain to the Arabian sea.
 

The three western rivers whose flow was allocated to Pakistan
 

in the Indus Basin Treaty of 1960 (Michel, 1967) have a mean
 

annual flow of about 171 billion cubic meters (Planning
 

Division, GOP, 1977) (1 billion cubic meters z 0.81 million
 

acre-feet). The flow is highly seasonal with 75 percent
 

coming in the months of June, July, August, and September.
 

With the assistance of two storage reservoirs with capacities
 

of 6.5 and 11.5 billion cubic meters, about 135 billion
 

cubic meters is presently diverted into the irrigation canal
 

system (Planning Division, GOP, 1977).
 

The present canal system was initiated by the British
 

in the late 1800's. Significant further developments were
 

added to the system in the 1960's as a result of the Indus
 

Basin Treaty. Barrages divert the river flow into major
 

canals which subdivide into successively smaller canals and
 

eventually lead to distributaries or occasionally minors.
 

From these small canals, outlets feed watercourses whose
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branches in turn lead to the individual fields. The canal
 

outlet, or "mogha" is the traditional dividing line between
 

the portion of the irrigation system controlled and main

tained by the government and that portion operated by the
 

farmers.
 

The heavy sediment load in the diverted water, the
 

large areas commanded by individual canal systems, and the
 

flat topography, demanded that the canal system be designed
 

to flow at a nearly constant rate. Essentially the only
 

flexibility is to turn the canals on or off. There are few
 

return drains for the canals, so the water which is diverted
 

must flow out through the moghas and onto the fields. These
 

factors result in irrigation water being delivered to the
 

watercourses at a relatively constant rate rather than in
 

response to crop demand. The mogha has no gate. It is
 

simply a device to equitably divide the water which is flow

ing in the canals between the various command areas.
 

The Indus Basin is underlain by an extensive
 

groundwater aquifer. The water table was originally 6-30 m
 

below thc. land surface in most areas, but with the advent of
 

extensive canal irrigation and its accompanying seepage and
 

deep percolation losses, the water table has risen in recent
 

years to near the soil surface in lower lying areas. A
 

result of this process has been waterlogging and salinization
 

of some previously cultivatable lands.
 

In response to the rising water table and resulting
 

land degradation, and the inherent inadequacy of the
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available canal water to irrigate the cultivatable land, a
 

massive program of groundwater utilization through the use
 

of wells (tubewells) was begun in the early 1960's in both
 

the public and private sector.
 

The public "Salinity Control and Reclamation Project"
 

(SCARP) utilizes 50 to 150 liter per second (lps) wells
 

distributed over large land areas. The pumped water is
 

usually added to the mogha inflow near the head of the water

courses to allow distribution of the pumped water to all
 

farmers served by the watercourse. The combined water supply
 

is usually about 250 percent c' the canal supply. Mixing
 

of the water supplies also allows dilution of the salts which
 

are usually present in the tubewell water in greater quanti

ties than in the canal water.
 

Private tubewells are installed by farmers or groups
 

of farmers on or near their fields. Their capacities are
 

smaller (usually less than 30 lps) and their water is seldom
 

mixed with canal water. About 32 billion cubic meters of
 

water is pumped from the groundwater each year, of which
 

60 percent is pumped from public wells (Lieftinck, 1969).
 

The response of the groundwater table to this extensive
 

pumping has not been as large as expected, and in many areas,
 

no dropping of water table levels has been recorded. This
 

is indicative of the large amount of seepage and deep
 

percolation losses from the irrigation system.
 

The primary limitation to further groundwater
 

exploitation in many locations is the salinity levels in the
 

groundwater. Thirty to forty percent of the cultivated
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basin is underlain with saline groundwater containing more
 

than 2,000 parts per million of salts in the upper layers
 

(less than 120 m depth) (Hussain and Ahmed, 1969). Deeper
 

ciroundwater in most areas is highly saline, but most of the
 

basin is underlain with at least a thin top layer of non

saline water.
 

The large groundwater aquifer provides potential for
 

adding flexibility to an inflexible surface water delivery
 

system if it is managed properly. Such a system would
 

require sufficient annual recharge in nonsaline groundwater
 

areas 
to allow pumpage during peak demand periods. The
 

amount of deep percolatioli from most irrigated areas pre

sently far exceeds this recharge requirement. However, an
 

extensive irrigation efficiency improvement program, includ

ing canal and watercourse lining, could reduce groundwater
 

recharge to below levels required for maintaining groundwater
 

storage for peak demand pumping (Trout and Reuss, 1978).
 

The Watercourse
 

There are approximately 78,000 watercourses in the
 

Indus Basin. Each watercourse serves an area of land which
 

usually varies between 80 to 350 hectares and averages about
 

160 hectares. Water is allocated to the areas based on the
 

crop water requirements of a desired cropping intensity.
 

Many canal commands were originally designed to supply water
 

to irrigate 75 percent of the land for one crop per year
 

even though the climate allows two cropping seasons. The
 

system was designed with water as a limiting factor. Mogha
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inflows generally vary from 20 to 80 liters per second (ips),
 

or about 1 lps per 5 hectares of commanded cultivated area
 

(i.e., 1 cubic foot per second per 350 acres).
 

On the majority of the commanded land, which had not
 

been irrigated before building tne canals, the watercourses
 

were originally laid out and built at the time of the canal
 

construction. The guidelines followed are given in the Canal
 

and Drainage Act of 1873 (Jahania, 1973). Tae land was
 

generally divided into approximately 10 hectare (25 acre)
 

"squares" (about 330 meters on a side) which were to be
 

farmed by one owner. Primary watercourse channels, called
 

"sarkari khal" (official channel), were laid out usually on
 

square boundaries or along diagonals to reach the highest
 

corner of each square from the mogha. The farmer was then
 

to build his own branches from this authorized outlet or
 

"nucca" from the sarkari khal to his individual fields. The
 

sarkari khal was originally built by government employees.
 

The government reserved the legal right to enforce mainte

nance of the sarkari khal by the farmers who use the water,
 

but it has seldom utilized that right.
 

As time passed and land passed from fathers to sons,
 

land was subdivided and transferred such that many farmers
 

no longer had direct access to a sarkari khal outlet. They
 

have the option of petitioning the irrigation department to
 

authorize an addition to the sarkari khal channel through
 

another farmer's land to their fields, or to request the
 

neighboring farmer to allow them to use his branches to
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reach their land. Both cases are found, but the latter is
 

more common.
 

Many farmers have violated the general rule of one
 

nucca per holding and have cut outlets from the sarkari khal
 

in many places besides the authorized outlets.
 

Figure 1 shows a typical watercourse layout. Commonly,
 

a 160 hectare watercourse command area will be served by
 

about 4,000 meters (m) of sarkari khal and 18,000 m of
 

farmer's branches, or about 140 meters of water channels per
 

hectare irrigated. This large amount of channel is the
 

result of both small holding sizes and small field sizes.
 

Although there is much more total length of farmers' branches
 

than sarkari khal on a watercourse, the average farmer will
 

use about 80 percent sarkari khal and 20 percent farmers'
 

branch to get the water to his fields.
 

Five meter right-of-ways were usually designated in
 

the original watercourse layouts for construction and main

tenance of the sarkari khal sections. Actual uncultivated
 

widths consumed in the sarkari khals depend upon channel
 

inflow rate, but watercourse averages tend to range between
 

2.2 and 2.6 m. Average uncultivated widths associated with
 

farmers' branch channels vary from 1.7 to 2.2 m. This
 

implies that, on a 160 hectare watercourse command area,
 

4 1/2 hectares, or about 3 percent of the land, is utilized
 

for water conveyance channels.
 

As stated previously, water flows through the mogha
 

constantly when the canal is in operation. The constant
 

supply is allocated to the cultivators on a watercourse by
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Figure 1. Layout of a sample watercourse.
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a turn rotation system, called a "warabundi." Each
 

cultivator's weekly turn time is based on the percentage of
 

the total commanded land which he owns, with minor adjust

ments for filling and draining lengths of the sarkari khal.
 

The water turn rotates from farmer to farmer beginning at
 

the; head near the mogha and moving progressively down each
 

branch and from branch to branch until the turn of the last
 

authorized outlet at the tail is finished. The rotation
 

usually requires one week (although 10-day and 2-week rota

tions are also found). The water flows through each section
 

of the sarkari khal each week. All of the sarkari khal and
 

about 40 to 60 percent of the total length of farmers'
 

branches are used each week in irrigating about 20 percent
 

of the commanded land.
 

Although a weekly turn rotation requires that most of
 

the channels are used each week, the regular movement of
 

water progressively down the channels minimizes channel
 

wetting within the rotation. Changing the rotation through
 

the trading of water, which is common, increases the length
 

of channels wetted and drained and causes additional water
 

loss. Allowing the water to be utilized purely on a demand
 

basis would require the filling and draining of much more
 

length of channel each week and reduce delivery efficiencies.
 

The number of cultivators on a watercourse varies
 

widely, but averages about 40, giving an average holding size
 

of four hectares. The cultivator divides his land into small
 

rectangular fractional hectare plots of usually 0.1 to 0.2
 

hectares in size. This allows more even distribution of
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water over the slightly irregular land surface irrigated
 

almost exclusively in level basins, allows farmers with a
 

short turn time to complete the irrigation of a portion of
 

their small plots, and enables small farmers to raise a vari

ety of crops. It also results in the large number of farm

ers' branches required to reach each small plot.
 

The climate is such that crops are grown year round.
 

The year is roughly divided into a summer and a winter crop

ping season. Some nonperennial canal commands receive water
 

only during the summer season when river flows are higher.
 

All canal systems are closed during about a month of the
 

winter season, when the consumptive use requirements are
 

lowest, for repair and maintenance.
 

Farmers generally live in villages surrounded by their
 

fields. Although labor is in short supply during critical
 

planting and harvest periods, there are also periods when
 

labor is plentiful. Manual labor receives $0.10 to $0.15
 

per hour (locally equal in cost to about 0.004 m3 of concrete
 

or five bricks). Farmers with larger holdings commonly hire
 

both permanent and temporary labor; small farmers occasion

ally hire during planting and harvesting. Capital is scarce
 

among the smaller farmers. Many bills are paid in kind.
 

Bullocks are the predominant source of power, although farm

ers with larger holdings (> 10 hectares) often own a tractor,
 

which they also rent to farmers with smaller holdings.
 

Cooperation among farmers is primarily within family
 

groups and secondarily within "biradari" (brotherhood)
 

groups. Cooperative activities on a watercourse or village
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level is usually a difficult undertaking. A common form of
 

cooperative action witnessed is the cleaning and maintenance
 

of the sarkari khal. When there is a problem with or lack
 

of upkeep of the watercourse channels, the lack of coopera

tion and difficulty in organizing cooperative activities is
 

the reason commonly given by farmers.
 

Watercourse Conveyance Losses
 

Measurements were initiated in 1973 by the personnel
 

and cooperators of the Water Management Research Project in
 

Pakistan (a U.S. Agency for International Development funded
 

project carried out by personnel from Colorado State Univer

sity) to determine the magnitude of watercourse conveyance
 

losses. To date, thousands of inflow-outflow loss measure

ments with Cutthroat flumes (Skogerboe et al., 1973) and
 

ponding loss measurements have been made on over 200 water

course systems. Although measured watercourse conveyance
 

losses have varied widely, the overwhelming conclusion is
 

that 30 to 50 percent of the water which enters most water

courses at the head does no. Leach the fields. In an agri

cultural system where water is usually the most limiting
 

input to additional crop output, this inefficiency is criti

cal. It is also exacerbating the formerly mentioned water

logging and salinity problems caused by excessive groundwater
 

recharge and the resulting rise in water table levels.
 

Pakistan has put a high priority on providing more
 

irrigation water for the farmer. This has usually involved
 

the development of additional water resources through dams
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and water storage construction. This increasingly expensive
 

program is being reevaluated in the light of the high water

course conveyance loss findings. Reducing watercourse losses
 

by five percentage points would provide the same amount of
 

additional water to the field as the construction of an
 

11 billion cubic meter storage reservoir.
 

In-Depth Description of Watercourse Channels
 

Figure 2 shows a typical watercourse channel cross
 

section. Wetted perimeter and bank shapes and elevations
 

relative to the surrounding fields vary widely but can
 

usually be described within certain bounds.
 

The wetted perimeter shape varies from circular
 

segments to trapezoids with as steep as 0.5:1 (horizontal to
 

vertical) side slopes. The shapes can usually be approxi

mated by a power curve, such as is shown in Figure 3, with:
 

u (1)

d = w(TW/2) , 

where: 

d = depth (m),
 

TW = water top width (m), and
 

w, u = empirical constants.
 

The coefficient w will generally be smaller in larger
 

channels.
 

The wetted perimeter length of a watercourse cross
 

section can generally be related to the flow rate, Q (lps),
 

the roughness coefficient, n, and the channel slope, s (m/m)
 

as shown in Eq. 2.
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Figure 2. 	Cross-sectional view of a typical watercourse
 
channel.
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Figure 3. 	Watercourse cross section described by Equation 1 
with w = 2.0 and u = 3.0. 
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WP = 3.9 (Qn) (2) 

The coefficients given in the equation are those which
 

provided the best fit for data collected on 10 watercourses.
 

The coefficient of determination (r2) of the relationship is
 

0.75.
 

The ratio of the top width to the depth usually is in
 

the range of three to four. In 10 sample channels, this top
 

width:depth ratio averaged 3.4 with a standard deviation of
 

1.1. The inner bank side slope near the full supply level
 

varies widely, but tends to average about 1.0. In 50 chan

nels where ponding losses were measured, the side slope, z
 

(horizontal to vertical) averaged 1.0 with a standard devia

tion of 0.7. The wetted perimeter shape shown in Figure 3
 

has a top width:depth ratio of 3.5 and a side slope of
 

Z = 0.6 at a depth of 0.30 m when its hydraulic section
 

(AR2/ 3
 , where A = cross-sectional flow area (m2), and
 

R = hydraulic radius (m) (this is equivalent to Qn// in
 

Eq. 2)) is equal to 0.078.
 

Bank shapes and widths are highly variable. Bank
 

widths are often thick in the sarkari khal near the mogha
 

where deposited silt has been placed during watercourse
 

cleaning, and are often very thin in farmer's branches where
 

farmers trim the banks to a minimum thickness while attempt

ing to expand the sizes of their fields. In 50 channel
 

sections, the bank width at the water surface level average
 

and standard deviation values were 0.75 and 0.29 nm
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respectively, while in just farmers' branches, the average
 

bank width at full supply level (fsl) was 0.63 m.
 

Bank freeboard heights above the water surface level
 

vary widely. In some channels, especially farmers' branches,
 

the freeboard is so small that overtopping occurs when higher
 

fields are being irrigated or when channel vegetation is
 

heavy. Channels with less than 6 cm freeboard are not
 

uncommon. Vegetative growth on the wetted perimeter and
 

consequent changes in roughness coefficient and flow depth
 

have a large effect on the freeboard, especially in small
 

gradient watercourses.
 

Watercourse channels are usually built into the ground
 

with the water surface just high enough to serve the down

stream fields with between 3 and 10 cm of head. This, of
 

course, requires elevated channels if downstream fields are
 

at relatively higher elevations, and allows low sections if
 

downstream fields are low. In the same 50 channels previ

ously mentioned, the observed water surface level averaged
 

15 cm above the immediately surrounding fields, with a 15 cm
 

standard deviation of the data.
 

The depth of water in flowing channels is commonly 0.2
 

to 0.4 meters, which means that there is often a portion of
 

the water which will not drain into the last field irrigated.
 

3
This dead storage water averaged 0.09 m per meter of channel
 

drained on four watercourses measured.
 

The topography of the Indus Plain is very flat. The
 

average surface slope from Lahore, near the head of the
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plain, to the sea, a distance of about 1100 kilometers, is
 

about 0.2 m/km (or 0.0002 m/m). Local topography is more
 

variable, and watercourse water surface slopes commonly
 

range from 0.15 m/km to 1.5 m/km. The mean water surface
 

slope from 61 sample watercourse sections was 0.6 m/km.
 

Experience with watercourse design has lead the author to
 

consider watercourse slopes less than 0.4 m/km to be rela

tively flat, from 0.4 to 0.8 m/km to be moderate, and greater
 

than 0.8 m/km to be relatively steep, in the context of the
 

Indus Basin.
 

With small slopes, the flowing water velocities also
 

tend to be small, usually in the range of 0.1 to 0.3 m/sec,
 

and cross-sectional areas tend to be large for the amount of
 

flow carried.
 

Watercourses are generally neither straight nor have
 

regular cross sections. Most watercourses were originally
 

laid out along surveyed land boundaries and were consequently
 

quite straight. Over time, with cleaning and maintenance
 

activities and gradual field boundary adjustments, often in
 

favor of the more powerful neighbor, the channels have
 

evolved to a more meandering alignment.
 

Watercourses generally do not have uniform cross
 

sections. Wider sections tend to form at major junctions
 

where soil has been continually borrowed to make earthen
 

dams, then partially eroded away during dam opening. Near
 

villages and other locations where there is continual human,
 

animal, and cart traffic crossing the watercourse and no
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culvert has been installed, and in sections where water
 

buffalo go to drink near where they are kept, the channel
 

widening evolves into small ponds.
 

Outlets from watercourses (nuccas) are normally made by
 

cutting holes in the channel banks. One or two nuccas will
 

be cut for each field irrigated. Fields are usually about
 

15 to 30 meters wide, so one or both banks of farmers'
 

branches often have 3 to 12 points wsere nucca cuts are
 

regularly made per 100 meters length. Lowdermilk et al.
 

(1978) measured an average of 771 outlet cuts per water

course, or about one outlet per 20 m of channel. On most
 

watercourses, farmers also cut nuccas directly into sarkari
 

khal channels to irrigate their adjoining fields although
 

such outlets are illegal. Refilled nucca cuts are usually
 

thinner and have less freeboard than the rest of the banks,
 

and more than half of the visible leakage water which goes
 

completely through the banks, passes through at old outlet
 

cuts. This leakage is a major problem in heavier soils that
 

tend to crack upon drying. Washouts of watercourse banks,
 

a problem especially in sandy soils, also occur almost
 

exclusively at poorly blocked outlet cuts.
 

Field outlets are usually utilized less than 10 times a
 

year, but at junctions, where water is also controlled by
 

earthen dams, the outlets are used every week. Part of the
 

soil utilized to build the check dams at junctions is washed
 

downstream each time a check is built. This leads, over
 

time, to a deficiency of soil in the area. As a consequence,
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banks get thinner and weaker and freeboards smaller in
 

junction areas. As stated, enlarged sections also result
 

from continually borrowing wet soil from inside the channel.
 

Watercourse junctions are usually a problem area where water
 

loss is higher than in other portions of the channels.
 

Indus Basin rivers emerge into the plains with heavy
 

sediment loads washed from the Himalayan mountains and foot

hills. The sediment load diverted into canals, although
 

small from October through February, increases to around
 

2000 parts per million (ppm) during the rest of the year and
 

reaches peaks up to 10,000 ppm following periods of heavy
 

precipitation (Mahmood, 1973). Figure 2 (p. 8) in Mahmood
 

(1973) indicates that about 10 to 20 percent of the sediment
 

diverted into one Indus Basin canal was bed load
 

(dia. > 0.062 mm). Sediment loads have been reduced recently
 

by the construction of water storage reservoirs.
 

The major canals, designed by regime theory concepts,
 

pass most of the sediment on to watercourses through the
 

moghas. The smaller capacity watercourses usually cannot
 

carry the heavy sediment load and deposition occurs, espe

cially in the initial reaches. During the rainy season,
 

watercourses have been observed to aggrade 5 to 10 cm per
 

month in the initial reaches. This aggradation will raise
 

the channel bed, which in turn eventually raises the water
 

level sufficient to submerge the mogha and reduce the inflow
 

to many watercourses. The cultivators must then manually
 

clean the sediment from the bed and throw it on the banks.
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After several years of such cleaning activity, the banks
 

become large walls of sediment spilling over onto the adjoin

ing fields. The sediment piles often are covered with dense
 

vegetation and make cleaning activities very difficult.
 

Finer sediments are carried further down the watercourse
 

where a large portion pass out of nuccas onto the fields.
 

Any sediment remaining in the stagnant dead storage water
 

will be deposited on the watercourse beds and banks. Most
 

watercourse channels have sediment covered beds. 
The beds
 

in most major channels are underlain by a 5 to 15 cm thick
 

layer of dense, predominately silty soils, thought to derive
 

from sediment deposits. Because of the steepness and higher
 

elevation of the upper banks, less sediment is deposited on
 

the upper bank sides.
 

The soils in the Indus Plain, and consequently those
 

from which watercourses were originally constructed, are
 

alluvial deposits and vary widely from location to location.
 

The majority are medium to heavy textured loams. The infil

tration rates into these soils are usually less than 1 cm/hr
 

and sometimes as low as 0.25 cm/hr. The low infiltration
 

rates are largely a result of poor soil structure due to
 

low organic matter content (most organic matter is generally
 

removed from the fields for use as fuel or fodder) and poor
 

tillage practices.
 

Bank soils have evolved over time to include both
 

sediment and organic matter from vegetation cleaned from the
 

channel and from decaying roots. They are perhaps the most
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organic soils in the Plains. The decaying organic matter
 

also creates higher porosity, although banks which are used
 

as foot paths, as are perhaps 20 percent of all sarkari khal
 

banks, are more compacted. Since nearly all of the Indus
 

Plains are frost free, there is no frost action to loosen
 

soils.
 

Trees, bushes, and grasses grow profusely on watercourse
 

banks. The trees are normally planted by the farmers as
 

encouraged by the Forest Deparment. They are used as wood
 

for consqructing small equipment, for fuel, and for shade
 

during the hot summers. Most of the trees found in culti

vated regions are located along watercourse banks. The
 

density of trees ranges from a nearly cunstant wall to an
 

occasional tree every 30 to 100 meters.
 

Near watercourse heads, where silt piles are large,
 

extensive phreatophytic bushes give watercourses a "jungly"
 

look. They make monitoring and maintenance of the water

course especially difficult.
 

Other areas are generally covered with extensive short
 

grasses which grow profusely in the tropical climate. The
 

coarse grass seldom grows taller than 15 cm, but propagates
 

quickly from runners. In often used channels, the grass
 

extends down to, and often into, the water surface. In
 

seldom used channels the complete wetted perimeter is grass
 

covered. Often only the banks are grass covered since dead
 

storage water lays in the bed after the banks are dry.
 



Anchored, floating aquatic weeds grow quickly in
 

channels which are usually full or contain dead storage
 

water during the winter months when most of the storage
 

derived irrigation water has low sediment loads and is
 

clearer.
 

Manning's roughness coefficient, n, was measured on 16
 

watercourse channels in various conditions of vegetative
 

growth and irregularity. Table 1 summarizes the results of
 

those measurements. The study concluded that the roughness
 

values derived for Indus Basin watercourses tended to be
 

somewhat higher than those given in the Western literature
 

for canals under similar conditions. It was proposed that
 

the larger values were the result of the small channel sizes
 

and the nature of the tropical vegetation.
 

Table 1. Measured values of Manning's roughness coefficient
 
for Indus Basin watercourses in various conditions.
 

Earthen Measured 
Channel Condition Manning's "n" Values 

newly built, uniform, 
clean .017-.032 

older, winding, with no 
vegetation .030-.035 

uniform with short 
grasses .026 

winding with moderate 
grasses and weeds .035-.055 

with dense grasses and 
aquatic weeds .042-.18 
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The measurements indicate that clean, uniform, straight
 

channels have n values of about 0.005 less than irregular
 

clean sections, that moderate grasses and weeds can increase
 

n values by 0.01 to 0.02, and that extensive grasses and
 

aquatic weeds can increase roughness coefficients in water

courses to well over 0.10. These results indicate the
 

extreme variability in watercourse roughness coefficients
 

and the large potential effects on flow depths of removing
 

vegetation.
 

Cleaning is usually accomplished by scraping away the
 

grasses and 1 to 2 cm of soil from the watercourse inner
 

banks and removing the excess silt from the bed manually with
 

a "kussie," which is a shovel bent like a hoe. Shaving the
 

banks removes the surface silt layer and often exposes more
 

porous soils underneath, but the grass roots usually remain
 

and the grasses grow back quickly. Cleaning often also tends
 

to make channel cross sections wider and shallower and some

times leads to steeper side slopes, although the fact that
 

this widening does not progress indefinitely implies that
 

silt also accumulates in the grasses on the banks. Removed
 

silt and vegetation is piled on the banks.
 

The frequency of cleaning varies widely from watercourse
 

to watercourse and in different sections of a watercourse,
 

but is seldom less than once a year or more than once a
 

month. Head sections of the sarkari khal, especially if silt
 

deposition is a problem, are cleaned most regularly. About
 

six man-hours are required to clean the grasses from 100 m
 

of watercourse channel.
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Examples of watercourse cross-sectional shapes and
 

vegetation are shown in Figures 4, 5 and 6. Figure 4 shows
 

an irregular and winding section near the head with dense
 

vegetation and piles of excavated silt. Figure 5 illustrates
 

the degree of vegetative growth on the banks of some water

course sections. Figure 6 shows a channel section widened
 

into a pond by continual human and animal traffic.
 

Inflow through the mogha is usually fairly constant
 

over time. Fluctuations result from changing water levels
 

in the canals or from submergence of the mogha because of
 

vegetation, silt deposition, or irrigating excessively high
 

fields downstream. Assuming no submergence, inflows seldom
 

vary from an average by more than 20 percent. About one
 

third of the watercourses are nonperennial, meaning they
 

receive canal water only for the summer season, from May
 

through October. Most canals are closed for about one month
 

during January and February when canal maintenance is under

taken. Canals are also occasionally closed during the
 

monsoon season for a few days following heavy rains when
 

there are no crop water needs, and water and sediment levels
 

in the rivers are very high.
 

About one-fifth of the watercourses are presently
 

supplemented with water from Salinity Control and Reclamation
 

Project (SCARP) tubewells. This public tubewell water is
 

mixed with the canal water near the mogha. The pumps run on
 

a regular daily schedule and are commonly turned off for
 

several hours during peak electricity use periods. They are
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section. 
 traffic.
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also turned off because of mechanical or electrical failures
 

or by farmer request. SCARP watercourse flows consequently
 

fluctuate depending on the tubewell scheduling. SCARP water

courses have less sediment deposition because of the dilu

tion of the sediment laden canal water and larger flows
 

which provide higher sediment carrying capacity.
 

Private tubewell water is normally not mixed with canal
 

water, but is conveyed separately to the fields. On private
 

tubewell supplemented watercourses, the channels are used
 

more often and intermittently by clear and sediment carrying
 

water.
 

The initial reaches of the sarkari khal are used to
 

convey water most of the time. As water is rotated through
 

the branches, channels farther from the mogha are used pro

gressively less and less. The tail ends of farmers' branches
 

are used only a few hours each year. On five studied water

courses, sarkari khal sections were filled an average of
 

36 percent of the time, while farmer's branch channels were
 

filled only about 2 percent of the time. While nearly all
 

sarkari khal sections are filled and drained each week, only
 

about half of the farmer's branch channels are used during a
 

weekly rotation period. Of the total length of channel
 

utilized to convey water to the fields, 80 percent is sarkari
 

khal, on the average.
 

Besides vegetation, there are insects, snakes, and
 

rodents who also inhabit watercourse banks. Ants, mole
 

crickets, worms, and termites; snakes; and primarily two
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species of rats, the nesokia and bandicoot, are commonly
 

encountered when digging in Indus Basin watercourse banks.
 

There are several reasons why these inhabitants live in
 

channel banks. Ditch banks provide a soil medium which is
 

undisturbed for long periods of time, unlike the regularly
 

cultivated fields. In a level basin irrigated area, the
 

banks constitute the major location of sufficient soil mass
 

which is permanently above water. Bank soils probably con

tain the largest amount of decaying organic matter, and
 

support the lushest vegetation (a source of both food and
 

cover) of any soils on the Indus Plain. The moisture derived
 

from the watercourse flow not only supports the vegetation
 

but also keeps the soil moist for easy digging. This com

bination of factors make watercourse banks an ideal habitat
 

for worms, insects, snakes, and rodents.
 

There creatures burrow in the banks to construct homes
 

and search for food. Shaving away watercourse banks exposes
 

an inner bank honeycombed with passages varying in size from
 

0.3 to 10 cm in diameter. Figures 7 and 8 show examples of
 

insect and rodent holes in watercourse banks. Piles of soil
 

left inside watercourses by burrowing rats indicate the
 

porosity of many banks. Occasionally, the burrows will be
 

near enough to the surface that the bank top will collapse
 

under the weight of pedestrian traffic.
 

The most commonly encountered insects are ants. A cut
 

with a shovel into a bank will often produce many ants
 

scurrying for cover. Further excavation will reveal a complex
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Figure 7. Insect holes in a watercourse bank
 
exposed by scraping away the inner bank surface.
 

er-

Figure 8. 
Rat burrows inside a watercourse
 
bank exposed by excavating the inner portion
 
of the bank.
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myriad of tunnels, often as large as 1 cm diameter and
 

larger caverns where eggs are kept. Bank cutting studies
 

have found a density of ant holes greater than one per
 

100 cm2 in various planes and locations in the banks. Most
 

tend to concentrate in the upper and outside portions. They
 

seldom extend down below the land surface. That ants con

centrate in the upper bank is evidenced by the hundreds of
 

ants sometimes flooded out of their holes when the water
 

level in a channel is dammed up higher than the normal flow
 

level. The ant holes often interconnect with rat burrows.
 

Snakes are observed less often than rats in watercourse
 

banks. Several snakes are usually unearthed in the process
 

of destroying old banks and rebuilding a watercourse. They
 

are promptly killed by farmers who believe all snakes are
 

dangerous.
 

The two types of rats found in watercourse banks have
 

very different life styles. The most common bank rat is the
 

nesokia (nesokia indica) or Indian Mole Rat, often referred
 

to as the blind rat. It lives and feeds almost entirely
 

underground. Nesokia feed on the succulent roots of grasses
 

which grow on watercourse banks and occasionally burrow out
 

under fields to feedon sugarcane, wheat, and rice roots.
 

it burrows primarily to feed and is believed to cause little
 

crop damage.
 

The bandicota bengalensis lives primarily on and under
 

fields and surface feeds on grains and sugarcane. It will
 

occasionally store quantities of grain in its underground
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burrows, which extend up to 1 meter below the field surface.
 

The bandicoot burrows also lead to watercourse banks where
 

they stay when the field is covered with water or the crop
 

has been harvested and their cover is gone. In one 30 m
 

long section of watercourse bank, adjoining a recently irri

gated sugarcane field, 12 bandicoots were unearthed. Being
 

surface feeders, they usually leave their holes open and
 

surface evidence of their activity is obvious in harvested
 

fields.
 

The bandicoot reproduces quickly and populations
 

fluctuate greatly through cropping seasons, while nesokia
 

populations tend to be more constant. Both types live soli

tarily except during breeding, and each rat maintains its
 

own burrow system which sometimes extends more than 12 meters
 

in length.
 

Primary rat burrows in watercourse banks extend
 

longitudinally in the upper bank, usually near or above the
 

normal operational supply level. Branches extend from the
 

main burrow for feeding on roots or pushing out dirt to the
 

inside or outside bank surface, and down and out under the
 

fields for reaching field crops.
 

A flooded burrow is, of course, of no use to the rat,
 

so the burrows are normally sealed towards the inside surface
 

of the bank and are often dug above the normal operating
 

level. But, leaks do occur, especially in abandoned burrows
 

and from interconnecting ant holes, especially when the
 

water level in the channel is higher than usual. Such
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breaks sometimes allow water to leak directly through the
 

banks, and sometimes into the banks and under the field
 

where it bubbles up to the field surface. But most commonly,
 

the leaking is not visible on the surface although it can
 

continue to enter the holes for long periods of time. It
 

is assumed that the interconnected burrow systems are suffi

ciently large that their effective wetted perimeter can
 

absorb large quantities of water.
 

Although the theory of flow in porous media is often
 

used to better understand seepage from large canals, it is
 

evident from this description of watercourses that leakage
 

from these small channels cannot be completely described in
 

the same terms. Silt deposition varies greatly with location
 

along the wetted perimeter and distance from the source, the
 

channels are regularly wetted and dried, vegetation is con

stantly changing, and the banks are riddled with "macropores"
 

(rodent, snake, and insect holes) through which flow does
 

not follow Darcy's Law. The importance of these macropores
 

is indicated by the excessive infiltration rates measured
 

into watercourse banks.
 

Though it is not possible to completely describe
 

watercourse leakage by theoretical considerations, empirical
 

studies can point out factors which are related to higher or
 

lower loss rates. The factors which directly affect losses,
 

such as sediment deposition and macropores, often are diffi

cult to measure or quantify in a field study, so secondary
 

parameters which affect these factors, are quantifiable,
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and are related to viable design alternatives, are measured
 

instead. This discussion has indicated some of the measur

able parameters, which include:
 

1. the percentage of time a channel is used, which
 

would influence microbiological activity, silt
 

deposition, vegetative growth, and insect and
 

rodent activity in the lower banks,
 

2. 	 the elevation of the watercourse relative to the
 

surrounding fields, which would affect the head
 

exerted on flow through macropores, the soil mass
 

available for rodents and insects, and dead
 

storage volumes,
 

3. 	 the bank widths, which would influence the chances
 

of leakage passing completely through the banks
 

and the soil mass available to insects and rodents
 

for 	burrowing,
 

4. 	 side slope of the inner bank which would influence
 

both the silt deposition on the upper banks and the
 

fraction of the wetted perimeter which is on the
 

banks,
 

5. 	 distance of the section from the mogha, which will
 

influence sediment deposition and will be corre

lated with usage time,
 

6. the depth of flow in the section relative to the
 

usual flow depth, which will indicate the relative
 

seepage rate into the upper banks compared to the
 

bed, which in turn relates to macropore and
 

sediment placement,
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7. 	 whether the channel has been recently cleaned or
 

is covered with vegetation, which will influence
 

both the relative flow depth and the surface sedi

ment layer, especially on the banks,
 

8. 	 whether the channel is aged or newly built, which
 

should influence the amount of macropores in the
 

banks and the amount of sediment and microbiolog

ical sealing on the wetted perimeter,
 

9. 	 whether the section is sarkari khal or farmer's
 

branch, which will influence the regularity of the
 

channel usage and the occurrence of cleaning
 

activities,
 

10. 	 whether the channel carries canal, public tubewell
 

and/or private tubewell water, which will influence
 

regularity of use and sediment deposition,
 

11. 	 the normal flow rate in the watercourse channel,
 

which will indicate how losses vary with flow rate
 

and channel size, and
 

12. 	 the layout and temporal operation of the
 

watercourse system, which will influence the con

tinuity of use of the channels and the length of
 

channels which must be filled and drained in the
 

process of irrigating the fields.
 



Chapter 3
 

REVIEW OF PAST WORK
 

In the second quarter of this century, irrigation
 

engineers in many countries began to realize that water
 

would be a limiting input to irrigated agriculture in many
 

areas and that more efficient utilization of the available
 

water supply was important. It was also recognized by many
 

researchers that losses in the conveyance system were signi

ficant, although actual estimates were wide ranging. Conse

quently, studies were undertaken to better understand canal
 

seepage and to formulate solutions to the problem. Although
 

some studies were aimed at reducing seepage losses from
 

earthen canals, most were oriented towards evaluating the
 

benefits of various types of canal linings. Nearly all
 

dealt only with large canals - those with design capacities
 

larger than 3 m3/sec. Most studies also assumed that the
 

only significant losses were those resulting from percolation
 

through the interstices of the wetted perimeter (seepage).
 

Some of the earliest comprehensive work undertaken in
 

California, and later Colorado, was reported by Rohwer and
 

Stout (1948). Their studies over several years of loss
 

measurement techniques, canal losses, and infiltration from
 

seepage rings lead them to propose several factors which
 

affect seepage rates, including (Robinson and Rohwer (1957)):
 

1. soil type and permeability of the bed material,
 

2. depth of water in the canal,
 

3. length of time the canal has been in operation,
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4. depth of the groundwater table,
 

5. temperature of the soil and water,
 

6. the volume of silt in the water,
 

7. the salt content of the soil and water,
 

8. the percentage of entrapped air in the soil, and
 

9. the soil moisture tension.
 

Although it was recognized by all researchers that the
 

bed and bank soils affected seepage rates, it was also
 

reported that within soil types, there was extreme variabil

ity and soil type alone could not be used to predict seepage
 

rates (Rohwer and Stout, 1948, and Worstell, 1976).
 

Silt deposits from conveyed water have been recognized
 

to decrease seepage rates. Papfalvy (1969) reported the
 

seepage from a large canal in the USSR decreased over time
 

to very low rates due to siltation, and that when the normal
 

flow depth was increased only 20 cm into a bank region with
 

no silt accumulation, the seepage rate initially drastically
 

increased, then decreased rapidly with time. His calcula

tions determined that the ratio of the silt deposit perme

ability to that of the underlying soils was about 1:400.
 

Kraaty (1977) reported that seepage losses from some canals
 

in India and France decreased 20 percent and 80 percent
 

respectively over time due to silt accumulation. Brockway
 

(1973) claimed that the predominant cause of long-term
 

decreases in seepage rates of canals in southern Idaho was
 

sediment buildup on the canal bottom.
 

Dadayev (1957) reported that compaction of the in-place
 

bed and bank soils can drastically reduce seepage losses.
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He describes both tamping and rolling compactors which
 

increase the soil bulk densities by 12 to 25 percent and
 

reduced seepage rates to less than 5 percent of their initial
 

value. A study over time revealed that the low seepage
 

rates did rebound slightly over a two-year period, but
 

remained a small fraction of the pre-compacted value.
 

Several seepage meter studies in large canals to
 

determine the relative seepage rates of bed and bank mate

rials led to inconclusive and conflicting results (Rohwer
 

and Stout, 1948, Robinson and Rohwer, 1952, and Worstell,
 

1976). One ponding loss study, which found a direct curvi

linear relationship between ponded depth and seepage rate,
 

concluded that the upper bank materials must be more porous
 

than bed materials (Robinson and Rohwer, 1957).
 

Hanson (1966) undertook many ponding loss measurements
 

in small farmers' ditches in New Mexico and concluded that
 

seepage rates through the upper ditch banks were much higher
 

than through the channel bed. An analysis of Hanson's data
 

by the author of this thesis indicated a curvilinear loss
 

rate vs. depth relationship of:
 

QL= QLOe "068Ad (3)
 

where:
 

QL= loss rate (liters per second per hectometer
 
(100 meters),
 

QLO= loss rate at a datum flow depth where Ad = 0
 
(ips/hm), 

e = base of the natural logrithm, and 

Ad = depth change above or below a datum (cm). 
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For Hanson's data QLO varied between 1.0 and
 

2.1 lps/hm. He concluded from this data, and from data he
 

collected which indicated that the Manning's roughness
 

coefficient, n, for these earthen channels varied from 0.02
 

to 0.10, depending upon vegetation; that the amount of vege

tation in a ditch had an extreme affect upon loss rates.
 

His calculations indicated that a doubling of the roughness
 

coefficient would result in an increase in the loss rate by
 

three to four times.
 

Similar unpublished ponding loss data collected by
 

Akram and Kemper in small irrigation channels in Colorado
 

consistently exhibited the same curvilinear relationship
 

between loss rate and depth of flow, also indicating thri
 

upper channel banks are much more pervious than the beds
 

(personal communication from W. D. Kemper).
 

Seepage ring studies have consistently indicated a
 

direct linear relationship between ponded depth and seepage
 

rate, as would be predicted by Darcy's equation (Rohwer and
 

Stout, 1948, Robinson and Rohwer, 1957, and Muckel, 1951).
 

The relationship is not proportional, since a finite seepage
 

rate is projected at zero depth. The slope of the relation

ship increases with increasing loss rates at a given depth.
 

Data reported in Robinson and Rohwer (1952) indicated a 20
 

to 30 percent decrease in seepage rate with a 30 cm drop in
 

depth of water in seepage rings.
 

Depth to the water table was also found to affect
 

seepage rates in a limited study reporte4 by Robinson and
 

Rohwer (1957). It was concluded, as would be predicted from
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theory, that seepage rates increase with a dropping water
 

table until hydraulic contact with the water table is broken.
 

The level at which this contact is broken depends upon the
 

permeability of the soil materials involved, but can be
 

relatively shallow if soils with low permeabilities are
 

present.
 

From the theory of flow in porous media, it is predicted
 

that increasing temperature would increase seepage rates
 

through a decrease of the viscosity of water. Studies
 

reported by Robinson and Rohwer (1957) found the opposite
 

was true. They explained the unexpected finding as result
 

of a vapor pressure change and its affect on the size of
 

entrapped air bubbles in the soil, which in turn affects the
 

effective porosity and permeability.
 

Many researchers have recognized that the seepage rate
 

from seepage rings, into canal wetted perimeters, and into
 

water spreading sites, was strongly dependent upon the
 

length of time water had been ponded on the surface. Allison
 

(1947) found an S-shaped curve described the seepage rate
 

over time. He reasoned that an initial seepage rate decrease
 

was the result of soil dispersion and swelling, the follow

ing increase was the result of increasing dissolution of
 

entrapped air particles, and the ensuing and continual
 

decrease was the result of microbial activity. The average
 

infiltration rates in his laboratory cylinders decreased
 

50 percent every 12-20 days after the peak rate had been
 

reached. He supported his belief in the importance of
 

microbial activity by testing sterile soil and water which
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did not exhibit the final decrease. Worstell (1976) found
 

that Xylene treatments to remove moss from canals also tended
 

to increase the seepage rates. Robinson and Rohwer (1952)
 

also found drastically decreasing seepage rates over two
 

seasons and explained the finding as microbial activity and
 

the breaking down of soil particles. Brockway (1973) found
 

that the herbicide treatments in a large canal increased the
 

seepage rates, purportedly by its affect on microbiological
 

activity. He attributes seasonal changes in canal seepage
 

rates to microbiological activity in the impeding layer.
 

Muckel (1951), in a water spreading study, found the
 

same results as Allison. He also found that short drying
 

periods would allow the intake rates to rebound somewhat,
 

but not to their initial values, and that plowing of the
 

dried soil surface further increased seepage rates, although
 

simply scratching the soil surface seemed to have no affect.
 

He also found the decrease over time was not as great if the
 

soil was covered with sod.
 

Worstell (1976) and Kraaty (1977) reported that seepage
 

losses from seasonally used canals decrease as the season
 

progresses.
 

Hanson (1966), in his study of farm ditch losses, found
 

that leakage through closed turnouts were a major source of
 

water loss. His ponding measurements indicated that regular
 

earthen channels were losing an average of 4.3 percent of
 

their flow per 100 m, while after securely sealing all turn

outs, the mean loss was reduced to 2.3 percent/100 m. About
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50 percent of the water loss was through leaking turnouts.
 

Nearly all the leakage from tested concrete lined sections
 

was from the turnouts.
 

Recent published work in canal seepage has been oriented
 

primarily toward predicting and describing seepage from
 

canals of various geometries into soils of various perme

ability configurations utilizing solutions to equations
 

describing flow in porous media. These analytical and numer

ical techniques necessarily require relatively simple geo

metrical configurations and cannot be directly applied to
 

the extremely heterogeneous watercourse channels with their
 

macropores and spatially varied silt deposition patterns.
 

Summary of Recent Studies in Pakistan
 

In the past seven years, extensive studies of small
 

irrigation channel water losses have been carried out in
 

Pakistan by personnel and cooperators of the Water Management
 

Research Project. The present study is under the auspices
 

of the same project.
 

Initial studies to determine the problems in the
 

on-farm water management system in Pakistan found that the
 

water losses from the small farmer managed watercourses were
 

much higher than previously supposed (Clyma et al., 1975,
 

Ashraf et al., 1978). Subsequent efforts were aimed at
 

determining the causes of the low conveyance efficiencies
 

and formulating and testing solutions to the problems.
 

It was quickly realized that the losses from
 

watercourses were much greater than could be explained by
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normal seepage into homogeneous bed and bank materials,
 

since infiltration rates of the banks were much higher than
 

infiltration rates into surrounding fields (Kemper et al.,
 

1975 and Akram et al., 1976). Further study revealed that
 

the silt covered beds had quite low seepage rates but water
 

seeped and leaked into the upper banks at very high rates.
 

Kemper et al. (1975) describes the watercourse banks as "the
 

most populated (with insects and rodents) and most permeable
 

soils in Pakistan." He reported that the intake capacity
 

of such macropores in some sections was very high, and in
 

one section, plugging the visible holes reduced losses by
 

75 percent.
 

Clyma, et al. (1975) undertook a survey of watercourse
 

losses and found that losses are higher in larger water

courses and that losses are especially high in watercourses
 

augmented by public tubewell water which were usually under

sized for the augmented flow. Those channels visually
 

assessed as "well maintained" had relatively low losses.
 

These findings led to the initiation of a watercourse
 

renovation program where the old channels were destroyed and
 

a new ditch constructed of proper size and design to carry
 

the flow. Thus, the new channels, without the rodent and
 

insect holes and of proper design and adequate capacity,
 

were expected to reduce the avoidable losses - those beyond
 

that expected from normal infiltration. Cheema et al.
 

(1976) and Bowers et al. (1976) reported that losses were
 

initially reduced by 20 to 50 percent in such rebuilt
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channels. Further unpublished data has indicated that such
 

loss reduction is at least partially a temporary phenomena
 

with the channels acquiring, over time, many of the charac

teristics which led to the previous high loss rates.
 

Additional studies were undertaken to better understand
 

the factors affecting loss rates. Cheema et al. (1976) and
 

Bowers et al. (1976) collected data which indicated that the
 

loss rates in often used main channels were significantly
 

lower than loss rates in occasionally utilized branches.
 

They attributed this result to the hindrance to insect and
 

rodent activity below the normal water level in channels
 

usually full of water.
 

Bowers et al. (1976) successfully fitted loss rate vs.
 

inflow rate data to the empirical formula:
 

Loss = 1e M (4) 

where: 

Loss = total water loss in a given section of channel 
(ps), 

QM = inflow rate to the section (lps), and 

alfa2 = empirically derived constants. 

Their data indicated that water loss was very sensitive to
 

changes in inflow rates, and that this sensitivity was less
 

in newly reconstructed watercourses (Bowers and Wahla, 1978).
 

Bowers also proposed that loss rate per unit distance
 

was a linear function of the flow rate in the section:
 

dQ - _K Q (5) 
dD 1
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where:
 

dQ _ the change in flow rate per unit distance (termed
 
"loss rate"),
 

Q = flow rate at any point, and
 

K1 = an empirical constant with units of percent loss
 per unit length.
 

Integration of the above relationship produces an exponential
 

relationship between percent flow remaining and distance:
 

-K D
 
Q/QM e (6)
 

This differs from the traditional assumption that losses
 

(assumed to result primarily from seepage) are a function of
 

length of wetted perimeter (Rohwer and Stout, 1948), or the
 

often utilized assumption that watercourse losses are a
 

function only of length (resulting in constant loss rates
 

per unit distance). Bowers data were not sufficient to
 

indicate whether his assumption was better than the other
 

mentioned assumptions. Bowers recognized the fact that flow
 

rate as such, does not materially affect loss rates, but
 

that incident factors, such as water flow depths, were the
 

controlling variables.
 

Akram et al. (1976) reported that compaction of bank
 

soils of reconstructed watercourses, or compaction of soil
 

cores in the banks of existing watercourses, initially
 

reduced loss rates to 20 to 35 percent of their previous
 

values, although it was reported that a major portion of the
 

reduction resulting from core compaction lasted only about
 

a year.
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A study reported in Akram et al. (1976) found that,
 

during operation of a watercourse branch, up to 15 percent
 

of the inflow is lost to operational conditions in addition
 

to the steady state type of losses previously reported. A
 

separate study summarized in the same report found that on
 

one branch, 45 percent of the losses occurred in the areas
 

of junctions where earthen dams were regularly built and
 

broken and the channel banks were in a state of extreme
 

deterioration.
 

Ahmed and Bowers (1978) reported that extensive cleaning
 

and maintenance work on several watercourse branches led to
 

significantly reduced water losses. Akram and Kemper (1978)
 

conducted ponding loss studies before and after cleaning a
 

channel section and concluded that the infiltration rates
 

into cleaned channel banks and beds were often somewhat
 

higher than before cleaning, but the decrease in operating
 

level due to a reduction in vegetation and the roughness
 

coefficient was sufficient in all cases to significantly
 

reduce the loss rates.
 

Most of the data presented in this study has been
 

previously reported by the author in Pakistan in the form
 

of mimeographed reports of the Colorado State University
 

Water Management Research Project, or as publications of the
 

Water and Power Development Authority of Pakistan. It was
 

felt that, because of the nature of the work and the depen

dence of other decisions on the findings, timely presenta

tion was important. Data and analyses presented in this
 

study which were thusly previously reported where this
 

writer was first author, will not be referenced.
 



Chapter 4
 

METHODOLOGY
 

Watercourses were studied to determine the functional
 

relationships between water losses and other measurable
 

descriptive parameters such as those listed in Chapter 2.
 

Once these relationships were determined, design choices
 

which would reduce losses could be predicted.
 

Three types of field data collection methods were used:
 

ponding loss measurements, steady state inflow-outflow flume
 

measurements, and operational condition inflow-outflow flume
 

measurements. The basic measurement methods are not new
 

and all are discussed in the literature (Brockwell and
 

Worstell, 1969, and Robinson and Rohwer, 1957), although
 

some novel techniques are utilized.
 

Ponding Loss Measurements
 

Ponding loss measurements were used to accurately
 

determine water loss rates at various water depths from
 

short channel sections in which most conditions were con

stant. Measuring water channel losses by the ponding method
 

involves filling a section of channel closed at both ends
 

and determining the decrease in the volume of water in the
 

section over time. This volume decrease is determined by
 

measuring the area of the surface of the ponded water (top
 

width times the section length) and the rate of recession
 

of the water surface. To make the results comparable to
 

other measurements from different lengths of sections and
 

other types of measurements, the loss rate is expressed per
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unit of distance (liters per second per 100 meters
 

(hectometer) or lps/hm).
 

The test sections were selected to be representative of
 

existing watercourse channels. Often two or more adjoining
 

sections ware studied to determine the variability in the
 

results. No changes were made to the natural state of the
 

channel, such as sealing leaking insect holes or disturbing
 

the vegetation.
 

The section lengths varied from 20 to 40 meters. Short
 

lengths were studied so that the ponded water depth at each
 

end of the section would not vary more than.one centimeter
 

from the operational flow depth due to the slope of the
 

section.
 

Staff gauges were firmly inserted into the bottom of the
 

channel for measuring the water depth changes. The gauges
 

were normally installed in the channel before the study
 

began, while water was flowing normally in the section, to
 

determine the operational water surface level. Attempts
 

were always made to determine the operational supply level
 

(osl) as accurately as possible.
 

Once the channel had ceased being used, compacted
 

earthen dams were built at the ends of the selected sections.
 

The downstream dam was constructed first while the test
 

section was being filled to 4 to 6 cm above the measured
 

osl, then the section was closed at the upper end. The
 

water level was usually maintained at the increased depth
 

for a short time (1/2 to 1 hr) to saturate the banks, but
 

this was not always possible because of water supply problems.
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Five evenly spaced water surface width measurements
 

were made in each section during the initial water surface
 

level gauge readings and at least twice later during the
 

water level recession. The average of the five readings was
 

used as a measure of the water top width of the section at
 

the water level indicated by the staff gauge.
 

Staff gauge and time readings were taken after each
 

one-half centimeter of drop of the water surface. Readings
 

were usually continued until the water level had dropped
 

about 10 cm below the recorded osl. Occasionally, recessions
 

were recorded until the channel was nearly empty.
 

Any visible leakage which passed through the bank and
 

appeared outside the watercourse was noted and often volu

metrically measured by catching the leaking water in a con

tainer for a measured period of time.
 

During or after the recession data collection, other
 

parameters which describe the condition of the test section
 

were measured. The elevation of the water surface at osl
 

relative to the elevation of the surrounding field surfaces
 

was measured with a surveyor's level. The width of each
 

bank at the osl depth was estimated at five places with a
 

measuring tape sighted across the bank top. A visual
 

assessment was made of the condition of the channel wetted
 

perimeter to determine whether it was clean or grassy,
 

whether insect and rat holes were visible, and the general
 

cross-sectional shape. An estimate or flume measurement
 

was made of the normal flow rate in the section. The time
 

during which water flowed in the channel section each week,
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and whether the channel was part of the sarkari khal or was
 

a farmer's branch, was determined from a warabundi fi.riga

tion turn rotation) schedule, or by questioning the farmers.
 

The distance of the section from the mogha was estimated.
 

Soil type was estimated by visual assessment on some of the
 

sections. All data were recorded on a data collection sheet
 

such as is shown in the Appendix.
 

Loss rates were determined from a graphical analysis of
 

the water surface recession and top width data. Depth gauge
 

readings were plotted versus time as is shown in Figure 9.
 

The measured osl gauge reading is also marked on the graph
 

and gauge readings are noted relative to the osl reading
 

(Ad). The recession rate at any depth relative to the osl
 

is determined by measuring the slope of the curve at that
 

depth.
 

Average water surface widths were also plotted on the
 

same graph versus gauge readings, with widths listed along
 

the top of the graph (see Figure 9). The average width at
 

any gauge reading was interpolated from the graph.
 

Multiplying the water surface recession rate times the
 

interpolated average water surface width, with the correct
 

unit conversions, results in a water loss rate per unit of
 

length:
 

L d = !d d x (TW x C , (7)
Ldi di d A d i 
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Figure 9. Gauge reading vs. time and water surface top width.
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Figure 10. Loss rate as a function of depth.
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where:
 

(QL)d. = water loss rate at depth di (lps/hm*),
 

dd
 

( - ) = water surface recession rate at depth dl
 
1td (cm/hr)1
 

(TWA)di = average water surface top width at depth d. 
1 (cm), and 

1000(/m3
C = conversion factor = 1 (/cm)

x 1 (hr/sec) x 100 (cm/m) x 100 m length
3600
 

= .0028.
 

This calculation was repeated at several depths. The
 

overall results were plotted on a graph of water loss rates
 

versus depth relative to osl, as is shown in Figure 10.
 

A factor which would affect the water surface recession
 

rate is the water surface evaporation during the test. Water
 

surface evaporation will vary with the local climatic con

ditions. Gibb (1966) lists annual evapotranspiration rates
 

for various areas in the irrigated Indus Basin between five
 

and seven feet per year (150-215 cm/yr). If we convert an
 

intermediate value of 180 cm/yr to the equivalent loss rate
 

from a channel 100 cm wide and 100 m long, the result is
 

0.006 lps/hm. If this average value is increased four times
 

to allow for tests during daylight hours on hot days, the
 

equivalent loss rate is still only 0.024 ips/hm. Since this
 

value is only about 1 percent of the average measured loss
 

-rate, the surface evaporation factor was considered
 

negligible.
 

*hm = hectometer or 100 meters.
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Steady State Inflow-Outflow Flume Measurements
 

Water conveyance loss rates were measured in longer
 

channel sections (500-2500 m) under normal flowing water con

ditions by the inflow-outflow method. Although the loss
 

measurement by inflow-outflow with flumes is not usually as
 

accurate as ponding type measurements, it allows measurements
 

in long sections which, by nature of the larger sample size,
 

tends to average out some of the variability found in short
 

ponding loss sections, and it is collected while the channels
 

are in normal operation.
 

Flow measurements were made with Cutthroat flumes
 

(Skogerboe et al., 1973) installed at each end of a channel
 

section. The losses were taken as the difference in the
 

measured flow rates in the two flumes, and the loss rate
 

per unit length of channel (lps/hm) as the flow loss divided
 

by the distance between the flumes. Flume readings were not
 

made until the flow rates measured in both flumes had
 

reached a constant value so that there was no change in
 

storage in the section and flow conditions were steady state.
 

Any flow measuring device which creates a head loss in
 

an open channel will raise the water level in the channel
 

upstream from the device. Figure 10, and later analysis in
 

this repor, indicate that loss rates in watercourse channels
 

are sensitive to changes in flow depth. A flume installed
 

in a watercourse channel would thus be expected to increase
 

the water losses above the value which normally occurs in
 

the channel without the flume. The amount of this effect
 

depends upon the head loss in the flume (or other flow
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measuring device); the extension of the raised water level
 

upstream, termed the backwater curve, which is a function of
 

the channel hydraulic characteristics of flow rate, cross

sectional shape, roughness, and especially slope; and the
 

sensitivity of loss rates to depth changes.
 

To better understand the effect of flume head loss on
 

water losses in a section, a theoretical analysis of flume

induced losses was made utilizing iterative backwater cal

culations (Chow, 1959, p. 262) and an empirically derived
 

exponential relationship, to be presented later, between
 

loss rate and changes in flow depth. Thus, in a channel
 

with specific hydraulic characteristics which determine a
 

certain backwater curve, the ratio of the measured to normal
 

loss rate can be predicted in a channel section of a given
 

length and a flume setting with a given head loss. The
 

results of such an analysis for the channel shown in Fig

ure 2 with a normal depth, d, of 0.30 m, Q = 45 lps, and
 

three slope and head loss values, are given in Table 2. It
 

can be seen from the table that watercourse loss measurements
 

can be greatly affected by head loss in the flow measurement
 

device, and this factor must be considered when making
 

inflow-outflow measurements.
 

Cutthroat flumes were chosen as the flow measurement
 

device because they have been calibrated under submerged
 

flow conditions and flow measurements can be made with less
 

head loss than in most other devices. Engineers and field
 

technicians were trained to set the 0.91 m (3 feet long)
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Table 2. Ratio of the measured (including induced losses
 
resulting from the head loss through the flume)
 
water losses to normal losses for a channel.
 

Head Loss Channel Section Length (m)
 
in Flume Slope
 

(cm) (m/km) 200 500 1000 1500 2000 3000
 

1.50 1.36 1.24 1.17 1.14 1.09
3.3 .2 


.5 1.36 1.19 1.10 1.07 1.05 1.03
 

.8 1.26 1.12 1.06 1.04 1.03 1.02
 

6.7 .2 2.36 1.98 1.63 1.34 1.23 1.16
 

.5 1.99 1.53 1.28 1.18 1.14 1.09
 

.8 1.71 1.35 1.18 1.12 1.09 1.06
 

10.0 	 .2 3.73 2.96 2.26 1.90 1.68 1.46
 

.5 2.94 2.04 1.54 1.36 1.27 1.18
 

.8 2.45 1.66 1.33 1.22 1.17 1.11
 

*For normal depth = 0.3 m, flow rate = 45 lps, roughness
 
coefficients varied with slope to maintain a hydraulic
 
section of 0.08, and exponential coefficient value (b in
 
Equation 11) = 0.15.
 

Cutthroat flumes used primarily in collecting the data
 

according to the channel conditions. If slopes and free

boards were small and channel conditions were poor, the
 

flumes were set to minimize the head loss and the flume

induced excess losses. If channel conditions were good and
 

slopes were larger, then the flume could be set with larger
 

head loss to obtain a more accurate flow measurement. Flume
 

head losses usually varied from 3 to 10 cm.
 

For analyses of inflow-outflow data which were
 

sensitive to the flume-induced losses, these effects were
 

calculated and subtracted out by the same theoretical methods
 

as were used 	to generate Table 2.
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A graph was generated of the ratio of measured
 

(including flume-induced) to normal loss rates versus section
 

length for a flume head loss of 6 cm and a slope of .0005 and
 

the same hydraulic characteristics and cross-sectional shape
 

as was used to generate Table 2. After testing several
 

equations, it was decided that an exponential curve with an
 

added constant factor best fit the data, so through combined
 

regression and trial and error techniques, a curve which
 

minimizes the squares of the deviations in the commonly
 

encountered section length range was generated. The best
 

fit curve was:
 

QL-M = 1.11 + 1.04 4e-0 209D (8)
 
QL-N
 

where:
 

QL-M = measured loss rate (lps/hm)
 

QL-N = normal loss rate (lps/hm)
 

D = channel section length (hm (hectometer) = 100 m)
 

The measured loss rates were thus adjusted for flume
 

effects by the formula:
 

QL-A = QL-M (11209D) ,1(9)
 

1.1i+ 1.044e
 

where:
 

QL-A = loss rates adjusted for flume-induced losses
 
(lps/hm).
 

Conveyance efficiencies were also adjusted by:
 

E = - (1 - EM ) ( 1 _2095) (10)
1.11 + 1 .04 4e *
 



56
 

where:
 

EM = measured conveyance efficiency or the ratio of the
 
measured outflow to the measured inflow, and
 

EA = conveyance efficiency adjusted for flume-induced
 

losses.
 

Although the actual adjustment required in each case
 

will depend upon the channel conditions and flume setting,
 

the adjustment indicated above will at least allow an evalu

ation of the importance of the flume effects on the tested
 

relationships.
 

Regression analyses were made to relate the steady
 

state inflow-outflow loss measurements to the normal inflow
 

rate, fluctuations in the flow rate in the upstream flume,
 

the length of the measured section, and the relative slope
 

of the section as determined by the average channel slope
 

from the watercourse head to the field.
 

Operational Inflow-Outflow Flume Measurements
 

Realizing that there are water losses associated with
 

the operation of a watercourse system which are not measured
 

in steady state inflow-outflow or ponding type measurements,
 

five watercourse systems were studied while operating during
 

a complete warabundi turn rotation. Flow measurements were
 

made continually with Cutthroat flumes installed at the
 

watercourse head, at the outlet where the water flowed from
 

the sarkari khal to the farmer's branch, and just above the
 

field outlet. Consequently, all water which entered the
 

watercourse system and which flowed into the fields being
 

irrigated during the complete rotation passes through three
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flumes. In this way volumes of water, rather than just flow
 

rates, flowing through each portion of the watercourse could
 

be determined by integrating the area under the flow rate
 

versus time hydrograph for each flume as shown in Figure 11.
 

The measured losses could then be compared to the
 

losses which would have occurred had the system been func

tioning constantly under steady state conditions. This
 

comparison is shown graphically in Figure 12. The difference
 

between the operational and steady state losses is termed
 

transient losses since they change with time.
 

Transient losses include dead storage water left lying
 

in the bottom of channels after drainage is complete, the
 

excess water which initially infiltrates into dry beds and
 

banks, water losses while water is being moved from one field
 

to another, and water loss resulting from short term outlet
 

breaks and breaches in watercourse banks.
 

The first three types of transient losses depend upon
 

the amount of channel which is filled and drained in the
 

process of irrigating a field. Consequently, channel lengths
 

wetted and drained were measured and related to transient
 

losses. Dead storage losses were directly measured by
 

estimating the cross-sectional area of dead storage water
 

with top width and depth measurements made each 30 m in
 

recently drained sections. Water volumes lost from short

term nucca or bank breaks were estimated from the drop in
 

the hydrograph (Figure 11) from the steady state flow rate
 

during the time of the break. Infiltration tests were made
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Al [1 Area Representing Volume of Water which wouldAlZZ have Entered the Field under Steady State
 
Conditions (Al=Qssx(T 2 - T ) )
 

A2K"1 Area Representing Actual Volume of Water which 
Enters the Field 

03- /QA 

4) 

ILL 

ATf Time 	 ATd 

Ti = Time Water Flow is Turned from Previous Field 
ATf = Time Consumed in Filling the Channel Leading to the Present Field 

Tp = Time Water Flow is Turned to the Following Field 
ATd = Drainage Time of Channel into the Field 

=Qss Steady State Flow Rate
 
=
QA Actual Flow Rate
 

Transient Loss (VTL ) = AI-A2
 

Figure 12. 	 Graphical depiction of the transient
 
loss calculation.
 



60
 

in short channel sections to attempt to define the intake
 

versus time curve for watercourse channels, but the variabil

ity in the loss rates and antecedent moisture conditions was
 

so great that no conclusions could be drawn about volumes of
 

water initially absorbed into the wetted perimeters of dry
 

channels.
 

Data Analysis
 

The purpose of the field data collection was to enable
 

determination of functional relationships between water loss
 

rates and design parameters. Although attempts were made to
 

hold constant as many of the unmeasured factors as possible,
 

the scatter in the collected field data was such that sta

tistical techniques were required to determine the relation

ships between the factors. Initially, linear regressions
 

were used to relate the variables. If this linear regression
 

analysis, graphical investigation, or theoretical considera

tions indicated a curvilinear relationship, one or both of
 

the variables were transformed logarithmically and the data
 

was again linearly regressed so that exponential and power
 

curve models could be evaluated. The coefficient of deter

mination (r2 ) was used to compare the fit of the models to
 

the data.
 

Figure 10 indicates that loss rate in any channel
 

section changes with the water depth. Plotting of the data
 

from many channels indicated the relationship was curvi

linear with a positive first derivative and could usually
 

be represented by an exponential relationship of the form:
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QL= QLOe (11)
 

where:
 

QL= water loss rate (lps/hm),
 

QLO = water loss rate at the osl (Ad = 0) (lps/hm), 
LOl
 

b = an empirically derived exponent (cm- ), and
 

Ad = water depth relative to the osl depth (cm).
 

The values of QLO and b were determined by running an
 

exponential regression analysis of the values of QL and Ad
 

taken from the graphs, such as Figure 10. The coefficient
 

of determination (r2 ) of the regression analysis was taken
 

as the measure of the accuracy of the derived exponential
 

relationship in describing the data. Normally the relation
2
 

ship was very good with r values above 0.95 in two thirds
 

of the samples, and the derived QLO values were nearly
 

always within 5 percent of the actual measured water loss
 

rate at osl.
 

In the ponding loss measurement, the derived
 

coefficient and exponent of the loss versus depth relation

ship, QLO and b, were accepted as parameters which describe
 

the water loss rate in the channel. The value QLO gives the
 

normal loss rate in the test section at a reference depth
 

(osl), so that the depth factor can be held constant, and b
 

is a measure of the sensitivity of that loss rate to fluc

tuations in flow depth. The exponent can be interpreted
 

mathematically as the fractional change in loss rate with a
 

unit change in depth, since:
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dQL
dd-
 bQLoebAd
 

-	 bad = bQL QLOe d	 (12) 

where:
 

= 
dQL_ 

rate of change of loss rate with depth.
dd
 

The exponent was utilized as a factor only for those samples
 
2
 

with 	r values above 0.95.
 

An attempt was then made to relate the other
 

descriptive parameters measured during the ponding loss
 

experiments to these QLO and b values. Multilinear step-wise
 

regression analyses were made between QLO and b and the
 

measured quantifiable factors of:
 

1. 	 operational supply level elevation with respect to
 

the elevation of the adjoining field surfaces
 

(AE) (cm),
 

2. 	 average bank width at osl, BW (cm),
 

3. 	 normal flow rate in the channel, Q (ps),
 

4. 	 the percentage of time the section is full, T (%), 

5. 	 the distance of the section from the mogha inlet,
 

D (m), and
 

6. 	 the side slope of the inner bank at the osl, Z
 

(cm/cm).
 

In addition to these six quantifiable factors, there
 

were several nonquantitative characteristics which were also
 

noted. Relationships could not be derived between these
 

factors and the loss rates, but the samples were broken into
 

subgroups depending on the different characteristics, and
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analysis of variance tests were run between the data subsets
 

to determine whether the factor did affect the loss rates.
 

If they did have a significant affect, the data were often
 

broken into the same subsets for regression analyses of the
 

quantifiable factors. The six nonquantifiable factors were:
 

1. 	 whether or not the watercourse was augmented by a
 

public tubewell supply (SCARP/non-SCARP (Sc/NS)),
 

2. 	 whether the section was sarkari khal or farmer's
 

branch (SK/FB),
 

3. 	 whether or not the section had been recently
 

rebuilt (Improved/Unimproved (I/U)),
 

4. 	 whether the section's wetted perimeter was
 

generally clean or full of grass and vegetation
 

(Cl/GR),
 

5. 	 whether or not the banks had been thoroughly wet
 

up before the data collection began (Wet/Dry
 

(W/D)), and
 

6. 	 soil type: Sandy (Sa), Sandy Loam (SaL), Loam (L),
 

Silt Loam (SiL), and Clay Loam (CL).
 

In a few cases, attempts were made to select sections
 

where most of the above listed factors could be controlled
 

or held constant. This allowed on- of the factors to be
 

compared directly with the loss rate parameters. This was
 

)ra in the case of AE, BW, and Cl/GR factors.
 

Because it was realized that there were still important
 

unmeasured factors which affect the loss rates, a large
 

sample was collected so that derived relationships would be
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significant. Ponding loss measurements were conducted on
 

over 120 test sections, but only about half of these samples
 

were complete in every factor. This total sample size is
 

adequate for such analysis, but when broken into subsets by
 

the nonquantifiable factors, sample size was often too small
 

to derive significant relationships from the more poorly
 

correlated factors.
 

Two criteria were used to determine whether a
 

relationship is meaningful. The first is the significance
 

of the relationship. A relationship will be considered
 

significant if the probability of the null hypothesis is
 

less than 0.05 (termed as being significant at the 95 percent
 

probability level). In some cases, the probability level
 

will be given. The second is consistency. Because of the
 

nonquantitative factors, the data is broken into several
 

subsamples in attempt to eliminate the effects of these
 

factors. A relationship will be considered more meaningful
 

and dependable if it is consistently of the same sign and
 

the coefficient is in the same range for the various
 

subsamples.
 

For data collected with flumes during steady state
 

inflow-outflow measurements, it was assumed that the channel
 

was flowing at the usual depth and the measured loss rate
 

was taken to be equivalent to the QLO derived in the ponding
 

tests. That head losses in the flumes actually raise the
 

water depth somewhat is discussed in the previous section,
 

and Eqs. 9 and 10 were used to adjust inflow-outfiow data
 

for flume effects.
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Since steady state losses were measured in long channel
 

sections, two descriptive parameters, flow rate and distance
 

from the inlet, varied within the test section. Flow rate
 

will decrease by the amount of losses that have previously
 

occurred. Distance, of course, increases linearly along the
 

section. To allow consideration of these variations, the
 

loss rate relationships were integrated over distance and
 

the data was fitted to the resulting conveyance efficiency
 

relationships.
 

In the operational loss studies, in addition to the
 

multiple linear regression analysis used to determine the
 

relationship between transient losses and distance of channel
 

filled or drained, water balance techniques were used on the
 

watercourse system to estimate values which could not be
 

measured directly.
 

Theoretical Anaiysis
 

Design factors which describe the hydraulic
 

characteristics of an open channel have previously been
 

studied by many authors and both theoretical and empirical
 

relationships have been proposed. One of the most commonly
 

utilized design equations for uniform flow in open channels,
 

and the one which will be used here, is Manning's equation
 

(Manning, 1891).
 

Manning's equation is used to interrelate the functional
 

relationships determined in the regression analyses with
 

other hydraulic factors. As previously mentioned, loss
 

rates vary with changes in the flow depth. With Manning's
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equation, variations in flow rate (Q), roughness coefficient
 

(n), and slope (S), can also be related to depth changes and
 

thus to loss rate for given channel cross-sectional shapes.
 

This analysis allows the derived functional relationships to
 

be extended to other factors, as well as provides a theoret

ical model for the flow rate factor which can then be veri

fied with the data.
 

Application to Practical Design Alternatives
 

Once functional relationships between watercourse
 

descriptive parameters and loss rates have been established
 

allowing prediction of the consequences of various changes
 

in those parameters on conveyance losses, it is possible to
 

construct a mathematical model between the significant
 

factors and conveyance losses. This model was then used to
 

predict the effect of various watercourse design alternatives
 

on water conveyance losses. Since Indus Basin watercourses
 

are complex systems with nontechnical constraints (e.g.,
 

legal, cultural, and traditional) design alternatives will
 

be considered in the light of these constraints. The con

straints were not taken as strict limits to design alterna

tives, but alternatives were evaluated considering these
 

nontechnical factors. Several alternative practical system
 

designs were evaluated.
 

Loss Measurement Units
 

Several different units have been used to describe
 

water losses from conveyance systems, ranging from seepage
 

rates into wetted perimeters (m/day) to percent water loss
 
I 
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from a given system. Each system of units has inherent
 

weaknesses. 
The seepage rate unit assumes that the infiltra

tion rate into all portions of the wetted perimeter is
 

uniform and that water losses can be calculated knowing the
 

total wetted perimeter area involved. It is usually applied
 

to large canals where conditions and seepage rates are
 

fairly uniform. The percent water loss unit makes no such
 

assumptions, but is system specific and is not generalizable
 

to other conveyance systems. Percent water loss is most
 

useful for describing the efficiency a conveyance system and
 

least useful for understanding water losses.
 

In a research effort to understand channel water losses,
 

the most generalizable unit is best. However, seepage rate
 

per unit area is not a good descriptive term because, as
 

will be shown, seepage rates into different portions of
 

watercourse channel wetted perimeters are highly variable
 

and such a term would hide this variability, and because
 

loss rates are not proportional to wetted perimeter lengths.
 

In addition, use of this unit requires field measurement of
 

wetted perimeter lengths, which is not otherwise done.
 

Seepage rates are much less variable longitudinally
 

along a water channel than along the wetted perimeter.
 

Therefore, water losses on a per unit length basis is 
a more
 

representative unit. This unit has the disadvantage of
 

inability to compare losses from channels of different sizes
 

and capacities. Losses vary with both design capacity
 

(channel size) and with fluctuations in flow rates in a given
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channel, but since neither relationship is proportional,
 

loss rates per unit length as a percent of flow (%/hm)
 

obscures recognized factors contributing to the variability.
 

The unit chosen as the best alternative for describing
 

watercourse channel losses is the water loss rate per unit
 

length (ips/hm). This unit has the additional advantage of
 

being the actually measured parameter in most cases and
 

does allow a comparison between the measurement techniques
 

utilized. It can be generalized to total water losses for
 

a given conveyance system by knowing the system length and
 

time utilized. Once a relationship is established between
 

this unit and other descriptive parameters, such as flow
 

rates, it can be more accurately generalized to apply to
 

other systems.
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Chapter 5
 

RESULTS
 

Ponding Loss Measurements
 

Table 3 lists the data collected in 122 ponding loss
 

measurements. The first digit of the data set identifica

tion number (I.D. No.) indicates whether the watercourse is
 

non-SCARP (1) or SCARP (2). The second digit is the same
 

within each subset for all tests made on the same water

course. The third digit is the same within each watercourse
 

group for tests made at the same time on adjoining sections.
 

The final digit identifies the section. Sixty-five measure

ments are complete in all quantitative data. Because of
 

inadequate number of samples with measured soil types, no
 

analysis was made between soil type and loss rate.
 

The loss rates at operational supply level, QLO' and
 

exponertial coefficient, b, were determined by the curve
 

fitting procedure described in Chapter 4. The coefficient
 

2'
of determination (r for each derived curve is given.
 

The loss rates at osl exhibit a wide variability with
 

a mean of 2.32 lps/hm*, a standard deviation of 1.95 lps/hm,
 

and a range of 0.01 to 12.93 lps/hm for the 122 data sets.
 

About half of this variability can be related to the
 

measured parameters.
 

The data strongly support the hypothesis that the loss
 

rate is exponentially related to the depth of the water in
 

the watercourse. For two-thirds of the data sets, the
 

*hm (hectometer) = 100 m
 



70
 

4-,
(ai 

U) 
En 

0 

4-

QO 4 C C <-. C--0 ~ C 4~- ~ Pvr 

41 

ri 

41C~C 

1 ct z-

, .Z41 -I 

o-

r-

4 z -tN~t 4 . r Vr 

MMMcazc4: 

o.- t.c ''tI 

z = 

-041 9cov 

Dc-cz" 

o..oG 

N 

tzoz. 

0 w 

ro-~r 
rji -j-j 

e 

Lo 

04 

- h~a - -- - MNI 

E4 



71
 

ci 4 pO~0 c~OOT00440NN 

~~C0 

rIT0Nrnmr 

OPC~J~.M 3C~ 

c m 

0 

'1 0 

41 

~. 

in 
i 

'0 

-*-*. 

ui 
0 1 

A0 
>10 >. 

-. 

-MNrv -  - -r -- 4N 

-- "1,41140 

01a 

-

'0 j W4-W.. 4. 

.40 E4- w4. w4
4444. 

0 
.4-Ic 



72
 

relationship between loss rate and depth fits the
 

exponential Eq. 11 with a coefficient of determination above
 

0.95. In only 11 of the 122 total data sets does the rela

tionship have an r2 value below 0.90.
 

The exponent coefficient, b, which was considered only
 

for those cases where the r2 value of the derived equation
 

was greater than 0.95, is also widely variable. The mean
 

for 81 cases is 0.150 with a standard deviation of 0.069.
 

Values varied from 0.019 to 0.605. Two-thirds of this vari

ability is related later in this chapter to the measured
 

parameters.
 

A tendency for the b value to be lower in watercourses
 

with higher loss rates was noticed, so b was regressed with
 

QLO" It was found that such an inverse relationship does
 

exist, and it is highly significant, but the coefficient of
 

determination is low and the equation coefficient is small
 

relative to the intercept. The regression equation tor the
 

total data (for r2 > 0.95) is:
 

b = 0.172 - 0.0097 QLO 
2 (13) 

r = .088 

Subsets of the total data display the same general
 

relationship, although the equation coefficient is much
 

higher for non-SCARP than for SCARP channels. The absolute
 

change in loss rate with depth increases with increasing
 

operational supply level loss rate (QLO), but less than
 

proportionally, while the fractional change decreases
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slightly (12 percent with one standard deviation change in
 

QLO ) with increasing osl loss rate.
 

This finding would indicate that watercourse sections
 

with higher loss rates have relatively higher intake rates
 

in the lower portions of the wetted perimeter relative to
 

higher portions, as compared to sections with low loss
 

rates. This could be a result of more rodent and insect
 

holes being lower in the channel in high loss rate sections.
 

Analysis of variance tests were run on the loss rate
 

and b values of the five data sets divided according to the
 

nonquantitative factors. The most significant finding was
 

that loss rates are higher in SCARP (Sc) augmented water

course channels than in non-SCARP (NS) channels. This was
 

true both on the total sample and from just the farmers'
 

branches. It should be noted that all SCARP channels were
 

from the Mona Project area in SCARP II. Means, standard
 

deviations, and significance levels for the various sub

samples are given in Table 4.
 

This finding can be partially attributed to a biasing
 

in the sample. SCARP watercourses carried significantly more
 

flow on the average than non-SCARP channels (94.9 lps versus
 

55.5 lps). Regression analyses determined that loss rate is
 

directly related to flow rate (Q) with a regression slope
 

coefficient of 0.023 for the total data set. This coeffi

cient, when multiplied by the difference between the mean
 

flow rates for the two data sets, would predict a difference
 

in the loss rates, attributable to Q, of 0.9 lps/hm, or a
 

little less than half of the difference in the averages.
 



Table 4. Summary of analysis of variance results.
 

Variable 
Data Subset 

1 2 
Data 
Set 

Data Subset I 
N Mean SD* 

Data Subset 2 
N Mean SD* F*" Significance 

QLO 

(lps/hm) 

Sc 

Sc 

SK 

NS 

NS 

FB 

Total 

FB 

Total 

89 

32 

75 

2.87 

3.23 

2.13 

1.93 

2.44 

1.67 

33 

15 

47 

0.84 

1.33 

2.62 

1.04 

1.37 

2.32 

32.56 99% 

7.90 99%. 

1.85 82% 

SK 

I 

FB 

U 

NS,U 

Total 

13 

60 

0.50 

2.63 

0.42 

1.65 

15 

62 

1.33 

2.02 

1.37 

2.18 

4.41 

3.06 

95% 

92% 

I U Sc,SK 50 2.79 1.55 7 1.77 1.49 2.70 89% 

b 
(cm 

Sc 
Sc 

NS 
NS 

Total 
FB 

57 
19 

.135 

.125 
.053 
.065 

24 
11 

.186 

.167 
.087 
.060 

10.51 
3.11 

99% 
91% 

SK FB Total 51 .155 .071 30 .141 .065 0.87 65% 

SK 

I 

I 

FB 

U 

U 

NS,U 

Total 

Sc,SK 

9 

38 

32 

.219 

.139 

.132 

.109 

.055 

.040 

11 

43 

6 

.167 

.160 

.180 

.060 

.078 

.056 

1.82 

1.87 

6.29 

81% 

82% 

98% 

*Standard Deviation
 
**F Statistic
 

Symbols:
 

SK = Sarkari Khal I = Improved
 
FB = Farmer's Branch U = Unimproved
 
Sc - SCARP Cl = Cleaned
 
NS = Nn-SCARP Gr = Grassy
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The usage time parameter, T, tended to be lower for SCARP
 

data sets, and would, because of an inverse regression rela

tionship between T and QLO' predict 0.2 lps/hm higher
 

average loss rates in SCARP channels. Both factors combined
 

can explain about half the measured difference between loss
 

rates in SCARP and non-SCARP watercourses. The remainder
 

must be attributed to other aspects of the two types of
 

watercourses.
 

A second consistent finding that is significant for a
 

non-SCARP, unimproved (NS, U) channel sub-sample, is that
 

farmers' branches (FB) have higher loss rates than sarkari
 

khal (SK) sections. As would be expected, the sarkari khal
 

sections are used much more than FB sections and thus the
 

T variable is much higher in SK sections. The regression
 

analysis found T to be inversely related to the loss rate,
 

so the difference of the means times the regression coeffi

cient would predict a difference in loss rates of about
 

0.5 lps/hm for both the total sample and the non-SCARP,
 

unimproved (NS, U) sub-sample. This could explain all the
 

difference in loss rates for the total sample, but only
 

about half of the difference for the NS, U sub-sample.
 

The analysis of variance also indicates that losses in
 

improved channels (I) are higher than in unimproved sections
 

(U). This can be interpreted as the result of a biased
 

sample since most (92 percent) of the improved channel data
 

were from SCARP watercourses which were large channels that
 

had higher loss rates. A sub-sample of SCARP, SK data
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produced the same result, although the level of significance
 

was only 89 percent. This unexpected result could be a
 

result of small sample size since it represented sections
 

from only three or four watercourses.
 

Neither of the last two qualitative factors--whether
 

the channel was wet (W) or dry (D) previous to conducting
 

the ponding loss, or whether it was recently cleaned (CL) or
 

grassy (GR)--showed any consistent affect on loss rates.
 

The variation in the exponential coefficient, or b
 

value of Eq. 11, was also analyzed for the nonquantitative
 

variable subsets. The b value of SCARP watercourses was
 

consistently and significantly lower than the b value deter

mined for non-SCARP watercourses. This could be partially
 

the result of the reverse finding already presented of
 

higher loss rates for SCARP than for non-SCARP sections,
 

and the regression finding (Eq. 13) that the b value is
 

generally inversely related to the loss rates. The effects
 

of this interrelationship could not be separated out.
 

Improved (I) watercourses also have lower b values than
 

unimproved (U) ones. The result is significant in a SCARP

sarkari khal data sub-sample and consistent with the total
 

data set. This result would be expected since rebuilt water

course banks have a more uniform permeability because of the
 

absence of the holes present in older banks, but because of
 

the previously mentioned bias in the improved/unimproved
 

sample, additional data are required to ronfidently estab

lish the relationship.
 



77
 

Whether the test section was sarkari khal or farmer's
 

branch, wet or dry, or grassy or recently cleaned seemed to
 

have no consistent affect on the b value. The significant
 

analysis of variance results are summarized in Table 4.
 

Loss rate (QLO) and the exponent coefficient, b, of the
 

loss rate versus depth relationship were linearly regressed
 

with six quantitative variables:
 

1. 	 usual flow rate, Q (lps),
 

2. 	 distance from the inlet, D (m),
 

3. 	 operational supply level elevation with respect to
 

the field surface, AE (cm),
 

4. 	 bank width at the os,, BW (cm),
 

5. 	 channel bank side slope, Z, and
 

6. percent of time of channel section usage, T (%). 

The regressions were run on the complete data plus eight 

sub-samples which the analysis of variance results indicated 

were important and for which sufficient data exist. A step

wise selection procedure was used to select the important 

variables. The process was stopped when no further reduction 

in the deviation of the data from the regression relation

ship was obtained by adding additional variables. The vari

ables are listed in the order of their inclusion in the 

regression equation in Table 5. 

A consistent result of the regression analyses is that
 

the coefficients of determination are generally low. With
 

six measured parameters, about one-fourth of the variability
 

in the loss rates can be explained in the larger data sets,
 



Table 5. Regression analysis results with loss rate at osl (QLo) as dependent variable.
 

Data N r F Level of SD** of 
Set Signifi- resi-

cance duals 

Total 65 .22 5.85 99% 1.93 

Sc 35 .22 2.85 95% 2.25 

Sc,U 22 .56 5.40 99% 2.10 

Sc,I 13 .53 5.74 98% 0.66 

NS 30 .22 2.37 91% 1.01 

NS ,SK, 
U 13 .60 16.24 99% 0.28 


NS,FB 14 .84 17.53 99% 0.63 


U 49 .34 7.64 99% 2.00 

FB 30 .49 12.74 99% 2.00 


*F to enter regression equation larger than 4.0
 
**Standard Deviation 

Symbols: 

Sc = SCARP 

NS = Non-SCARP 

U = Unimproved 

I = Improved 

Derived Linear Regression Equations With
 
Parameters Listed in Order of their Insertion
 
into the Regression
 

QLO = 0.87 + 0.023Q* - 0.034T* - 0.00032D 

QLO = -0.05 + 0.02 8Q* - 0.059T + 0.903Z 

QLO = -1.92 + 0.003D* + 0.023AE+1.OOZ +0.030Q 

QL = 0.53 + 0.020Q* - 0.021AE* 

QLO = 1.17 - 0.019T* - 0.009Q + 0.031AE 

QL = 0.89 - 0.013T*
 

QLO = -0.03 + 0.0021D* - 0.039Q* + 0.107AE 

QO = 0.05 + 0.027Q* - 0.040T* + 0.038AE 

QLO = -0.40 + 0.0024D* + 0.028Q* 

D = distance from mogha (m) 
AE = osl elevation with respect to the field 

surface (cm) 
Z = side slope (cm/cm) 

QLO = loss rate at osl (lps/hm) 

SK = Sarkari Khal 

FB = Farmer's Branch 

Q = usual flow rate (lps) 

T = usage time (%) 
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and about 50 percent of the variability can be explained in
 

the subsets after accounting for the effects of the non

quantitative factors. There are obviously important param

eters affecting loss rates which were not measured (some of
 

which are not measurable), and loss rates cannot be predicted
 

with accuracy on the basis of the six measured parameters
 

alone. But the derived coefficients can be used to indicate
 

the sign and degree of the relationship between the various
 

parameters and the loss rates.
 

The usual flow rate in the channel, Q, which is an
 

indicator of channel size, has the most consistent and sig

nificant affect on loss rate. In four of the nine data sets
 

it is the most significant factor, and is, with one excep

tion, included in the regression equation. Except for two
 

cases, the coefficient values vary only from 0.019 to 0.030.
 

These coefficients predict that a 100 percent increase from
 

the mean Q value would lead to a 75 to 100 percent increase
 

in the loss rate from its mean, or that a channel which
 

normally carries twice as much water will probably lose 1.75
 

to 2 times as much water as the smaller channel. Both cases
 

where the relationship between QLO and Q is negative
 

involved non-SCARP channels (NS; and NS, FB sub-samples).
 

This inconsistency reduces the confidence in the
 

relationship.
 

The time factor, T, is inversely related to the loss
 

rate for all regressions. In two cases it is the most
 

important factor and in three cases it is second in impor

tance to Q. Its coefficient varies from -0.013 to -0.059,
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and loss rates decreased about 2 percent for each unit
 

increase in T. The relationship would predict that a channel
 

which is full 50 percent of the time would have a loss rate
 

50 percent less than one used 25 percent of the time, other
 

factors being constant. A complication with the determina

tion of the affects of time is that time also varies between
 

sarkari khal and farmer's branch sections and SCARP and non-


SCARP sections, creating an intercorrelation with these non

quantitative variables, although in one sub-sample where
 

these factors are cancelled out (NS, SK, U), the relation

ship is still significant.
 

The relationship between distance from the mogha, D,
 

and loss rate, QLO' is positive in all cases except the
 

total data set where SCARP/non-SCARP interactions probably
 

caused the reversal. It is the most important parameter for
 

three sub-samples where data is primarily from farmer's
 

branch channels.
 

Elevation of the operational supply level with respect
 

to the field level, AE, is significantly related to loss
 

rates in five of the nine analyses, but the sign of the
 

coefficient is negative in one of the sub-samples. The
 

positive coefficients vary between 0.023 and 0.107, with
 

one value 2 times larger than the average of the other
 

three of 0.030.
 

The last two factors, bank side slope and bank width,
 

were not consistently correlated with loss rates.
 

The most important factor affecting the b value is
 

channel usage time, T. In six of the eight data sets, it is
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the most important factor, and the sign of its coefficient,
 

which varies widely from 0.0018 to 0.018, is positive in
 

all cases.
 

The bank inner side slope, Z, is important for all but
 

one data subset, and is directly related with its coefficient
 

varying from 0.036 to 0.042 in all except one case. The
 

coefficient would predict an increase from the mean b value
 

of 25 percent with a 100 percent increase in Z, or, for
 

example, with a flattening of the sides from a 450 angle to
 

a 260 angle with horizontal.
 

The distance factor, D, is contained in the regression
 

equation for all except two subsets. It is always inversely
 

related to b.
 

Flow rate, Q, and AE both have consistently negative
 

coefficients with b but neither are important in more than
 

half the data sets. The relationship between BW and b is
 

erratic and in only one case does it contribute significantly
 

to the regression equation.
 

A summary of the regression analysis with b as the
 

dependent variable is given in Table 6.
 

Four sets of ponding tests were conducted to test the
 

influence of particular factors on the loss rates. Test
 

sections were selected such that most other factors would
 

remain relatively constant. Adjoining sections were usually
 

utilized.
 

One experiment to test the affect of bank width on loss
 

rate involved trimming the bank of an existing channel to
 

successively thinner widths while monitoring the loss rates.
 



Table 6. Regression analysis results with "b" as dependent variable.
 
2
 

Data N r F Level of SD** of Derived Linear Regression Equation with Parameters Listed in
 
Set Signifi- resi- Order of Insertion into the Regression.
 

cance duals
 

Total 49 .38 9.30 99% .061 b = .115 + 0.0018T* - 0.0002D* + 0.042Z*
 

Sc 27 .14 1.66 79% .050 b = .120 + 0.036Z - 0.0006AE
 

Sc,U 16 .59 5.60 99% .047 b = 
.148 + 0.018T* - 0.0008AE - 0.0009BW 

Sc,I 11 .82 6.84 98% .014 b = .282 - 0.013Z - 0.00002D + 0.0020T - 0.0007Q*
 

NS 22 .56 7.67 99% .066 b = .128 + 0.0026T* - 0.00002D* + 0.040Z
 

NS, U 19 .84 13.38 99% .042 b = .110 + 0.0027T* - 0.00002D* + 0.051Z* - 0.0010Q
 

U 35 .66 14.70 99% .051 b = .135 + 0.0028T* - 0.00003D* + 0.041Z* - 0.00028Q
 

FB 21 .61 6.23 99% .045 b = .153 + 0.011T* 

*F to enter the regression equation greater than 4.0
 
**Standard Deviation
 

Symbols:
 

Sc = SCARP 

NS = non-SCARP 

U = Unimproved 

I = Improved 


FB = Farmer's Branch 
T - Usage time (%) 
D = Distance from the mogha (m) 
Z = Side slope (cm/cm) 

0.0032AE* + 0.039Z - 0.00003D
 

AE = osl elevation with respect to
 
the field surface (cm)
 

Q = Usual flow rate (lps)
 
BW = Bank width (cm)
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The loss rates did not increase until after the last
 

trimming, when the bank width at the osl elevation was 17 cm
 

and the loss rate doubled. Because of bank weakness,
 

further trimming was not possible.
 

In a complementary experiment, three replications of
 

new channel sections were constructed with bank widths at
 

full supply level of 30, 60 and 90 cm. Analysis of the
 

ponding measurements in the sections (No. 2911-2933 in
 

Table 3) indicated that the probability of a relationship
 

existing between bank width and loss rate in the newly
 

built sections was very low.
 

Two sets of the ponding loss test sections (Table 3,
 

Nos. 2321-2334 and 2411-2432) were chosen primarily to
 

measure the affects of the height of the osl above the
 

adjacent land surface (AE) on loss rate. Both studies,
 

whose site selections tended to hold most other factors
 

constant, indicated positive, significant relationships
 

between AE and QLO' Loss rates tended to increase about
 

25 percent for each 10 cm increase in AE. This is consistent
 

with the coefficient determined on three of the five regres

sion analyses subsets.
 

Ponding losses were measured in two sets of test
 

sections both before and after the grasses were cleaned from
 

the inner banks and part of the deposited silt was removed
 

from the bed. The QLO and b values for each section before
 

and after cleaning are given in Table 3 (Nos. 2191-2197 and
 

2341-2347). The before cleaning operational supply level
 

is used in both measurements, although the actual water
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surface level decreased about 12 cm as a result of the
 

reduced roughness in the cleaned channels. Half of the
 

sections have increased loss rates after cleaning, while in
 

the other half they decrease. There is only a small and
 

insignificant difference between the means of the two mea

surement sets. The increasing loss rate with cleaning is
 

probably associated with increased infiltration into banks
 

from which the surface silt layer has been shaved away.
 

Decreasing loss rates could be the result of the plugging of
 

holes, which become visible during the cleaning process, by
 

the farmer. The loss rates at the decreased osl level (a
 

result of the lower roughness coefficient) were reduced to
 

about one-fourth of their previous values.
 

The b values decreased in five of the six cleaned
 

sections. Mean b values decreased with cleaning from
 

-
0.138 cm to 0.124 cm . The difference of the two sets of
 

values is significant at the 90 percent probability level.
 

The decrease could be the combined result of increasing
 

infiltration rates into the lower banks resulting from
 

removing the surface silt layer and uncovering macropores,
 

and decreasing seepage rates into the upper banks due to
 

occasional plugging of the larger holes in the upper banks.
 

Steady State Inflow-Outflow Measurements
 

Steady state inflow-outflow flume data were gathered
 

primarily from four sources. Loss measurements were mea

sured on long sections of 62 watercourses in the Sahiwal
 

Tehsil by the Government of the Punjab On-Farm Water
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Management Development Project. The data set, listed in
 

Punjab On-Farm Water Management Project (1978), will be
 

referred to as OFWM data. Forty watercourses were studied
 

by a comprehensive watercourse survey by Lowdermilk et al.
 

(1978). Data from this study, referred to as "Survey" data,
 

is summarized in Lowdermilk et al. (1978). Steady state
 

loss measurements were made on TW 56-L, TW 51 and TW 78
 

watercourses in the Mona Reclamation Experimental Project
 

area and is listed in Cheema et al. (1976), Bowers et al.
 

(1976), and Clyma et al. (1975) respectively. Additional
 

unpublished data was collected on several other Mona project
 

area watercourses by the Mona staff. The watercourse tube

well identification number is used to label the Mona data.
 

Two additional sets of steady state inflow-outflow data
 

listed in Clyma et al. (1975) were analyzed. The first
 

set was collected on several watercourses in the Lyallpur
 

(Faisalabad) area and the second on one watercourse located
 

near Multan.
 

Steady state flume inflow-outflow loss measurements were
 

also analyzed from the five watercourses where operational
 

loss studies were made. The data, which includes over 1500
 

steady state flume measurements will be labeled TW 81-R, for
 

the right watercourse served by Tubewell #81 of the Mona
 

Project area; Tik 1, for the first mogha serving Tikriwala
 

Village near Faisalabad; MP 6, for the outlet D21000-L,
 

Mianwali District; MP 35, for the watercourse serving Chak
 

31/BC in Bahawalpur District; and MP 52, for the watercourse
 

served by outlet 8AR/52 near the city of Moro in central Sind
 



86
 

Province. The steady state data will not be listed because
 

of the large amount involved. Only the results of statis

tical analyses will be given.
 

Loss Rate as a Function of Normal Inflow Rate
 

Three sets of available data involved sufficient
 

numbers of watercourses that analysis of the relationship
 

between the normally occurring inflow rate and steady state
 

loss rates could be made. In the Survey and Mona data,
 

several measurements were made on each watercourse, and the
 

loss rate and normal inflow rate for each watercourse was
 

taken as the arithmetic average of the measured inflow and
 

loss rates. The Survey data included measurements on 31
 

watercourses with 5 to 12 measurements per watercourse. The
 

Mona data included 10 watercourses.
 

The OFWM data involved only one measurement on each of
 

61 watercourses. It was assumed that the inflow rate during
 

the measurement was the normal inflow rate. Fluctuations
 

from the normal rate, which could not be determined, would
 

tend to cause the intercept to be smaller in the linear
 

regression and the exponent to be larger in the power curve
 

regression.
 

The derived linear regression equations, listed in
 

Table ', of both the OFWM and Survey data indicate direct
 

relationships between loss rate and normal inflow rate with
 

a positive intercept. The Mona data exhibited no relation

ship between the two factors. Flume effect adjustments
 

tended to improve the coefficient of determination (r2 ) and
 

decrease both the intercept and the slope.
 



Table 7. 	 Derived linear and power curve regression equations relating steady state 
loss rates (QL) to the normal inflow rate (QM). 

Linear 	 Power Curve
 

2 	 Regression 2
Watercourse Regression Equation r Sig.* Equation r Sig.*
 

OFWM1 	 QL = .134 + .010 QM .491 > 99% QL = .034 QM742 453 > 99% 

=
OFWM-ADJ** QL-A .119 + .009 QM .503 > 99% 	 "7 5 3  
%-A = .029 	QM .475 > 

Survey2-Means*** 
 QL = 1.10 + 	.046 QM .463 > 99% = .256 QM"6 4 4  .403 > 99% 

Survey-ADJ-Means QL-A = .50 + .037 QM .501 > 99% Q .064 QM "9 1 1  = 	 474 > 

3 
Mona -Means 
 .003
 

*Level of Significance.
 
**ADJ refers to data adjusted for flume effects by Equation 9.
 

***The mean loss rates, adjusted loss rates and inflow rates were used from each
 
watercourse.
 

l/Data from On-Farm Water Management Project, 1978.
 
2/Data from Lowdermilk et al., 1978.
 
3/Primarily unpublished data.
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It is reasonable to assume from knowledge of the
 

physical system that the true relationship should tend to
 

zero loss rate at zero normal flow rate. This would indicate
 

the relationship really is curvilinear with a negative
 

second derivative and a zero intercept.
 

A curve which fits this criteria is a curve described
 

by an equation of the form:
 

QL = KQP (14)
 

where K and P are a derived coefficient and exponent and P
 

is less than 1.0. By logarithmically transforming both
 

variables, the data was fit by linear regression techniques
 

to such a power curve. The resulting equations are listed
 

along with the linear regression equations in Table 7. The
 
2
 

relationships are highly significant, although the r values
 

are slightly lower than the linear regression values.
 

(Derived coefficients of determination cannot be compared
 

directly between linear and transformed data.) The equations
 

do exhibit exponents less than one, although adjusting the
 

data tends to increase the exponent value. Figure 13
 

depicts the Survey data and the derived regression curves.
 

Loss Rate as a Function of Inflow Rate Fluctuations
 

Inflow rates fluctuated sufficiently during the
 

measurement period on three operationally studied water

courses (MP6, MP35, and MP52), three Mona watercourses (TW51,
 

TW56-L, and TW78) and several of the Survey watercourses,
 

that the relationship between average loss rates over the
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Average steady state loss rate and adjusted loss rate vs.
 
average inflow rate for the Survey watercourses.
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measured section and inflow rates could be analyzed. Linear
 

regressions of all sets of data except the TW78 data indi

cated that the relationship is direct, with a negative 

intercept. The TW78 regression relationship was direct, 

but hau - nositive intercept. Table 8 lists the results of 

the analyses foL "e seven data sets. 

The intercepts and coefficients listed in Table 8 for
 

the Survey data are arithmetic means of the values from the
 

watercourse relationships which had significance probabili

ties above 95 or 90 percent. Twenty percent and 38 percent
 

respectively of the analyzed watercourses were significant
 

at the two levels. The individual watercourse results are
 

listed in the appendix. The TW51 and TW56 data involved
 

measurements of the same channel section and length, which
 

is why the r2 values are high.
 

The consistently negative intercepts and positive
 

slopes indicate that, since loss rates must approach zero
 

at zero inflow rates, the true relationship is curvilinear
 

with a positive second derivative (concave upwards).
 

Hydraulic concepts to be presented in Chapter 6 indicate
 

that the relationship should conform to an adjusted expo

nential in the range of flow rates near the normal inflow
 

rate, so the loss rate data was logarithmically transformed
 

and linearly regressed in order to fit it to an exponential
 

model. For all three operationally studied and Mona water

courses and about 60 percent of the studied Survey water

courses, regression of the transformed data resulted in
 



Table 8. 	Derived linear and exponential regression equations relating steady state
 
loss rates (QL) to changes in inflow rate (AQM).
 

Linear _Exponenti 
 al 
Watercourse Regression equation f r Sig. j Regression equation r2 Sig.
HP 6 0 =-2.13+.0 (Q' , .269 	 .037(-QM >9

4
L 	 6 >991,= . 00 2c9 >99% 
= 0 0 3 3 e 0 8 3 ( ' Q .)QI .A 

MP 6-ADJ** QL-A=- 1. 3 +.0 3 3 (AQM) .304 >99% QI.-A=0033c09AQ: .157 :.99% 

MP35 	 QL -6"75+220(QM) .480 
 >99% QL 037e' " .559 >19%
 

MP35-ADJ QL-A =-3.64+.130(IQM) .618 >99% 
 QL-A ='017e'098(AQM .622 >99% 

NP52 QL =-0.70+.057(Q ) 10 >99% QL 9(AQ .140 >99 
.L2-L >1 ~ H.10 >9 

MP52-ADJ QLAf.0.58+.045( Q 214 >99% QL 306e'0 3 1 (AQM)m) 	 .229 >99% 

T8781 	 QL = 85+'0 2 0(:'iQ) .189 >90% Q =8 012(eQ* ) .153 >90%
 

T178-ADJ QL= 0.74+.014 (AQ,) .184 >90% QLA= 70e"011'QM) .142 
2
is	 Q-I013(tAQ)T51 QL =-0.35+.013('QM) .855 >99% QL ='243e' M .789 >99%	 .
 

3
TW56 4 *** Q =-2.13+.030(LQM) .784 >99% QL =.022e030(AQM) .967 >99% 
H.67 >9
 

Survey-Ave. QLQ -I.4 6 +.17C(QM) >95% QL ='46e'041(AQM) 	 >95% 

Survey-ADJ-Ave. QLA=-I.00+.081(APQM ) 
>95t QLA=.39e 040(AQM) 	 >95%
 

Survey-Ave. QL =-2.26+.136(QM) >90% QL =47e"040(6) 	 >90% 

3 8 Survey-ADJ-Ave. QL-A-I. .i 1 3 (AQM) 	 >90% Q) '43C '041(AQ ) >90% 
*Level of significance. 

**ADJ refers to data adjusted for flume effects by Equation 9. 
***Average refers to the arithmetic average of the coefficients for all individual watercourse 

regressions with levels of significance above 95 percent and 90 percent respectively.
 
1/Data from Clyma et al., 1975.
 
2/Data from Cheema et al., 1976.
 
3/Data from Bowers et al., 1976.
 
4/Data from Lowdermilk et al., 1978.
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higher coefficients of determination (r2 ) than the linear
 

regressions. The coefficient of the derived exponential
 

equations have no physical meaning since it is known that
 

QL must approach 0 at QM = 0. However, the exponent coeffi

cient does not depend on the chosen origin and should indi

cate the fractional change in loss rate with a unit change
 

in inflow rate. Derived exponential coefficients vary from
 

.012 to .091 and average 0.04. This indicates an average
 

4 percent increase in loss rate with each liter per second
 

increase in inflow rate.
 

By taking the ratio of the rate of change of both loss
 

rate and inflow rate divided by their mean values for each
 

watercourse, the ratio of the percent change in loss rates
 

with a percent change in inflow rate from the mean can be
 

calculated for both linear and exponential models. The
 

average calculated values for the linear and exponential
 

models are 1.65 and 1.92, respectively, indicating that
 

loss rates increase or decrease 1.6 to 1.9 times as fast as
 

inflow rates around the mean inflow rates.
 

Although the flume effect adjustment factor is not a
 

function of flow rate, the adjustment when made in the data
 

did consistently increase the coefficients of determination
 

and probability of significance of the loss rate versus
 

inflow rate fluctuation relationship for most watercourses.
 

The adjustment however had no large nor consistent effect
 

on the derived equation coefficients.
 

Figure 14 shows the data and derived linear and
 

exponential regression lines for MP6 watercourse.
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Loss 	Rate as a Function of Distance from the Mogha
 

The relationship between average loss rate per unit
 

distance (lps/hm) and the length of the section was deter

mined for the five operationally studied watercourses, TW78,
 

Multan watercourse, the Lyallpur data, the OFWM data, and
 

the Survey watercourses. Since each inflow-outflow measured
 

channel section began at the mogha, the section length is
 

also a measure of the average distance of the section from
 

the watercourse head.
 

The analyses consistently indicate that loss rates
 

decrease as distance from the mogha increases. The derived
 

linear regression equations are given in Table 9. All of
 

the equations are significant at the 95 percent level and
 

indicate that loss rates decrease from 1 to 30 percent from
 

the mean with each hectometer increase in section length.
 

The Survey "average" listings in Table 9, as in the previous
 

table, are arithmetic averages of the intercepts and coeffi

cients of all regression equations significant at the
 

95 percent and 90 percent levels, respectively. The individ

ual Survey watercourse regressions (listed in the Appendix)
 

were significant at the 95 percent level on 16 percent of
 

the measured watercourses, and significant at the 90 percent
 

level on 38 percent of the watercourses.
 

The measured inverse relationship could result from:
 

1. 	 flume effects which cause more losses in shorter
 

sections,
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Table 9. 	Average steady state loss rate (Q ) as a function 
section length from the mogha (D). 

Watercourse 


TW81-R 


TW8I-R-ADJ-

TW81-R-SK 


TwBe-R-SK-ADJ 


TIK 1 

TIK I-ADJ 

TIK 1-SK 

TIK 1-SK-ADJ 

MP 6 


MP 6-ADJ 


MP 6-SK 


HP 6-SK-ADJ 


HP 35 


KP 35-ADJ 


HP 52 


HP 52-ADJ 


MP 52-SK 


MP 52-SK-ADJ 


7W 781 


1,1 78-ADJ 


Multan W/C 


Multan W/C-ADJ 


Lyallpur CompositeI 


Lyallpur Composite-ADJ 


2

OFWM-Composite


OFWM-Cum|.)Hite-ADJ 


Survey Composite 


Survey Averaqt.' 


Survey ADJ Average 


Survey Average 


Survey ADJ Average 


*Level of significance.
 

Reqrussion Equation 
QL(Up$/100 m) 0(100 m) 

0L5.60-.184D 


Q L-4.07-.114D 


3 7 10 2
 
QL-3.	 -. DSK 


0 4 3 3
 
rL-A-2. -.0 DsK 


QL-2.32-.093D 


0 54
 
QL-A-	 .53-. D 


QL-1.69-.076DSK 


QL.A-1.06-.041DSK 


6 1 0 3 0
 
L-. 	 -. D 


6 5 0 0 7
 
QL-A-0. . D 


QL-.48-.050DSK 


8 3 0 1 5
 
QLA-0. -. DsK 


QL-4.51-.3040 


6 1 5 1
 
QL-A-2.	 -. D 


QL-
2
.
6
0-.O79D 


1 0410  

QL-A-	 .70+.


QL.74-.441DSK 


209

QL.-A4.48-. DSK 


1

QL-3.59-. 34D 


QL-2.63-.091D 


QL-.24-.030D 


0 1 0
 
QL-A-0.79-. D 


QL.2.09-.073D 


0 

QL-A'1.35-.034
 

Q1.1.01-.009D 


QL-0.86-.00?D 


QL 3.95-.122D 
.
 

QL.5.14-.233D 


QLA-2.50 
-.

079
D 


QL-5.59-.446D 


QLA-3.00-.136D 


2 Sig.
 
r (%) 

.658 > 99% 

.505 > 99% 

.274 > 99% 

.053
 

.280 > 99% 

.244 > 99% 

.276 > 99% 

.207 > 99% 

.029 	 > 95% 

.006
 

.016
 

.006
 

.150 > 99% 

.133 > 99% 

.295 > 99% 

.232 > 99% 

.229 > 99% 

.221 > 99% 

.531 > 991 

.481 > 99% 

.163
 

.035
 

.063
 

.029
 

.090 > 95%
 

.067 > 95%
 

.018 	 > 95% 

> 95% 

> 95% 

> 90% 

> 90% 

*-ADJ refers to data adjusted for flume effects by Equation 9. 
•*-Average refers to the arithmetic average of coefficients for all 

individual watercourse regressions with levels of significance 
above 	 95 percent and 90 percent respective. 
_/Data from C]yma et al., 1975.
 
j!Data from Funjab On-Farm Water Management Development Project, 1978.
 
_/Data from Lowdermilk et al., 1978.
 

http:QLA-2.50
http:QL-A-0.79
http:QL-A-.70
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2. 	the biasing effect of shorter sections tending to
 

include a higher proportion of farmers' branches
 

which tend to have higher loss rates;
 

3. 	decreasing flow rates with distance from the mogha
 

and the direct relationship between flow rates and
 

loss rates; and/or
 

4. 	a tendency for reduced seepage rates into channels
 

which lie farther from the mogha.
 

In order to determine whether seepage rates really decreased
 

with distance from the mogha, the effects of the first three
 

factors must be cancelled out. First, the flume adjustment
 

factor (Eq. 9) was applied to the data. This adjustment
 

reduced the r2 values and the coefficients of all the loss
 

rate versus distance from the mogha (QL versus D) relation

ships. The flume adjustment generally reduced the coeffi

cients relating QL to D by at least 40 percent, indicating
 

that the relatively greater losses caused by flumes on short
 

sections was a major factor in the derived QL versus D
 

relationship.
 

Second, the loss rates in different lengths of only
 

sarkari khal sections were linearly regressed with section
 

length on four watercourses: TW8I-R, Tik 1, MP 6 and MP 52.
 

In all four cases, the r2 value was reduced from the value
 

derived with both sarkari khal and farmers' branch sections
 

included. The coefficient relating QL to D was reduced by
 

one-third to one-half compared to values derived utilizing
 

flow in both types of sections on TW81-R and Tik 1 water

courses, but on MP 52 and MP 6 watercourses, very high loss
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rates measured in short sarkari khal sections caused the
 

coefficient to increase. When both measurement biases are
 

eliminated the slope coefficients on three of the water

courses are reduced to less than 50 percent of their initial
 

value, but a significant inverse relationship still exists
 

between QL and D.
 

In order to analyze the effect of decreasing flow rates
 

with distence on loss rates, two relationships were assumed:
 

one where loss rate is proportional to flow rate, and the
 

other where flow rate has no effect on loss rate. Since the
 

data were collected on fairly long sections which began at
 

the mogha, the two relationships were integrated so that
 

measured conveyance efficiencies could be correlated with
 

the section length.
 

If loss rate (QL = dQ/dD) is proportional to flow rate
 

(Q), then:
 

dQ _K Q. 
 (15)
 

Integrating:
 

V '= f -KdD 

Qo 0
 

lnQF - lnQo = -K D ,
 

-K D
 
QF/Qo =e 1, (16)
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where:
 

dQ = change of flow rate with distance, or loss rate,

dD
 

K1 = instantaneous fractional loss rate (hm-),
 

Q = initial flow rate at D = 0 (lps),
 

QF = final flow rate at distance D (ips), and
 

QF/Qo = steady state conveyance efficiency (E).
 

If flow rate is assumed not to affect loss rates, then:
 

dQ = _K (17)
 

dD
 

Integrating:
 

F D
 

dQ = -K2 dD,
 

Qo 0
 

QF-Qo =-K2D,
 

(QF-Qo)/Qo = (K2/Qo)D,
 

QF/QO = 1-(K 2/Qo)D, (18) 

where:
 

K2 = loss rate (ips/hm), and
 

K2/Q° = loss rate as a fraction of initial flow rate
 

(hm-).
 

Both conveyance efficiency and conveyance efficiency
 

adjusted for flume effects data were regressed both linearly
 

and exponentially with distance (D) to determine which of
 

Eqs. 15 or 17 best described the data. The results of the
 

regression analyses are given in Table 10. The two models
 

described the data equally well with each giving higher r2
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Table 10. Derived linear and exponential regression
 
equations relating conveyance efficiency (E)
 
to distance from the mogha (D).
 

Linear ExponbnLial
 
Regression 2 Regression 2
 

Watercourse EquatLon r sig.* Equatilon r Sig.*
 

D 

TW 81-P E-.58-.005D .027 E-.62e- .020 .046
 

TW 81-R-ADJ** E -.70-.009D .075 E . 73e 019D .078 
A A
 

0 3 5
 
TW 81-R-SK E..91-.018DSK .194 951 E-1.02e- DSK .154 > 95%
 

TW 81-R-SK-ADJ E A-.96-.018DSK .242 95% E -1.03e' O
2 9 
DSK .190 > 95% 

Tik 1 E-.81-.005D .044 99% E-.80e .035 > 95% 

Tik I-ADJ EA-.88-.007D .124 99% EA-.88 .122 > 99% 

0 0 3
 
Tik 1-SK E-.87-.003DSK .026 95% E-.86e ' DSK .018
 

Tik l-SK-ADJ EA-.92-.004DSK .096 99% EA.92e- 005DSK .085 > 99%
 

-. 0230 
HP 6 E-.93-.013D .242 99% E-.98e .231 > 99%
 

HP 6-ADJ EA.1.01-.013D .431 99% E -1.05e .0190 .396 > 99% 

HP 6-SK E-.99-.0120SK .269 99% S017DsK > 99%E-1.02e .325 


0 16

HP 6-SK-ADJ E A1.01-.O11DSK .325 99% E -1.04e-' DSK .301 > 99% 

HP 35 E-.92-.011D .168 99% E-.92e- 0150 .178 > 99% 

-.0150 
HP 35-ADJ EA. 98-.0120 .314 99% EA.99e .329 > 99% 

- '023D  

MP 52 E-.77-.012D .516 99% E-.800 .490 > 99%
 

-.0230
8

HP 52-ADJ EA. 6-.O1D .665 99% EA-.89e .637 > 99%
 

0 22
 
HP 52-SK E-.81-.012DSK .398 99% E-.82e - DSK .377 > 99% 

9

HP 52-SK-ADJ EA-. .619 EA-.93e .583
0-.015DSK 99% 5023DSK > 99%
 

" D

TW 781 E-.75-.007D .085 E-.74a .010 .090
 

TW 78-ADJ EA-.84-.009D .208 95% EA-.84e 0120 .231 > 99% 

1 ''0 1 4 D  

Multan W/C E-.95-.011D .381 99% E-.95e .344 > 99% 

Hultan W/C-AOJ EA-.97-.011D .449 99% EA-.98.'03D .417 > 99%
 

Lyallpur I 8 
019  

.

1 -' 


Composite E-.87-.012D .165 99% E-.87e .150 > 99%
 

Lyallpur -.019D
 
Composite-AJ KA-.94-.0140 .276 99% EA-.95e .259 > 99%
 

2 "'O06D  

O WM-Composlte E-.80-.004D .216 99% E-.Bae .214 > 99% 

OMWM-Comp.-AD.) EA .83-.004D .242 99% EA-.83e 0050 .239 > 99% 

Survey] Avoraqu E-.75-.029D 95% E-.84e 
' 
071

D 
> 95%
 

"' 0 D

Survey ADJ Ave. EA-.87-.034D 95% EA-.9e 48 > 9
 

Survey Average E-.76-.0340 90% E-.80. .079D > 90% 

Survey ADJ Ave. EA-.85-.030D 90% EA-.890 > 90%
 

*Level of significance.
 
**ADJ refers to data adjuated for flume effects by Equation 10.
 

*'*Averan refers to the arithmntic avorage of the coefficients for all individual
 
watercourse regrussions with lavols of significane above 95 percent and
 
90 percent rnspectively.
 
_/Data from Clyma ot al., 1975.
 
Yrlata from Punjab On-Farm Water Management Project, 1978.
 
?_Data from Lowdermilk ut al., 19711.
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values for some of the cases. This implies either that loss
 

rate is between being constant and proportional to flow
 

rate, or that there is some other factor which tends to
 

increase seepage rates at longer distances from the mogha
 

and counters the effect of decreasing flow rates. Both
 

ponding and inflow-outflow data analysis indicated that loss
 

rate dues in fact vary with inflow rate but less than pro

portionally. Figure 15 depicting the data and derived
 

equations for watercourse MP 52 illustrate that the variabil

ity between values predicted by the two models is not great
 

in the applicable distance ranges.
 

This finding indicates that decreasing flow rates could
 

explain a portion of the tendency for loss rates to decrease
 

with distance but does not prove the effect is significant.
 

If loss rates were related to flow rates by the power curve
 

given in Eq. 14, with the exponent, P, varying between 0.7
 

and 0.9, loss rates would decrease about 0.02 to 0.04 lps/hm
 

for each 100 m decrease in D.
 

One unexpected but consistent finding is that both the
 

derived linear and exponential equations relating conveyance
 

efficiency to distance predict efficiencies significantly
 

below one at zero distance. The average derived intercept
 

value from the linear correlation is 0.81, while the inter

cept of the exponential model averages slightly higher (as
 

would be expected) at 0.83. The fact that the intercepts
 

are significantly below one indicates that the loss rates
 

would decrease with distance even if conveyance efficiencies
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0 
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0 

Figure 15. 
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Conveyance efficiency (E) and conveyance efficiency adjusted for 
flume effects (EA ) vs. conveyance distance (D) for MP 52 
watercourse. 
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do decrease linearly with distance. The slope of a line
 

connecting the value 1.0 at the intercept and a point at a
 

distance, D, on the line depicting conveyance efficiency
 

versus distance will give the negative of the average frac

tional loss rate per hectometer to that distance. Flume
 

effects would tend to cause the intercepts to be less than
 

one, and when the data is adjusted for flume induced losses,
 

the mean intercepts are raised to 0.87 and 0.90 for the
 

linear and exponential models, respectively. When the third
 

measurement biasing, that of shorter section lengths contain

ing a higher proportion of farmer's branch, is also elimin

ated by considering loss rates only on sarkari khal sections
 

(as was done for TW8I-R, Tik 1, MP 6, and MP 52 watercourses)
 

the intercepts again increase and average 0.95 and 0.98 for
 

the linear and exponential cases.
 

In summary, the indication of the inflow-outflow data
 

that loss rates decrease with distance is concluded to be
 

primarily an artifact caused by the projected conveyance
 

efficiencies at 0 distance being less than 1.0. Flume
 

effects and channel type (sarkari khal versus farmer's
 

branch) biases in the measurement process is seen to explain
 

much of this result and also to reduce to degree and signif

icance of the loss rate-distance relationship. The decreas

ing flow rates with distance which should, according to the
 

finding in the previous section, tend to cause loss rates to
 

decrease with distance, can explain a portion of the remain

ing decrease. The portion of the inverse relationship left
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unexplained on some watercourses could be the result of a
 

high loss rate in the initial sections below the mogha. In
 

the light of the derived relationships shown in Table 10, it
 

is improbable that seepage rates into watercourse wetted
 

perimeters decrease with distance of the channel section
 

from the mogha.
 

Loss Rate as a Function of Channel Slope and Elevation Drop
 

An additional factor which could tend to affect steady
 

state loss rates which was monitored during the operational
 

studies, is the elevation drop from the mogha to the field.
 

The factor will reflect both average slope of the water
 

channel to the field, and flow depth changes in a channel
 

resulting from the backwater effects of a relatively high
 

or low field being irrigated. Table 11 lists linear regres

sion equations derived for the five operationally studied
 

watercourses relating loss rate to average slope from the
 

mogha to the field, S (m/km), and elevation drop from the
 

mogha to the field, EL (m). Since distance from the mogha
 

to the field, D, is, as would be expected, highly correlated
 

with El, and loss rate is inversely related to D, the dis

tance factor was added to the correlations to separate out
 

the indirect effects of the distance factor.
 

Although loss rates consistently decrease as the
 

elevation drop to the field increases, most of this result
 

on three of the five watercourses is seen to primarily result
 

from the intercorrelation with distance, since adding the EL
 

factor to the relationship between QL and D tends to increase
 

the r2 value very little.
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Table 11. 	 Derived linear regression equations describing
 
the relationship between loss rate (QL) and
 
slope (S), elevation drop (EL), and distance (D),
 
for the five operationally studied watercourses.
 

Independent 2 
Watercourse Variable Regression Equation r Sig.* 

TW 81-R S (m/km) QL= 4 . 27-2 .BBS .35 > 99% 
EL (m) QL=4.17-0.113EL .66 > 99% 

D (hm) QL=4.18-0.116D .49 > 99% 

S and D QL=6.40-2.46S-.125D .69 > 99% 

EL and D QL=4.17-0.133EL+.003D .66 > 99% 

Tik 1 S (m/km) QL=0.91+0.245S .003 

EL (m) QL=4 . 7 3-0.73 1EL .186 > 99% 

D (hm) QL=2.51-0.135D .275 > 99% 

S and D QL=2.01+0.770S+0.106D .307 > 99% 

EL and D QL=7.68-1.796EL-0.161D .294 > 99% 

MP 6 S (m/km) QL= 1 . 20+0.280S .008 > 90% 

EL (M) QL=I.78-0.670EL .051 > 99% 

D (hm) QL=2.19-0.061D .102 > 99% 

S and D QL=2 .13+0.093S-0.061D .103 > 99% 

EL and D QL=2.25-0.274EL-0.061D .109 > 99% 

MP 35 S (m/km) QL= 1 . 37+0.984S .037 > 99% 

EL (m) QL=6.32-8.037EL .173 > 99% 

D (bm) QL=4.51-0.304D .150 > 99% 

S and D QL=5.66-0.696S-0.365D .160 > 99% 

EL and D QL=6.93-6.089EL-0.213D .236 > 99% 

MP 52 S (m/km) QL=0.37+1.438S .639 > 99%" 

EL (M) QL=2.11-0.578EL .017 > 95% 

D (hm) QL=3.16-0.091D .290 > 99% 

S and D QL=0.68+1.355S-0.030D .643 > 99% 
EL and D QL=3.04+0.187EL-0 .121D .292 > 99% 

*Level of significance. 
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The slope factor is directly related to loss rates for
 

four of the five watercourses, although the one inverse re

lationship is highly significant. Again, only in two of the
 

five cases does slope add significantly to the predict

ability of QL after D has already been added.
 

It is concluded that local relatively high fields tend
 

to increase loss rates, probably the result of heading up
 

the water in the channel, but that the overall effects of
 

the topography on loss rates are more complicated than can
 

be described by slope or elevation drop.
 

Loss Rates in Sarkari Khal and Farmers' Branches
 

Steady state loss rates were measured in both sarkari
 

khals and farmers' branches in all five operational studies.
 

Table 12 lists the time weighted average loss rates in both
 

sections for each watercourse. In four of the five water

courses, farmers' branch loss rates are larger than sarkari
 

khal loss rates. The mean loss rates in the sarkari khal
 

channels and farmers' branches were 1.2 and 2.4 lps/hm,
 

respectively, although the difference is strongly influenced
 

by the large difference on MP 6 watercourse which was very
 

sandy. On the other four watercourses, farmers' branch
 

loss rates averaged 50 percent larger than sarkari khal loss
 

rates. Since inflow rates in farmers' branches are less
 

because of the losses in sarkari khal sections, the differ

ence in percent losses per unit length in the sarkari khal
 

and farmers' branches are even larger. Flume-induced losses,
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Table 12. Time weighted average steady state loss rates
 

(QL) on sarkari khal and farmers' branch sections
 
of the five operationally studied watercourses.
 

Steady State Loss Rates (lps/hm)
 
Watercourse Sarkari Khal Farmer's Branch
 

TW81-R 1.9 
 2.9
 

Tik 1 0.6 1.6
 

MP6 0.8 4.9
 

MP 35 1.7 1.1
 

MP 52 1.1 1.4
 

Average 1.2 2.4
 

which would have increased this difference because of the
 

relatively shorter farmers' branch sections measured, were
 

not adjusted for.
 

Operational Measurements of Transient Losses
 

Operational conveyance loss studies were undertaken on
 

five watercourse systems. Table 13 summarizes the transient
 

losses and dead storage on each watercourse. An average of
 

6.8 percent of the total inflow was lost to transient con

ditions, with a range of only 5.7 to 8.4 percent.
 

Much of the variability in the transient losses is
 

explained by the total lengths of channels filled and drained
 

and the average inflow rate to each watercourse. Table 14
 

lists regression equations for each watercourse between
 

transient loss volumes, VTL (m3), for each field irrigated
 

and the length of channel filled, LW (m), and drained, LD
 

(m), in the process of irrigating a field. Between half and
 

three-fourths of the variability in transient losses on a
 

watercourse can be explained in terms of these lengths.
 



Table 13. Transient losses on five watercourse systems during one warabundi turn rotation.
 

TW 81-R Tik 1 
Watercourse 

MP 6* MP 35* MP 52* Average 

Inflow volume m3) 43,000 25,000 34,100 23,300 20,000 29,100 

Channel length utilized 
(filled and drained) (m) 12,500 21,650 11,650 9,600 10,000 12,800 

Steady state losses (%) 48 28 33 33 45 37 

Transient Losses: 

Total volume (m3) 2975 2086 2296 1271 1271 1980 

Percent of inflow (%) 

Percent of total losses (%) 

Per channel length (m3/m) 

6.9 

12.4 

0.238 

8.4 

22.8 

0.096 

6.8 

17.0 

0.197 

5.7 

17.4 

0.132 

6.3 

12.6 

0.127 

6.8 

16.4 

0.163 0 

Per channel length per 

inflow (m3/m/(m3/sec)) 

unit 

3.35 2.32 3.50 3.43 3.78 3.35 

Dead Storage: 

Total volume (m ) 1308 1283 494 827 1073 997 

Percent of inflow (%) 

Percent of total losses (%) 

3.0 

5.5 

5.1 

14.0 

1.4 

6.8 

3.6 

10.9 

5.3 

9.8 

3.7 

9.4 

Percent of transient 
losses (%) 

Per channel length (m3/M) 

Per channel length per unit 

inflow (m3/m/(m 3/sec)) 

44.0 

0.116 

1.63 

61.5 

0.059 

1.43 

17.0 

0.040 

0.71 

65.0 

0.086 

2.23 

88.1 

0.101 

3.01 

55.1 

0.080 

1.80 

*Values are the average of three weeks (three turn rotations) of data collection.
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Table 14. 	 Regression equations describing the relationship
 
between transient losses (VTL) and the length of
 
channel filled (LW ) and drained (LD) to irrigate
 
each field.
 

Coefficient of
 

Watercourse Regression equation determination
 
(r2 )
 

TW81-R VTL = -15.0 + 0.31 LW - 0.10 LD 0.58 

Tik 1 VTL = 3.1 + 0.14 LW - 0.06 LD 0.52 

MP 6 VTL = 0.3 + 0.21 LW - 0.04 LD 0.59 

MP 35 V = 2.6 + 0.16 L - 0.07 LD 0.77 

MP 52 VTL 21.0 + 0.15 LW - 0.08 LD 0.70
 

Each regression coefficient and the difference between
 

the two coefficient values were then regressed with the time
 

weighted average inflow rate, QM (Ips), to the watercourse.
 

The resulting predicted relationships were:
 

2
 
bLW = -.03 	+ .0047 QM (r = .94), 

bLD = -.05 	- .0005 QM (r2 = .10), 

2
 
AbL = -.08 	+ .0042 QM (r = .96), 

where:
 

bLW = the LW regression slope coefficient (from
 
Table 14) which is the volume of loss per unit
 
length of channel filled (m3/m),
 

bLD = the LD regression slope coefficient (from
 
Table 14) which is the volume of wate; regained
 
per unit length of channel drained (m /m), and
 

AbL = bLW + bLD = the volume of water loss per length
 

of channel filled and drained (m3/m).
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The intercept of the first equation, which has a very
 
2
 

high r value, is relatively small compared to the second
 

term, thereby indicating that the transient loss per unit
 

length of channel filled is nearly proportional to the flow
 

rate. The intercept value of the poorly correlated second
 

equation is relatively large compared to the second term,
 

indicating that the water regained by draining a certain
 

length of channel is strongly affected by factors other than
 

the inflow rate. For example, it will be affected by the
 

local topography which influences how much of the channel
 

storage water drains into the field and what portion remains
 

in the channel as dead storage.
 

Since during a complete rotation turn on a watercourse
 

the length of channel filled and drained will be equal, the
 

third equation will be most useful in predicting watercourse
 

transient losses. According to the highly correlated regres

sion equation, watercourse transient losses can be estimated
 

by:
 

VTL = (-.08 + .0042 QM)LDW (19) 

where: 

VTL = transient losses (m3), 

normal inflow rate (lps), and
QM= 


L = length of channel filled and drained. 

Because the constants of the regression equations listed in
 

Table 14 were ignored in developing this equation, it under

estimates the true transient losses, listed in Table 13, by
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from 0 to 40 percent with an average of 20 percent. The
 

linear equation is not valid at low flow rates (< 20 lps)
 

where no transient losses are predicted.
 

Additional variation between values given in Table 13
 

for transient loss per meter length per lps inflow for each
 

watercourse can be explained by the difference in steady
 

state loss rates for each watercourse. As the steady state
 

loss rate increases by one percentage point, the average
 

slope coeffic'ient value of Eq. 19 increases by 1 percent
 

of its value.
 

An average of 55 percent of the transient losses were
 

dead storage on the five watercourses. Watercourse MP 6 was
 

a sandy watercourse with high intake rates in the farmers'
 

branches, allowing much of the dead storage water to seep
 

away before measurements could be made, so the MP 6 value
 

is an underestimation of the true dead storage. Generally,
 

less than 5 percent of the watercourse inflow is lost to
 

dead storage, which would usually amount to less than 7 per

cent of the water delivered to the farmer's branch. Dead
 

storage cannot be explained as well as transient losses in
 

terms of lengths of channel utilized, inflow rate, or loss
 

rate. It is highly dependent upon the topography of the
 

watercourse command area. If slopes are high and fairly
 

uniform, most water will drain from the channels into the
 

fields.
 



Chapter 6
 

HYDRAULIC ANALYSIS OF WATERCOURSE FLOW
 

Several water channel design factors can be interrelated
 

through hydraulic open channel flow design equations. Man

ning's equation (Manning, 1891) given below, which has been
 

used satisfactorily in designing Indus Basin watercourses,
 

will be used.
 

3S1/2
Q = I AR2/ (19) 
n 

where:
 

Q = flow rate (m3/sec),
 

n = roughness coefficient,
 

(m2),
A = cross-sectional flow area 


R = hydraulic radius = A/WP(m),
 

WP = wetted perimeter (m), and
 

S = slope of the energy line (water surface) (m/m).
 

Manning's equation can be rearranged so that:
 

3
Qn = AR2/ (19a) 

The parameters on the right depend only on the cross

sectional shape and size.
 

If a channel's cross-sectional shape is known, the flow
 

depth, d, can be related to the cross-sectional parameters,
 

AR2/ 3
 , and thus to the flow rate (Q), roughness coefficient
 

(n), and slope (S). For several optimum (minimum wetted
 

perimeter) cross-sectional shapes, an explicit relationship
 

between depth and AR2/ 3 can be developed, and is of the form:
 



112
 

a (AR 2 / 8d = 3) 3/ (20) 

where a is a coefficient dependent on the cross-sectional
 

shape. As an example, for a triangular channel with 1:1
 

side slopes, a = 1.30.
 

In these channels, the width increases with the depth.
 

For cross-sectional shapes where depth is not related ex

plicitly to the other shape factors, which is the situation
 

if flow depth is increased in an existing channel, the
 

relationship between d and AR2/ 3 cannot be explicitly deter

mined, but can be implicitly estimated. Such estimations
 

were made using regression techniques to fit calculated data
 

to a power curve (as suggested by Eq. 20) of the form:
 

) cd = a(AR2/3 )c = a( (21) 

Several cross-sectional shapes were studied including circu

lar segments, trapezoids, shapes described by the power
 

curve given in Eq. 1 with various coefficient values, and
 

actual cross-sectional channel shapes measured in the field.
 

In all the cases tested, the coefficient, a, varied between
 

1.15 and 1.40 and the exponent, c, varied from 0.44 to 0.55.
 

For the cross-sectional shape shown in Figure 3, the a and
 

c values are 1.16 and 0.53, respectively. The equation with
 

these coefficients describes the actual calculated data with
 
2
 

an r of 0.9999.
 

Thus, through manipulation of Manning's equation, an
 

accurate relationship can be developed for typical water

course cross-sectional shapes, which relates the flow depth
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to flow rate, roughness coefficient, and slope. Such a
 

relationship is shown in Figure 16 for a = 1.2 and c = 0.5
 

in Equation 21.
 

Equation 21 can then be combined with Eq. 11 to develop 

a relationship between the change in loss rate with changes 

in Q or n. 

QL b(Ad) b(d-d0 n  no (QL- =e =e exp - -ba[()] (22) 

where:
 

do = original depth (cm) with Q = Q and n = no
 

Q0 = original flow rate (m3/sec),
 

no = original roughness coefficient, and
 

b is defined in Eq. 11.
 

Equation 22 with three slope values and four values for
 

Qo x n0 is shown graphically in Figure 17. The extreme
 

sensitivity of loss rates to fluctuations in flow rates and
 

channel roughness is evident from the graph which indicates
 

that loss rates can double with a 30 percent increase in Q
 

or n.
 

Figure 18 illustrates the sensitivity of Eq. 22 to
 

variations in the coefficients a, c, and b. The small devi

ation of the dashed lines representing c = 0.45 and c = 0.55
 

from the median value of 0.50 shows that the equation is not
 

very sensitive to the c value through its range. Lines
 

representing b x a values of 0.10 to 0.30 however are widely
 

spread. Since the common range of a is between 1.15 and 1.4,
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if a misestimation half its range were made, the resulting
 

error in b x a would be from 0.01 to 0.04 which could result
 

in an error in the predicted loss rate by as much as
 

30 percent.
 

The b value, which averaged 0.15, had a standard
 

deviation of .07 in the ponding tests. Misestimation of b
 

by one standard deviation will usually lead to more than a
 

50 percent error in the estimated loss rate and can cause up
 

to a 100 percent error. Equation 22 is sensitive to b value
 

variations, but relatively insensitive to the cross-sectional
 

shape parameters.
 

A variation in slope, S, from .0005 to .0002 or .0010
 

depicted in Figure 17 is equivalent to a 25 percent change
 

in b x a and will cause up to a 30 percent error in the loss
 

rate estimate.
 

The changes in roughness and flow rates referred to here
 

are fluctuations over short periods of time. It would be
 

assumed that a watercourse channel would evolve over time to
 

long-term changes. For example, if a decision is made to
 

permanently split a water supply into two channels, the
 

steady state loss rates would initially be drastically re

duced (more than proportionally) as depicted in Figure 17.
 

However, this new flow rate would, over time, establish a
 

new normal flow depth to which the watercourse would evolve,
 

and the eventual loss rate decrease would probably be
 

governed primarily by the relationship between loss rate and
 

normal flow rate described by Eq. 14, which is less than
 

proportional.
 



Chapter 7
 

ANALYSIS OF THE FINDINGS
 

Several of the factors which might affect the amount of
 

water which is lost from an earthen watercourse in the pro

cess of conveying it from the inlet mogha to the field have
 

been measured and analyzed. The analyses indicated some of
 

the parameters which do affect losses, tell the direction
 

and sometimes the degree (or slope) of the interaction, and
 

occasionally indicate the shape of a nonlinear relationship.
 

In this chapter, physical explanations will be given for the
 

derived relationships and an initial attempt will be made to
 

construct a model to estimate watercourse losses based on
 

the findings. The scatter in the data and the relatively
 

low coefficients of determination of the derived relation

ships indicate that factors in addition to those quantified
 

affect loss rates.
 

Factors which Affect Loss Rates at the Usual Flow Depth
 

Both the ponding and inflow-outflow data indicate that
 

loss rates are higher in watercourses which normally carry
 

larger quantities of water. The linearly regressed ponding
 

data indicated the relationship is slightly less than pro

portional with loss rates increasing between 75 percent and
 

100 percent as fast as normal inflow rates. Inflow-outflow
 

measured loss rates increased 75 percent to 90 percent as
 

fast as normal inflow rates in the range of the mean inflow
 

rate.
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A power curve relationship has two advantages over the
 

linear model. It approaches zero at 0 flow rate as the
 

physical system must do, and its exponent is equal to the
 

percent change of the dependent variable with a percent
 

change of the independent variable over a complete range.
 

Because of these advantages, the relationship will be modeled
 

by a power curve of the form:
 

QL = KQP (14)
 

where: 

K = a constant which can be derived given QL' QM' and 
P values 

P = the percent change in QL with a one percent change 
in QM 

Fit.ure 19 depicts conveyance efficiency vs. distance for a
 

channel where loss rates are described by Eq. 14 when the
 

initial loss rate - 1.0 lps/hm, inflow - 40 lps, and the
 

P value is varied from 0 to 1.0.
 

Most water channel loss studies in the past have used
 

the wetted perimeter length to represent channel size ind
 

have assumed intake rates to be constant across the wetted
 

perimeter (see Chapter 3). Equation 2 indicates that water

course wetted perimeters only increase about half as fast as
 

loss rates increase with flow rates, since the exponent of
 

that derived power curve relationship is 0.4. This means
 

that intake rates into the wetted perimeters of larger chan

nels must be higher than into the wetted perimeters of small
 

capacity channels. Specific reasons for this observed
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relation were not determined, but possible explanations
 

include:
 

1. 	 farmers on larger watercourses do not maintain
 

their watercourses as well, and
 

2. larger flow rates result in less silt deposition.
 

The inflow-outflow data presented in Table 10 indicate
 

that 	the relationship between conveyance efficiency and dis

tance is explain I equally well by a linear (P = 0) or
 

exponential (P = 1) model. The true relationship probably
 

lies 	somewhere between these two extremes. The relationships
 

described by Eq. 14 with P values between 0 and 1 and
 

depicted in Figure 19 do fall between these two models.
 

Two other factors which were found to be related to
 

loss 	rates--usage time, T, and distance, D--both tend to in

crease loss rates with distance and straighten curves of the
 

type 	depicted in Figure 19. Percent of time used consis

tently correlated inversely with loss rates in the ponding
 

loss studies and generally decreases in sections at greater
 

distance from the mogha. The regression equations consis

tently indicated that in the range where most ponding data
 

was collected (1 percent < T < 30 percent), a decrease in T
 

by 10 (say from 30 percent to 20 percent) will result in an
 

increase in loss rates by about 20 percent.
 

Channel usage time decreases with distance from the
 

mogha. The shape of this relationship will depend on the
 

watercourse layout and will generally vary between linear
 

(for a long rectangular area served by one sarkari khal
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channel) and exponential. The combination of these two
 

relationships causes loss rates as influenced by T to
 

increase with distance.
 

There are several possible physical reasons for the
 

affect of T on QL" One is the finding reported by many
 

researchers (referenced in Chapter 3) that infiltration rates
 

into flooded soils decrease over time, and although the rate
 

will rebound after drying and rewetting, it does not rebound
 

to its original value. The more a soil is flooded, the
 

lower its infiltration rate. Reasons for this phenomena were
 

given in Chapter 3.
 

A second explanation for the inverse relationship
 

between QL and T is that channels filled with water more of
 

the time allow less vegetative growth on the wetted perimeter
 

(especially in the generally very turbid canal water). With
 

less vegetative growth, the roughness coefficient and there

fore operational supply level is more stable and does not
 

rise into the highly porous upper bank sections as often.
 

Frequently used sections also have stable operational supply
 

levels because they usually lie farther from the irrigated
 

fields where field surface elevation differences cause water
 

surface backwater curves and osl fluctuations.
 

An often filled channel with a stable osl will also
 

tend to inhibit the burrowing of insects and rodents into
 

the wetted portions of the banks, and thus the number of
 

macropores and the resulting leakage rate will be decreased.
 



123
 

The percent time used factor is probably the most
 

important cause for farmers' branches having higher loss
 

rates than sarkari khal sections. In the five operational
 

studies, the average sarkari khal section was used 36 percent
 

of the time while the average farmer's branch was used only
 

about 2 percent of the rotation period. The mean T values
 

for sarkari khal and farmer's branch sections in the ponding
 

study were 20 percent and 4.6 percent, respectively. This
 

lower sarkari khal T value in the ponding studies is the
 

result of the difficulty of scheduling ponding loss measure

ments in the most often used channel sections, while the
 

higher farmer's branch T value is the result of choosing
 

sections near the sarkari khal outlet where water is more
 

readily available. These time differences can explain most
 

of the measured QL differences between sarkari khal and
 

farmer's branch sections (Tables 4 and 12).
 

Other reasons for the higher farmer's branch loss rates
 

include undersized farmer's branch channels due to no legal
 

right-of-way allowance and the perpetual attempt to enlarge
 

fields by shaving away watercourse banks, and more opera

tional supply level fluctuation due to the proximity of most
 

farmer's branch sections to the irrigated fields to which
 

water must be delivered at different heights. The unac

counted for measurement bias of more flume induced losses in
 

the shorter branches would also increase measured branch loss
 

rates.
 

The ponding loss analyses indicated that loss rates
 

increase with distance from the mogha, especially in farmers'
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branches, although it is sometimes difficult to separate the
 

effect of this factor from the decreasing usage time and flow
 

rate effects previously mentioned. A possible physical ex

planation for this relationship is that most silt deposition
 

takes place near the head and deposition decreases in sec

tions farther from the mogha. Less silt deposition can lead
 

to higher water seepage rates into the wetted perimeter.
 

The distance factor could be a reason for the noted linear
 

tendency of the delivery efficiency vs. distance relation

ship (Table 10).
 

Both the distance and usage time effects on loss rates
 

would predict that loss rates will increase with distance
 

from the mogha. The relationship with the decreasing flow
 

rates (Eq. 14) would predict decreasing loss rates with dis

tance. The available data is insufficient to determine the
 

relative strengths of these relationships. The inflow

outflow data (Table 9), after adjustment for flume effects
 

and channel type biases indicated that the loss rates
 

decreased slightly with distance.
 

The data clearly indicate that SCARP watercourses have
 

higher loss rates than non-SCARP watercourses. This finding
 

supports previous similar conclusions of inflow-outflow loss
 

studies reported in Lowdermilk et al. (1978) and Clyma et al.
 

(1975). Lowdermilk's survey of 40 watercourses found that
 

median loss rates on SCARP systems were about 80 percent
 

higher than for non-SCARP watercourses (2.97 lps/hm vs.
 

1.62 lps/hm). Clyma's data indicate that SCARP watercourse
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loss rates are at least double those found in non-SCARP
 

watercourse systems. These ponding loss data indicate the
 

SCARP loss rates are about three times larger than loss
 

rates in non-SCARP channels.
 

Part of this difference can be attributed to the finding
 

that loss rates are greater in watercourses with higher in

flow rates. The flow rate in the measured SCARP watercourses
 

averaged 70 percent larger than in non-SCARP channels. Equa

tion 14 with P = 0.8 would predict a loss rate difference
 

of about 60 percent between the data sets.
 

Another reason for the higher SCARP loss rates is
 

probably the fact that the SCARP watercourses were never
 

redesigned and rebuilt to carry the increased flow from the
 

combined canal and public tubewell supply, with the result

ing increase in loss rates that was discussed previously
 

when the flow and consequently the flow depth in a water

course is increased. It would be expected that the water

course channels would evolve over time as a result of
 

cleaning and maintenance activities to carry the increased
 

flow more efficiently. However, this apparently has not
 

completely taken place yet in the 15 years since the SCARP II
 

public tubewells, where most of the SCARP data were collected,
 

have been installed. Since the farmer's flow at the field
 

has been increased in spite of the higher losses, and conse

quently his water deficit is less severe; perhaps he has not
 

been as willing to upgrade his channels to more efficiently
 

carry the increased flow. Mirza et al. (1975) found that
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there is in fact relatively less cleaning and maintenance
 

activity observed on public tubewell augmented watercourses.
 

A third possible reason for SCARP watercourses having
 

higher loss rates than non-SCARP ones is that, with the added
 

clear tubewell water, the silt carrying capacity of the flow
 

is increased and the tendency for the silt in the canal water
 

to deposit in the channel is reduced. The decreased sedimen

tation in the channels could allow higher seepage rates into
 

the wetted perimeter.
 

Bank width did not appear to have any affect on loss
 

rates. Obviously, there must be a point where sufficiently
 

thin banks must lead to breaks and leaks, and this situation
 

has been observed in the field; but such visible leakage is
 

a small enough percentage of the total losses that, for the
 

tested sections, it was not a significant factor. Visible
 

leakage which passes through the macropores and appears on
 

the outside of the watercourse test sections was noted and
 

often measured. About 20 percent of the ponding loss sec

tions had visible leakage. The measured leakage usually
 

amounted to less than 20 percent of the total loss rate at
 

the osl and was very sensitive to depth changes in most
 

sections. Most visible leakage stopped flowing when the
 

water level dropped to near or slightly below the operational
 

supply level, indicating the importance of the macropores at
 

or above osl. Visible leakage did not seem to occur more
 

often in watercourse sections with thinner banks. Visible
 

leakage never amounted to more than 5 percent of the total
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losses on the operationally studied watercourses, and
 

usually was less than 2 percent of the total.
 

A possible reason that channels with thicker banks do
 

not have lower loss rates is that they have more soil mass
 

auid consequently might provide a more inviting habitat to
 

burrowing insects and rodents than thin watercourse banks.
 

It was not verified whether or not thicker banks actually
 

have more macropores. Banks which are thick enough to
 

securely support the conveyed water appear to have no fur

ther significant effect upon water loss rates.
 

The side slope factor, Z, displayed no consistent
 

influence on loss rate. It is reasonable to expect that
 

steeper bank slopes (lower Z values) would allow less silt
 

deposition on the sides and lead to higher loss rates. This
 

expectation was not supported by the data analysis. Shorter
 

wetted perimeters, especially on the bank sides, which
 

would be expected from channels with larger Z values might
 

counter the silt deposition effect. From the parameters
 

measured and the data analyzed, no relationship can be
 

established between the cross-sectional shapes of channels
 

and loss rates.
 

The elevation difference between the channel water
 

surface level and the surface of the surrounding fields
 

(AE) had a direct affect on loss rates in four out of five
 

of the significant ponding study data sets analyzed. The
 

measurements designed specifically to test AE effects indi

cated a direct relationship, with QLO increasing about
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25 percent with a 10 cm increase in AE. Physically, this
 

relationship could be caused by the increasing hydraulic
 

gradient pushing water out through macropores as AE increases.
 

It is also possible that burrowing insects and rodents would
 

be more attracted to the larger soil mass higher above the
 

fields formed by banks of higher watercourse channels, which
 

could in turn result in more macropores in the higher water

course banks.
 

Factors which Influence Loss Rates through Water Level
 

Fluctuations
 

The previous discussion treats the loss rates which
 

occur in channels flowing at their usual operating level.
 

The ponding data shows that loss rates are very sensitive to
 

depth fluctuations, and that the relationship between depth
 

fluctuations and loss rates is best described by an exponen

tial function (Eq. 11).
 

The ponding data analysis indicated some of the factors
 

which affect the sensitivity of this relationship, or the
 

exponential coefficient, b, in Eq. 11. Many of the relation

ships are difficult to explain physically, especially because
 

of the intercorrelation between the b -value and operational
 

supply level loss rate, QLO (Eq. 13). The measured lower b
 

values in recently rebuilt (I) watercourses would be ex

pected because the new banks have fewer macropores, especi

ally in the upper regions, which are believed to greatly
 

influence loss rates at deeper flow depths. The finding that
 

usage time directly affects b values could be the result of
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the previouslyjnentioned more abrupt change in bank porosity
 

at full supply level resulting from a stabler fsl and less
 

burrowing and thus fewer macropores below the water surface
 

level of the often full channel.
 

The analysis given in Table 8 relating loss rates to
 

inflow rate fluctuations predicts that loss rate will in

crease by 1.5 to 4.0 percent for each 1 percent increase in
 

flow rate from its mean value. For the same average flow
 

-
rates and a b value of 0.15 cm , Eq. 22 predicts loss rate
 

increases of 2 to 5 percent per 1 percent increase in flow
 

rates. The rate of increase predicted by the model averaged
 

35 percent higher than that predicted by the regression
 

equations derived from the data, indicating that the model
 

might overestimate the effects of flow rate fluctuations and
 

perhaps flow depth changes.
 

The measured change in loss rate with depth is the
 

secondary result of two other factors which are changing
 

with flow depth. The first is the changing length of the
 

wetted perimeter through which seepage is taking place, and
 

the second is the changing average rate of seepage into the
 

wetted perimeter. Since the change in loss rate is occur

ring much more rapidly than both the change in wetted perim

eter length and an expected change in seepage rate resulting
 

from the change in pressure head, it must be assumed that
 

water seeps into watercourse bank soils at a much higher
 

rate than into the bed soils.
 

The loss rate is made up of the sum of the seepage
 

rates, s, into each section of the wetted perimeter. If both
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seepage rate and wetted perimeter length are taken relative
 

to depth, and the effects of the varying pressure are
 

ignored, then:
 

QL= s(dn) x (WP(dn) - WP(dnl)) + s(dn-1 ) x (WP(dn-1 ) 

- WP(dn	 2)) + ... + s(d1 ) x (WP(dI) - WP(d 0 )) (23) 

where:
 

s(dn) = 	 the seepage rate into the banks at height dn 

above the channel bottom per unit of channel 

length, and 

(WP(dn) - WP(dn-l)) = the length of wetted perimeter
 

from depth d to depth d
 
n n-i "
 

As this incremental equation is taken to its limit, it
 

reduces to:
 

d 

Q n s(d) -- dd. (24) 

0 

If the derivative with respect to depth is taken of both
 

sides, the seepage rate at any depth, s(d), can be
 

determined by:
 

dQL
 

(25)
s (d) = dWP 
dd
 

The numerator of this equation can be calculated from
 

the slope of the line of the loss rate vs. depth relation

ship shown in Figure 10 at any depth, or from the derivative
 

of Eq. 11. The denominator can also be determined
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graphically by measuring the slope of a line depicting the
 

relationship between the length of wetted perimeter and
 

depth, at any depth, or, if the relationship can be mathe

matically modeled, by the derivative of the equation.
 

Figure 20 depicts the seepage rate as a function of
 

depth determined graphically from the data for a sample
 

watercourse section. Figure 21 shows the seepage rate as a
 

function of depth calculated mathematically for a hypotheti

cal watercourse whose cross section is shown in Figure 3 and
 

whose loss rate is represented by Eq. 11 with QLO = 2.0 lps/
 

100 m and b = 0.15 cm-1 . Both figures indicate that the
 

seepage rate into the higher banks is much greater than that
 

into the bed and lower banks. Although the influence of the
 

variation in pressure head on seepage rate has not been con

sidered, for the ranges of pressure heads which apply, the
 

effect on seepage rate should not normally be greater than
 

10 to 30 percent. Adjustment for this factor would have the
 

effect of adjusting the seepage rate scale somewhat, but
 

would not change the overall conclusion.
 

There are several possible reasons why the seepage
 

rate into the highly permeable banks might be as much as
 

100 times greater than into the bed. The slope of the bank
 

sides inhibit sediment deposition which can seal the bed.
 

Often the finer sediments from stagnent dead storage water
 

are deposited on the bed. Also, silt which does deposit on
 

the bed is often left to build up over time, while that on
 

the bank is periodically shaved away with grasses and
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'igure 20. Seepage rate into watercourse bank soils at
 
various heights up the banks from the channel
 
bottom (determined graphically from ponding
 
loss data for a sample section).
 



133 

140

0 5 8 WP = 0.2+2.22d °
120 	 (r2 =.9995) 

d(WP)_. 1.29 d(-0.42) 

100-	 dd 

QL [m3/sec] 0.002 e15(d-035) 

E
u8 	 dQL

80-	 - = 0.00016 e15 d 
o ~dd [ c t:v. 
o s(d) [m/se lOm = 0.0012(e5d)(do.42 

40
 

20

0	 FSL 

0 	 .10 .20 .30 .40 .50 
Height from Channel Bottom (m) 

Figure 21. 	 Seepage rate into watercourse bank soils at
 
various heights up the banks from the channel
 
bottom calculated front Equation 25 for the
 
hypothetical 	channel shown in Figure 3.
 

http:0.0012(e5d)(do.42


134
 

vegetation during cleaning and maintenance activities. The
 

bed often has dead storage water standing in it for a high
 

percentage of time which will facilitate microbial activity
 

which can tend to seal pores and lower seepage rates.
 

But these reasons do not explain why seepage rates into
 

the upper banks are 10 to 100 times higher than infiltration
 

rates into the surrounding fields. A phenomenon in addition
 

to seepage resulting from normal soil permeability must be
 

taking place.
 

One such phenomenon observed in nearly every watercourse
 

bank and described more fully in Chapter 2 are the macro

pores resulting from the activity of burrowing insects and
 

rodents. The burrows are usually found in the upper por

tions of the bank, often near and above the normal full
 

supply level.
 

The extensive system of macropores could explain the
 

high seepage rates into watercourse banks, and the extreme
 

sensitivity of this seepage rate with height along the banks.
 

It could also explain the extreme variability in measured
 

ponding loss rates and the low percentage of the variability
 

which can be explained by the measured parameters. Even
 

when most parameters were held constant, the measured rates
 

were still extremely variable. Table 15 lists the measured
 

loss rates at osl (QLO) for various sets of ponding measure

ments where either the same section was measured several
 

times over time or adjoining sections were measured at one
 

point in time. In most cases, the standard deviation of the
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Table 15. 	 Comparison of measured loss rates in test sections
 
where most conditions are constant.
 

A. Measurements in the Same Section over Time
 

Loss Rates (QLO) (lps/hm) 
Time from first Individual Standard
 

Section measurement measurements Mean Deviation
 

1 0,3,15 days 4.19 3.62 5.15 4.32 0.77
 
2 0,3,16 months 1.35 3.27 1.45 2.02 1.08
 
3 0,0,10,25 months 5.75 3.71 1.86 3.45 3.70 1.60
 
3(a) 0,0,10,25 months 8.35 6.31 2.78 1.79 4.81 3.06
 

B. Measurements in Adjoining Sections
 

Measured Loss Rates (QLO) (lps/hm) Standard 

Set Sec 1 Sec 2 Sec 3 Sec 4 Mean Deviation 

1 12.44 5.75 8.35 8.85 3.37 

2 2.34 4.19 2.83 3.12 0.96 

3 12.90 5.57 7.43 8.63 3.81 

4 1.14 1.17 1.14 0.98 1.11 0.08 

5 0.56 1.02 1.30 0.96 0.38 

6 5.57 4.83 3.43 2.32 4.04 1.45 

7 1.79 1.80 1.12 3.04 1.94 0.80 

8 3.25 1.86 4.55 3.22 1.35 

9 0.46 0.37 0.28 0.37 0.09 

10 3.78 3.85 0.54 2.72 1.89 

11 2.78 3.11 1.44 2.44 0.88 

12 3.00 2.52 1.62 2.3P 0.70 

13 2.42 3.18 1.96 2.52 0.62 

14 5.20 6.87 3.53 5.20 1.67 

15 5.48 6.22 3.43 5.04 1.44 

16 6.40 4.83 2.41 4.55 2.01 

17 0.10 0.09 0.42 0.20 0.18 

18 1.45 0.83 0.49 0.74 0.88 0.41 

19 0.14 0.23 0.30 0.22 0.08 

20 0.49 0.68 0.71 0.62 0.12 
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sets of three or four measurements is one-third to one-half
 

of the mean. This variation, like the high seepage rates,
 

cannot be explained by normal variations in permeability,
 

but could be explained by point sources of seepage through
 

macropores.
 

Watercourse Water Loss Model
 

The watercourse model will not be a predictive model
 

in the usual sense, in that it cannot predict the water
 

losses from a watercourse system purely from a set of param

eter values. The reason such a model was not constructed is
 

that the system is too complex and the number of parameters
 

too great to make such a procedure practical. The amoun

of time and energy involved in measuring the required param

eters would far exceed that needed to measure losses directly.
 

The analyses, however, were able to indicate significant
 

functional relationships between loss rates and several
 

parameters. The model will thus be constructed, based on
 

these findings, to indicate relative changes in losses with
 

changes in these parameters. The base loss rate value can
 

be measured for a given channel or estimated.
 

The usefulness of such a model is in determining means
 

to improve the conveyance efficiencies of existing systems,
 

or in indicating to the watercourse designer alternatives
 

which will lead to reduced losses. Thus the model will be
 

capable of dealing with the types of questions most commonly
 

encountered in existing irrigation systems.
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The watercourse loss model will be constructed in terms
 

of the percent conveyance losses, or volume of water lost
 

from the watercourse system in the process of delivering it
 

to the fields, divided by the volume which enters the water

course at the head, times 100.
 

VL VM - VF 
L(%) = - x 100

VM VM 
(100) (26) 

where: 

L = conveyance losses (%),
 

VL = water volume lost from the watercourse system (m3),
 

VM = inflow volume at the watercourse head (m3), and
 

VF = volume of water delivered to the field (m3).
 

The conveyance losses are equal to one hundred minus the
 

delivery efficiency (E) in percent.
 

The total losses are the sum of the steady state (VLSS)
 

and transient (VLT) losses.
 

VL = VLSs + VLT (27)
 

Transient losses were shown in Chapter 5 to be a function
 

of the normal inflow rate (QM) and the length of channel
 

wetted (LW ) and drained (LD), and can be estimated by the
 

equation:
 

VLT = 0.0047 QML - (.05 + .0005 QM)LD (28)
 

Steady state losses are equal to the change in the steady
 

state flow rates between the head (QM) and field (QF) times
 

the time (t).
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VLSS = (QM - QF)t (29)
 

Since loss rates in the farmers' branches tend to be
 

significantly higher than the loss rates in the sarkari khal,
 

the steady state losses will be divided into that portion
 

which occurs in the sarkari khal and that which occurs in
 

the farmers' branches.
 

VLSS = [(QM - QI) + (QI - QF)]t, (30) 

where:
 

QI = the intermediate steady state flow rate at the
 

outlet from the sarkari khal to the farmers'
 

branch (lps).
 

Intermediate and field flow rates can be determined by
 

the integration of the loss rate (QL in lps/hm) in the up

stream channel over the distance (D).
 

D
 

Q = QM - D QLdD (31) 

0 

Equation 14 describes a power curve relationship between
 

steady state loss rate and normal flow rate.
 

= =QL dD= dQ = KQP (14) 

The Q and D terms of Eq. 14 can be separated and integrated
 

from QM to Q and along the channel from 0 to distance D,
 

to give VLSs in terms of D and Q.
 

Q D 

f Q-PdQ = f-KdD (32) 

QM 0 
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1 

QM- Q = QM- [QM1P - K(l-P)D] 	 (33) 

Q.i 

Since K = Li , where QLi is the initial loss rate at the 
QMpL
 

section head (lps/hm), 	 1
 

M
QM- Q 	 =M QM- [QM(1-P) _ QMQLiP (l-P)DI (34) 

Combining Eqs. 27, 28, 30, and 34 gives:
 

L(%)=M[)oSK]([QM 1-P) _ (%LSK) (-P)D 1K] +Q 

- [QI(1P) - (Q ) (1-PDFB] 

1]00 
+ 0.0047 QMLW - (.05 + 0.0005 QM)L x 1 0
 

where: 
 (35)
 

QLSK = loss rate in the initial section of the sarkari
 

khal (lps/hm), 

QLFB = 	loss rate in the initial section of the farmer's
 

branch 	 (lps/hm) , 

Q, = 	 initial flow rate in the farmer's branch (lps) 

determined by the second term of Eq. 34 with 

D = DSK 	, 

DSK = sarkari khal length (hectometers), and
 

DFB = farmer's branch length (hectometers).
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Since the second part of the first term of Eq. 35 (in
 

brackets) is equal to QI, Eq. 35 can be simplified to:
 

QLP [ P)D 	 QM
 

+ 	 (0.0047 LW 0.005 LD)] 100, 
QM / (36) 

where:
 

I= M QM SKI
 

Factors which affect the loss rate value can be applied
 

directly to QLSK and QLFB before they are inserted into
 

Eq. 36. Loss rates are an inverse function of usage time
 

(T). The data indicate that QL changes about 2 percent for
 

each unit change in T. Since most farmers' branches are
 

normally utilized less than 10 percent of the time, no time
 

adjustment will usually be made in farmer's branch loss rates.
 

Changes in sarkari khal loss rates will be treated as fluctu

ations due to changes in T.
 

QLSK-T = QLSK - .02 QLSK (T-T0 ), 	 (37) 

where:
 

QLSK-T = QLSK adjusted for time fluctuations,
 

T0 = an initial usage time in the channel section
 

(%), and 

T = the new usage time (%). 
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For example, if a sarkari khal section which is normally
 

used 20 percent of the time (T0 ) and has an initial loss rate
 

of 1.0 lps (QLSK), will be utilized 40 percent of the time
 

in the future, the loss rate would be predicted to decrease
 

to 0.6 lps/hm. The limits to this linear relationship are
 

obvious.
 

A similar linear adjustment can be made for changes in
 

AE. The special ponding loss studies of QL vs. AE indicated
 

that a change in AE of 1 cm leads to a 2.5 percent change
 

in Q L The adjustment can be calculated by:
 

Q = + .025 QL(AE-AEo) , (38) 

where:
 

QL-AE = QL adjusted for AE fluctuations, and 

(AE-AEO) = a change from the initial average elevation 

difference (cm). 

Parameters which affect the water surface level in a 

channel (d) will affect the loss rate according to Eq. 11.
 

QL = QLOebAd (11)
 

Two types of factors influence the flow depth. The first
 

type, discussed in Chapter 6, affect the normal flow depth
 

(i.e., AQ and n). Equation 22 relates these factors to
 

changes in the loss rate. The effect of changes in flow
 

rate (AQ) or roughness coefficient (n) on loss rates (QL)
 

will be calculated by:
 

QL-AQxn = QLexp i.2b[(QnL\ rS!-))5 - (Qon(5]) (9\--S 
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where:
 

QL-AQxn 	is the loss rate adjusted for changes in flow
 

rate and roughness coefficient,
 

Q and n0 are original values of flow rate (m3/sec)
 

and roughness coefficient, 

Q and n are the new values of flow rate (m3/sec) and 

roughness coefficient, and 

b is the exponent of Eq. 11 (m-). 

This equation assumes an a and c value in Eq. 22 of 1.2 and
 

0.5 respectively.
 

The second type of factor which affects flow depths
 

creates a head loss (Ah) in the channel. Obstructions in
 

the water channel, such as partially opened checks, water
 

measurement flumes, or trash; or relatively high or low
 

fields will cause gradually varied flow conditions. The
 

effect on the full supply level can be calculated with back

water curves such as was done for flume installations in
 

Chapter 4. Since backwater curve calculations are iterative
 

and depend on several hydraulic parameters, it is not pos

sible to form a general mathematical relationship between
 

the induced head loss (Ah) and loss rates. A relationship
 

for one "average" case is represented by the flume adjust

ment factor, Eq. 9. For more general conditions, it is
 

easier to select the correct adjustment factor from a table,
 

such as Table 2.
 

Once the loss rate (QL) is adjusted for projected
 

changes in usage time, relative elevation, inflow rate,
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roughness coefficient, and/or in-channel head losses, the
 

adjusted value can be inserted into Eq. 36 and projected
 

percent losses (L) can be calculated.
 



Chapter 8
 

APPLICATIONS FOR WATERCOURSE DESIGN
 

Many design alternatives are available to the engineer
 

designing a watercourse. Often the most important valuation
 

in choosing between the alternatives is their resulting
 

water conveyance losses. The model developed in the last
 

chapter will be applied to some of the more common practical
 

watercourse design choices to indicate which will result in
 

reduced losses, or to predict the water savings in changing
 

from the commonly encountered practice.
 

The watercourse model calculations were made on a
 

Hewlett-Packard 9825A desk-top computer. The program is
 

listed in the Appendix. Unless otherwise noted, values used
 

in the model were:
 

Initial (spatially) sarkari khal loss rate,
 
QLSK = 1.0 lps/hm;
 

Initial farmer's branch loss rate, QLFB = 2.0 lps/hm;
 

Sarkari khal length, DSK = 12 hm (1200 m);
 

Farmer's branch length, DFB = 3 hm (300 m);
 

Rate of change of loss rate with flow rate, P = 0.8;
 

Exponent of loss rate vs. depth relationship (Eq. 11),
 

b = 15 m- I (0.15 cm-l);
 

Channel slope, S = .0005 m/m;
 

Roughness coefficient, n = .035.
 

These values are in the middle range of the collected data.
 

Since losses (L) are given in percent there is
 

ambiguity in expressing changes in the losses. An absolute
 

change in losses, or a change as a percent of inflow, will
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be written as a change by a certain number of percentage
 

points. A relative change of loss or any other value will
 

be written as a percent change. For example, 10 percent
 

increase in an initial 50 percent loss results in a 55 per

cent loss, while a change by 10 percentage points results in
 

a 60 percent loss.
 

Reorganization of Field Shapes to Decrease the Number of
 

Farmers' Branches
 

As indicated in Chapter 2, fields are usually small and
 

rectangular in shape, requiring about 120 meters of farmer's
 

branch per hectare of land irrigated. If fields were reor

ganized into long narrow borders, the field sizes could be
 

maintained so that stream sizes or crop rotations on small
 

holdings need not be changed, while the number of branches
 

to irrigate them could be reduced. Present fields are nor

mally about 60 m in length. If this were doubled or tripled,
 

while reducing the width by the same proportion, the total
 

length of branches could be reduced to 60 i/ha, or about 50
 

percent of the original length. An example of such a field
 

reorganization is shown in Figures 22 and 23.
 

Conveyance losses would be reduced in three ways.
 

First, the usage of the remaining branches could be doubled
 

(from 2 percent to 4 percent on the average), which could
 

reduce steady state farmers' branch loss rates (QLFB),
 

according to the findings (Eq. 37), by 4 percent, and total
 

losses, according to the model (Eq. 36), by 1/2 percentage
 

point. Second, the length of channel wetced and drained
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Figure 22. 	 An example of present field and farmer's branch
 
channel layout on a 10 hectare "square" of land
 
showing 1300 m or 130 m/ha of channels.
 

i0 

Figure 23. 	 An example of field and farmer's branch channel
 
layout after reorganization of fields into long
 
narrow basins showing 640 m or 64 in/ha of
 
channels.
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per week would be reduced, although not by 50 perce.t. since
 

a higher percentage of the reduced number of branches will
 

be used, but perhaps by 30 percent. The resulting 30 percent
 

reduction in transient losses would lead to a reduction in
 

total losses by about 2 percentage points. Third, the aver

age length of farmer's branch used could be reduced by about
 

100 m, which would reduce total steady state losses by about
 

6 percentage points. The total water savings resulting from
 

the field reorganization would be predicted to be 8 1/2 per

cent of the inflow. Saving 8 1/2 percent of the water in
 

the watercourse is equivalent in extra water available for
 

crop production to providing 20 billion cubic meters of
 

extra water at the canal head, or an additional 15 percent
 

of the present total diversion.
 

The land for the additional approximately 160 m/ha of
 

"bunds" (border dikes) required for the long narrow fields
 

would be available from the 60 m/ha of abandoned watercourse
 

channels which are about three times as wide as bunds.
 

The cost of field reorganization will depend on the
 

local topography, land holdings, soil type, and mechaniza

tion. Field reorganization will require some field relevel

ing, which can be costly. This requirement could be used
 

as a catalyst to promote precision land leveling of the
 

often irregular surfaces of the fields. Efficient reorgani

zation will require some land consolidation which will be
 

time consuming and require strong legal support. Cultivating
 

borders is more efficient with tractors, but more difficult
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with the single point bullock-pulled plow with which cross
 

cultivation is important. Irrigation application uniformi

ties will decrease on the longer fields from slightly on
 

low intake rate soils to appreciably on sandy soils. The
 

decreased application efficiencies will sometimes be greater
 

than the increased conveyance efficiencies and must be
 

considered in any overall efficiency calculations.
 

Subdivision of Watercourse Command Areas and Flows to
 
Decrease Conveyance Distances and/or Increase Channel Usage
 
Times
 

On most watercourse systems, sarkari khal channels are
 

efficiently laid out so that significantly reducing the
 

length of channel used or distance to the field is not usu

ally possible, unless more canals are constructed and water

courses are subdivided lengthwise. Since the constantly
 

flowing canals should have lower loss rates than water

courses, such a layout change should result in reduced
 

losses, although the construction work would be costly,
 

would disrupt established transportation and land holding
 

patterns, and would take some land out of cultivation. De

creasing average sarkari khal distance from the mogha to the
 

field by half would, as shown in Figure 24, reduce water

course losses about 10 to 20 percentage points, depending
 

on the loss rate. Perhaps more important, the tail farmers
 

would be receiving about 30 percent more water from the
 

shorter sarkari khals.
 

If distances cannot be shortened, warabundi turns,
 

which proportion water based on magha flow rather than field
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delivery, could at least be readjusted so that tail farmers,
 

who generally receive less than 50 percent as much flow as
 

those whose land lies near the head, get a more proportion

ate supply of water. Any such reapportionment would, how

ever, increase overall losses since time weighted average
 

conveyance lengths would be increased. Equally redistribu

ting field deliveries will increase the time weighted aver

age conveyance distances by 100 to 500 m and total
 

conveyance losses by 2 to 10 percentage points.
 

Figure 24 indicates the advantage in water savings of
 

installing small tubewells spaced around the watercourse
 

command area near the fields rather than constructing one
 

large tubewell near the watercourse head. Two properly
 

placed tubewells instead of one well at the head of a water

course could reduce conveyance distance to most fields by
 

50 percent and result in 25 percent more of their water
 

reaching the fields. Even though two 20 lps tubewells are
 

more costly to construct than one 40 lps tubewell, the value
 

of the pumped water is actually 25 percent higher, which
 

will at least partially offset the added costs. The common
 

practice in the Indian portions of the Basin is to drill
 

and line several small (10-15 lps) tubewells near the irri

gated fields and utilize a portable pump and power supply.
 

This technique can reduce both costs and water losses.
 

An additional benefit of scattered small tubewells is
 

that the pumped water need not be mixed with canal water,
 

but can be utilized when the canal water is flowing in
 



151
 

other portions of the watercourse. The implications of this
 

alternative on losses will be discussed later. 
The alterna

tive is of course a good one only if groundwater quality is
 

sufficiently good that dilution is not necessary.
 

When watercourse command areas are divided, the channel
 

inflows will be reduced and usage times of the channels
 

increased, since fewer channels remain and total time for
 

irrigation remains constant 
(168 hrs/wk). If a watercourse
 

system is split in two pieces, and flow rates to each are
 

cut by 50 percent, say from 50 lps to 25 lps, sarkari khal
 

loss rates would decrease from the initial value, say from
 

1.5 lps/hm to 0.86 lps/hm (less than a 50 percent decrease),
 

as a result of the decrease in flow rates; and further to
 

0.52 lps/hm as a result of doubling sarkari khal average
 

usage from 20 percent to 40 percent of the time. The split
 

would result in sarkari khal losses being reduced by 8.5
 

percentage points, and total steady state losses by about
 

7 percentage points without changing conveyance distances
 

at all. Transient losses should be about the same since
 

about the same total length of channel will be used in irri

gating half as many fields on each section of the watercourse.
 

This implies that even subdividing a watercourse
 

command area widthwise without reducing conveyance distances
 

should reduce total losses. This could be accomplished by
 

installing more moghas along a canal, or by dividing a
 

watercourse flow b6Lween its major branches.
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Reducing inflow rates will reduce application
 

uniformities, since advance times on the level basins will
 

be increased, unless field sizes are reduced. The resulting
 

increase in application losses could be appreciable in soils
 

with high intake rates, but for the most common silt and
 

silty clay loam alluvial soils, irrigated in the Indus
 

Basin, the intake rate is sufficiently low that the extra
 

application losses would be low. The increase in application
 

losses will also be lower for higher flow rates.
 

The reduced flow rates and resulting increased
 

irrigation turn time per farmer would cause increased labor
 

requirements for the farmers. Splitting a watercourse flow
 

into two channels could nearly double the labor requirements
 

since two different farmers' fields would be irrigated all
 

the time. If the original flow was large (larger than
 

50 lps), as is the case in most SCARP (pub.ic tubewell aug

mented) watercourses, the reduced flows will be much easier
 

for the farmer to control with his shovel and earthen dams,
 

which will lead to less actual physical labor per irrigation
 

turn, and will sometimes reduce the number of laborers re

quired per turn from two to one man. The easier to handle
 

flows will also leave the irrigator more free time to moni

tor his irrigation more closely, or to work among his neigh

boring fields during his turn if he chooses. The reduction
 

from large flows should also lead to fewer large, short

term bund breaks and bank breaches.
 



153
 

If watercourse flows are greater than 40 ips in low
 

intake rate soils, or 50 lps in sandy soils, significant
 

overall water savings should be realizable by subdividing
 

watercourse areas and flows, or spitting flows down two
 

major branches of an existing watercourse. The value of the
 

saved water (at $100/ha-m) would usually be greater than the
 

cost of the extra labor requirement (at $0.15/hr).
 

Reduction of Transient Losses by Reducing the Length of
 

Wetted Channels
 

Transient losses for total watercourses were
 

consistently about 7 percent of the inflow. However, for
 

an individual farmer they can vary greatly depending on the
 

length of channel he fills or drains in the process of irri

gating his fields. Figure 25 shows the sensitivity of total
 

losses to these factors.
 

If a farmer can organize his fields and manage his
 

irrigations such that he irrigates only neighboring or nearby
 

fields during one turn, he can save a significant amount of
 

his water. For example, assume a farmer whose fields lie
 

on three branches, each extending about 200 m from the
 

sarkari khal, has a turn time of 8 hours. If he irrigates
 

fields lying only on one branch each turn, Figure 25 pre

dicts his losses will be 43 percent. If he splits his time
 

between fields on two branches, his losses will increase to
 

46 percent, and if he irrigates from all three branches his
 

losses would be 49 percent. While irrigating a single
 

field on a branch for only an hour, nearly 20 percent of the
 

167
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hour's water would be lost to filling 200 m of previously
 

empty channels.
 

Reshaping fields into long narrow borders would assist
 

the farmer in reducing branch channel usage since more land
 

is accessible from each branch. Field reorganization and,
 

in some cases, additional outlets from the sarkari khal,
 

could reduce the length of branch channels to some fields
 

and would reduce losses if leak-free outlets are available.
 

Land consolidation also would allow farmers longer turn
 

times on compact blocks of land and would result in reduced
 

transient losses.
 

The warabundi turn rotation system has been designed to
 

minimize the amount of channel filled and drained and thus
 

minimize the transient losses. Deviations from the wara

bundi increase transient losses. A demand system where
 

water is moved randomly around the watercourse system could
 

result in 10 to 40 percent of the inflow being lost to
 

transient conditions alone, unless the channels were lined.
 

Some flexibility in farmer turn times, however, should
 

decrease application losses and could lead to increased
 

yields through watering fields more when required instead of
 

strictly when the water turn comes. This could be accom

plished without additional transient losses by allowing
 

flexibility in turn times without changing turn orders, or
 

with minimal transient loss increases if farmers whose land
 

lies on the same branches or on the same sarkari khal out

let were allowed to trade irrigation turns. Such informal
 

arrangements are common among farmers on some watercourses.
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Elevation of the Watercourse with Respect to the Surrounding
 
Land
 

A watercourse designer is faced with the choice of how
 

high to construct a watercourse relative to the surrounding
 

fields. In an area with adequate slope, the elevation
 

question is not critical since the head is available in a
 

short distance to convey water onto the fields. But in low
 

gradient open conveyance systems where slopes of 0.2 to
 

0.8 m/km are common, such as are found in the Indus Basin,
 

adequate head must be designed into the system. This can be
 

done in a gravity system either by elevating the entire
 

watercourse sufficiently to irrigate the highest fields, or
 

by building the watercourse lower into the ground and check

ing the water up to irrigate the higher fields.
 

The findings indicate both techniques will influence
 

loss rates. The model predicts a 2.5 percent increase in
 

loss rates per cm increase in the normal full supply level
 

elevation (AE). Table 2 indicates the induced loss rate
 

resulting from temporarily checking up water above the nor

mal fsl. Figure 26 graphically depicts both relationships.
 

It is evident from the figure that checking up water results
 

in higher losses than building higher watercourses, especi

ally on low gradient channels. Because of the sensitivity
 

of the backwater curve calculation to channel slope, the
 

losses resulting from checking up the water level is also
 

sensitive to slope, as indicated in Figure 26. But if only
 

a few fields are significantly higher than the rest, total
 

water can be saved with lower channels.
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For example, if 10 percent of the land area on a
 

watercourse is about 10 cm higher than the rest of the com

manded area, should the designer construct the watercourse
 

high enough to serve the high fields, or only at an eleva

tion to serve the lower 90 percent and design for extra bank
 

to check up the water to irrigate the high fields. For the
 

conditions given in Figure 26, the graph indicates that all
 

farmers would suffer 6 percent additional losses as a result
 

of elevating the watercourse, while the 10 percent with high
 

fields would lose 21 percent additionalwater by checking up
 

the water in a lower watercourse if the channel slope were
 

flat (S = 0.2 m/km) or 7 percent additional water if the
 

channel were steeper (S = 0.8 m/km). In both cases the
 

total watercourse losses would be less with the lower
 

watercourse.
 

In general, the elevation decision will depend on the
 

channel gradient and the number of farmers with higher
 

fields. With these factors known, alternatives can be
 

tested with Table 2 and the model, or from Figure 26 to
 

determine what elevation results in the lowest total steady
 

state losses. One additional factor which must be con

sidered is that in checking up water in a channel, a farmer
 

could be sacrificing a significant portion of his water
 

share to channel storage which the next farmer with a lower
 

field will regain. Alterations in the warabundi schedule
 

might be required to facilitate equitable distribution of
 

the water.
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The transient loss, dead storage, will also be affected
 

by channel elevation since lower watercourses will have more
 

dead storage, especially if slopes are small. Geometrical
 

analyses of dead storage indicates that a moderately sized
 

and sloped watercourse will lose 5 to 8 m3 of dead storage
 

water in each long drained channel for each cm that the
 

channel is lowered. At this rate, if three sarkari khal
 

branches were lowered 10 cm, less than 1 percent of the in

flow would be lost to additional dead storage. Because of
 

dead storage loss, it would be preferable, especially on
 

low gradient watercourses, to build the farmers' branches,
 

which have hundreds of tails, high enough to serve the com

manded fields, and check up water only in the sarkari khal
 

sections, unless a branch tail farmer has a low field into
 

which he can drain the dead storage water.
 

Effect of Inflow Rate Fluctuations
 

Inflow rate fluctuations affect flow depths (Figure 16)
 

and loss rates (Figure 17). The watercourse model can be
 

used to convert these loss rates to total losses, as shown
 

in Figure 27. Losses do not increase as loss rates shown in
 

Figure 17 since increased loss rates cause flow rates to
 

decrease more quickly along the channel, which in turn lead
 

to decreasing loss rates with distance. Figure 27 shows
 

that at lower flow rates, percent losses increase as flow
 

rates decrease, since the loss rates decrease less quickly
 

than flow rates in this range. At higher flow rates, the
 

loss rates increase more quickly than the linearly increas

ing flow rates, and losses increase. The increase is less
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pronounced at high initial loss rates since the flows in the
 

channel decrease more rapidly and the remaining flow in the
 

channel at a given distance is not as much greater than the
 

flow which would remain if the usual inflow rate were
 

occurring.
 

Figure 28 more explicitly depicts the efficiency of the
 

extra water added to a given channel. For example, the fig

ure indicates that if 20 lps of flow is added to a water

course which normally flows 40 lps and has a loss rate in
 

the initial sarkari khal section of 1.0 lps/hm, only 39 per

cent or about 8 lps of the additional 20 lps will reach the
 

field. Except when loss rates are low, only 30 to 50 per

cent of the extra added water reaches a field lying 1500 m
 

from the mogha.
 

These figures predict that adding 40 lps of tubewell
 

water to a watercourse which normally carries 40 lps or
 

canal water will only result in an additional 12 to 14 lps
 

reaching the field, or 30 to 35 percent of the tubewell
 

water. They also estimate that increasing canal flows by
 

30 percent during periods of peak requirements will result
 

in only about 20 percent more water at the field. Con

versely, if canal water supplies are in short supply, in

stead of rotating the supplies at near the normal flow
 

levels, which is presently required by the regime type
 

design of the canals, if flows to all watercourses were
 

reduced, more of the available water would reach the fields.
 

For example, in a 40 lps watercourse which normally loses
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about 1.0 lps/hm in the initial section, decreasing the
 

flow 30 percent to 28 lps would decrease field deliveries by
 

only 6 lps.
 

Increases in inflow rates will generally result in only
 

a small portion of the additional water reaching the fields
 

unless the channels are redesigned to carry the increased
 

flows. Downward fluctuations can lead to improved overall
 

delivery efficiencies during water short periods.
 

Flow rates into farmers' branches will be increased by
 

any program which decreases the losses in the sarkari khal
 

channels, such as earthen renovation or channel lining.
 

Figure 29 illustrates the effect of decreasing sarkari khal
 

loss rates ;in the initial section) from an original
 

2.0 lps/hm on total losses when different lengths of far

mers' branches are utilized. The bottom line (D = 0) 

shows that although the losses in the sarkari khal decrease 

rapidly as loss rates decrease, the total losses, especially 

when the farmer branch channels are longer, decrease much 

less; demonstrating the rapidly increasing losses in the 

farmers' branches. The vertical distance between the bottom 

curve and the desired DFB curve at the reduced QLSK rate 

represents the losses in the farmers' branch. At a QLSK
 

decrease of 50 percent, from 2.0 to 1.0 lps/hm, total losses
 

to a field lying 300 m from the sarkari khal decrease only
 

10 percentage points, although losses to the branch entrance
 

decreased 20 percentage points. Nearly 50 percent of the
 

total losses will occur in the 300 m branch.
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Figure 29. 	 Percent conveyance losses (L) vs. initial sarkari khal loss rate (QLSK)
 
for different farmer's branch lengths (DFB).
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If a sarkari khal improvement program does not include
 

either enlargement of the farmers' branches or splitting the
 

flow into two branches, much of the benefits of the program
 

will not be realized at the field.
 

Cleaning Watercourse Channels to Reduce Roughness
 

Coefficients
 

Changing vegetation and roughness coefficient in a
 

channel also affects the flow depth and loss rate (Figures
 

16 and 17). Table 1 shows that Manning's roughness coef

ficient (n) commonly varies between 0.03 and 0.05 and
 

occasionally is as high as 0.10 in watercourses with various
 

amounts, types, and lengths of vegetation. Figure 30 shows
 

the affect of such channel roughness changes on conveyance
 

losses. An increase in roughness from 0.03 (a clean channel)
 

to 0.05 (moderate to heavy grasses and vegetation), will
 

result in an increase in losses of 10 to 20 percentage
 

points or a decrease in field deliveries of 30 to 40 percent.
 

How often a channel is cleaned will thus also affect
 

the losses. Figure 31 depicts the losses on a watercourse
 

where the roughness coefficient varies from 0.03 after
 

cleaning to 0.06 six months after cleaning, in an S-shaped
 

curve. Three cleaning schedules are depicted: every six
 

months, three months, and one month. The average losses
 

for each schedule are 57 percent, 49 percent, and 41 percent
 

respectively, compared to 38 percent in a permanently clean
 

channel. Thirty-seven percent more water is predicted to
 

reach the field under monthly cleaning as compared to semi

annual cleaning.
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Figure 32, derived from Figure 31, shows the annual
 

excess losses vs. number of cleanings. In Pakistan, the
 

labor required to manually clean channels costs about $0.15
 

per hour and can clean about 15 m of channel per hour. The
 

cost of cleaning 4000 m of sarkari khal channels of a water

course would be about $40. Cleaning should be economically
 

advantageous whenever the value of water saved is more than
 

The value of water in the Indus Basin varies widely
$40. 


seasonally, but tends to average about $100 per hectare

meter. Since an additional cleaning, which costs $40 will,
 

according to Figure 32, save more than 0.4 ha-m/yr (or $40
 

worth) of water until cleanings total at least 12 per year,
 

it would be a good investment for the farmers to clean their
 

channels about monthly.
 

This calculation averages several annually variable
 

factors such as vegetative growth rates, labor costs and
 

scarcity, and the value of water to crop growth; and actual
 

cleaning schedules should be adjusted for these factors.
 

However, the results do indicate that under most conditions,
 

more watercourse cleaning will be repaid in additional water
 

at the field.
 

Since the real cause of the increased losses is the
 

increased flow del .a, a more direct indicator of the need to
 

clean vegetation would be permanent staff gauges installed
 

in the channel which would indicate flow depth increases
 

resulting from vegetative growth. A 5 cm depth increase
 

will result in higher losses by about 10 percentage points
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while a 10 cm depth increase will result in 20 percentage
 

points of additional losses.
 

Decreasing Seepage Rates into Watercourse Wetted Perimeters
 

The most potential for reducing watercourse conveyance
 

losses lies in reducing the loss rates by reducing the seep

age rates into the watercourse banks. Seepage rates into
 

upper watercourse banks were measured to be as much as 100
 

times higher than field intake rates. The primary reason
 

for this high rate was proposed to be leakage into macro

pores--the snake, insect and rodent burrows in the banks.
 

Seepage rates could be reduced either by eliminating
 

the macropores, or by isolating them from the flowing water.
 

Destroying and reconstructing the earthen banks will elimi

nate the macropores and has been shown to reduce loss rates
 

to about 50 percent of the previous value, but it does not
 

eliminate the burrowing insects and rodents. They soon
 

return to the new banks and continue their activity. Only
 

bank reconstruction at regular intervals can maintain a more
 

homogeneous and less permeable bank medium. Although this
 

is a feasible alternative in mechanized societies, and is in
 

fact a recommended policy of some state extension personnel
 

in the U.S., it is a fairly expensive alternative in a labor
 

intensive society.
 

Although many alternatives for discouraging rats and
 

ants from living in watercourse banks have been considered,
 

because of the ideal ecosystem of the channel banks and the
 

lack of other attractive environments, chasing them away
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seems unlikely. A method yet to be fully tested involves
 

compacting the bank soils sufficiently Lard that it is more
 

difficult for the rodents or insects to dig, which may
 

induce them to move to softer soils.
 

The other means to eliminate the burrowing activity
 

would be to kill the rats and insects. Such a program would
 

necessarily involve a widespread and continual concerted
 

effort. The primary inhabitants of the banks are not nor

mally harmful to the agricultural system in other ways (the
 

burrowing bank rat is usually nekosia, or the "blind rat"
 

which eats primarily grass roots, while the grain feeding
 

and storing bandicoot rat lives primarily under fields).
 

Consequently it will be difficult to motivate farmers to
 

maintain such a control program.
 

The other alternative to reduce the macropore induced
 

losses is to build the banks in such a way that rat and
 

insect burrowing does not lead to higher loss rates. One
 

obvious but expensive method is to line the channel wetted
 

perimeter with some type of hard material such as brick
 

masonry or concrete through which the rodents cannot burrow.
 

However, as has been experienced in the field, if the lining
 

cracks or if leaks form, they often interconnect with the
 

extensive burrow system in the bank and can cause loss rates
 

nearly as high as is experienced in unlined sections. Water

course lining methods, costs, and benefits should continue
 

to be studied to determine their feasibility.
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Since the seepage rates are high only into the banks
 

and especially in the upper portion of the banks, partial
 

lining of the channel sides with earthen beds is a cheaper
 

alternative which has shown promise in the field. Even im

permeable bank cores buried near the inside of the upper
 

bank would be expected to isolate most macropores from the
 

flowing water. Core materials such as concrete, soil cement,
 

and plastic are being field tested, but preliminary results
 

are discouraging.
 

Perhaps the lowest cost engineering technique that
 

could reduce the effects of rat and insect activity on loss
 

rates would be to dig a trench in each bank near the inside
 

and firmly compact a soil core in the bank. This shorter
 

term solution would destroy the continuity of present macro

pores into the banks and perhaps discourage further burrow

ing into the compacted soil. Field tests of soil cores have
 

given encouraging but mixed results. The technique, like
 

bank reconstruction, is a temporary solution which must be
 

repeated at intervals to be effective.
 



Chapter 9
 

CONCLUSIONS AND RECOMMENDATIONS
 

Conclusions
 

1. 	 Water losses from the tertiary irrigation conveyance
 

systems (watercourses) in the Indus Basin are large and
 

generally vary from 30 to 50 percent of the inflow.
 

2. 	 A convenient unit for describing water loss from earthen
 

channels is in terms of a flow loss rate with units of
 

volume per unit time per unit length of channel
 

(lps/hm).
 

3. 	 Watercourse loss rates are directly related to flow
 

rates and tend to increase about 80 percent as fast as
 

flow rates.
 

4. 	 Watercourse loss rates are inversely related to the
 

percent usage time (T) of a channel and decrease about
 

two percent for each unit increase in usage time in the
 

range of 10 percent < T < 30 percent.
 

5. 	 Watercourse loss rates are directly related to the
 

elevation of the channel relative to the elevation of
 

the surrounding land surface (AE), and increase about
 

2.5 percent for each centimeter increase in AE.
 

6. 	 Farmer's branch loss rates are about double those in
 

sarkari khal sections, primarily because of less usage
 

time.
 

7. 	 Public tubewell (SCARP) augmented watercourse loss
 

rates are much higher than nonaugmented watercourse loss
 

rates, partially because of the larger flow rates.
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8. 	 Earthen channel loss rates are very sensitive to flow
 

depth changes and factors which affect flow depths such
 

as fluctuations in inflow rates and roughness coef

ficients, and checking up of the water level.
 

9. 	 Leakage rates into upper channel banks are often 100
 

times higher than into the channel beds and as much as
 

100 times higher than infiltration rates into surround

ing field surfaces, and are thought to be the result
 

of leakage into macropores (insect and rodent burrows).
 

10. 	 Macropore induced losses cause large variability in
 

measured loss rates, even in adjoining channel sections,
 

and decrease the ability of models to predict loss
 

rates.
 

Recommendations
 

1. 	 Watercourse areas and flow rates should be subdivided
 

when inflows are greater than 50 lps. The resulting
 

increased channel usage time and/or reduced conveyance
 

distance will lead to reduced losses.
 

2. 	 Small capacity tubewells scattered around a watercourse
 

command area are preferable to one large tubewell near
 

the watercourse head since conveyance distances and
 

thus losses will be reduced, and because the water
 

need not be mixed with the canal flow.
 

3. 	 Small rectangular fields should be reorganized into
 

120 to 180 m long narrow level basins so that many of
 

the farmers' branches can be eliminated and conveyance
 

losses can be reduced.
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4. 	 Farmers should organize their fields and crops such
 

that they can, whenever possible, irrigate adjacent
 

plots during one irrigation turn and thus minimize
 

their transient losses.
 

5. 	 Only deviations from the warabundi irrigation turn
 

rotation system which result in few additional channels
 

being filled and drained, such as trading between near

by farmers, should be allowed.
 

6. 	 Since increased inflows lead to greatly increased
 

losses, inflows to an earthen channel should be main

tained as constant as possible.
 

7. 	 Channels should be redesigned for the increased flows
 

before tubewell water is added to canal water in a
 

watercourse, or large portions of the tubewell water
 

will be lost from the conveyance system.
 

8. 	 Cleaning and maintenance of earthen watercourse
 

channels should be done approximately monthly, depend

ing on the vegetative growth, labor availability, and
 

water requirements.
 

9. 	 If a program is undertaken to reduce the losses in
 

sarkari khal channels, the farmers' branches must be
 

renovated and enlarged or the water split into two
 

branches so that the additional water is not lost from
 

the overfull branches.
 

10. 	 If only a few fields exist higher than the other
 

commanded fields, the watercourse level should be
 

designed to serve the lower fields and extra bank added
 

to allow checking water up to serve the high fields.
 



Chapter 10
 

NEED FOR FURTHER RESEARCH
 

This study of existing earthen watercourses in Pakistan
 

has indicated several problems where further research is
 

needed both to further understand Indus Basin watercourses
 

and to confidently generalize the findings to other areas.
 

rhe logical next stage of the research in Pakistan should
 

involve carrying out experiments specifically designed to
 

test the functional relationships that were indicated in
 

this study, including studies to:
 

1. 	verify the effects of u.age time on loss rates,
 

2. 	verify the relationship between channel elevation
 

and loss rates,
 

3. 	determine the effects of silt deposition on loss
 

rates, and
 

4. 	better determine and describe the effects of rodent
 

and insect burrows (macropores) on water loss
 

rates.
 

Also, the results predicted by the watercourse model
 

should be tested in full-scale field applications. These
 

include:
 

1. 	splitting watercourse command areas to reduce flow
 

rates and conveyance distances and increase channel
 

usage time,
 

2. 	splitting the flow .and warabundi down two major
 

branches of an existing watercourse,
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3. 	building watercourses lower and checking up the
 

water to serve higher fields,
 

4. 	installing several small capacity tubewells spaced
 

around a watercourse command area rather than one
 

large tubewell at the head,
 

5. 	testing several channel cleaning and maintenance
 

schedules,
 

6. 	undertaking rat and/or insect control programs on
 

total watercourses,
 

7. 	testing methods and degrees of bank soil compaction
 

and its effect on insect and rodent burrowing and
 

loss rates,
 

8. 	reorganizing the fields on a watercourse into long
 

narrow borders and eliminating as many farmers'
 

branches as possible,
 

9. 	testing flexible warabundi rotations where trading
 

between neighboring farmers is allowed, and
 

10. 	 further testing bank cores and partial lining
 

techniques to reduce loss rates.
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Table A-i. Regression analyses of survey watercourse data.
 

Watercourse **2 *** 

Code* N Data means Regression equation r F Sig. % 

101-2 7 = 1Q q. = < 70 

= 
QL-A 0.91 QL-A = 0.76 + 0,012D 	 587 6.8 95
 

E = .69 E = 1.03 - 0.021D 939 76.8 99
 

EA = .73 EA = 1.05 - 0.020D .947 89.9 99
 

D =16.4 E = l.lle- '031D 	 913 52.8 99
 

-027D


QM =61.6 EA = 1.12e 	 921 62.6 99
 

QL 	 < 70 

QL--A= 	 < 70 

QL 	 < 70 

< 70QL-A = 

104-1 8 QL = 2.97 QL = 6.03 - .307D 348 3.6 89 

= 
QL-A 2.32 QL-A = 4.23- .192D 261 2.1 80 

E = .49 E = < 70 

E = .60 E = < 70 

D =10.0 E = < 70 

QM =53.6 EA = < 70 

QL =< 70 

70QL-A =< 

< 70QL = 

< 70
QL-A = 

*Code number used in Lowdermilk, et al. (1978)
 
**Coefficient of determination
 

***F statistic
 
****Level of significance in percent
 

Units: QL' QL-A: lps/hm
 
: ipsQM 

D : lOOhm
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Table A-I. Regression analyses of survey watercourse data.(cont'd).
 

Watercourse 2* *** 
Code* N Data means Regression equation r F Sig. % 

104-2 14 QL = 2.60 QL = 4.20 - 0.259D .242 3.8 93
 

QL-A = 1.95 QL-A = 2.34 - 0.121D .189 2.8 88 

E = .56 E = < 70 

EA = .69 = .81 - .019D .265 4.3 94EA 


D =6.2 E = < 70 

QM =21.9 EA = .78e - 026D .218 3.3 91 

QL = -3.28 + 0 .268QMI .208 3.1 90 

QL-A -1.77 + 0.1340 .244 3.9 93 

< 70QL = 

< 70
QL-A = 


104-3 5 QL = 0.84 QL = 4.20 - 0.259D .242 3.8 93 

QL-A = 0.53 QL-A 2.34 - 0.121D .189 2.8 88 

E = .61 E = < 70 

E = .75 E = .81 - .019D .265 4.3 94 

D = 3.5 E = < 70 

- = 8.0 EA = .78e-0 26D .218 3.3 91
 

< 70
QL = 

< 70QL-A = 

< 70 
QL = 

< 70 
QL-A = 

*Code number used in Lowdermilk, et al. (1978)
 
**Coefficient of determination
 

***F statistic
 
****Level of significance in percent
 
Units: QL' QL-A: lps/hm
 

: ips
QM

D : lOOhm
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Table A-i. Regression analyses of survey watercours6 data (cont'd).
 

Watercourse **2 *** 
Code* N Data means Regression equation r F Sig. % 

105-1 7 Q = 5.94 Q = 12.60 - 0.560D .457 4.2 90 

QL-A = 3.53 QL-A = 6.87 - 0.282D .480 4.6 91 

= .64 E = .78 - 0.012D .404 3.4 87 

E = .71 E = .88 - 0.014D .526 5.5 93 

D 11.8 E =.77e 302 2.2 80
-019D
 

- 'O0 9D  
Q 76.7 E = .86e .427 3.7 89
M =A
 

=-10.49 + 0.215QN .443 4.0 90
QL 


QL-A '-4.54 + 0.105QM .443 4.0 90
 

QL = 039QM .733 13.8 99
 

QL-A = 23e+.30QM .659 9.7 97
 

106-1 7 L = 8.07 Q = 20.92 - 1.242D .496 4.9 92 

QL-A = 6.18 QL-A = 13.77 - 0.735D .388 3.2 86 

= .47 E < 70 

E = .58 E < 70 

D =10.3 E < 70 

QM =127.9 EA = < 70 

QL = -3.21 + 0.89QM .432 3.8 89 

QL-A = -2.17 + 0.065Q .526 5.6 93 

QL = .95e+.015QM .654 9.5 97 

QL-A = "79e+'.014QM .711 L2.3 98 

*Code number used in Lowdermilk, et al. (1978)
 
**Coefficient of determination
 
***F stati;tlc
 

****Level of significance in percent
 
Units: QL, QL-A: 1ps/hin
 

: ips
QM 

D : lOOhm
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Table A-i. Regression analyses of survey watercourse data (cont'd).
 

Watercourse ** *** 
Code* N Data means Regression equation r F Sig. % 

13 QL = 1.94 QL = 3.13 - 0.061D .429 8.3 98
107-1 


QL-A = 2.34 - 0.041D .431 8.4 98
QL-A = 1.52 

E .51 E = .65 - 0.007D .462 9.5 99 

E " .58 = .74 - 0.008D .643 20.0 99EA 


- '
 
D = 19.8 E = .65e 014D .599 16.4 99 

- .014D
QM ffi54.6 EA = .75e .765 35.8 99 

< 70QL 

< 70QL-A 


< 70
QL = 

<70QL-A = 

107-3 9 QL = 1.39 Q = 2.19 - 0.052D .660 11.7 99 

QL-A = 1.05 QL-A 1.45 - 0.028D .511 6.3 95 

E - .52 E = .75 - 0.015D .574 9.4 98 

E = .66 .83 - 0.012D .815 26.6 99EA 


- '045D
D 15.9. E .86e .329 3.4 89
 

- ' 2 05  
QM 33.2 EA = .8 6e .774 20.6 99 

QL =< 70 

QL-A =< 70 

QL = < 70 

QL-A < 70 

*Code number used in Lowdermilk, et al. (1978) 
**Coefficient of determination 

***F statistic 
****Level of significance in percent 

Units: QL, QL-A: lps/hm 
: lpsM 


D : lOOhm
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Table A-I. Regression analyses of survey watercourse data (cont'd).
 

***Watercourse 	 ** 


Code* N Data means Regression equation r2 F Sig. %
 

119-1 6 QL = 4.73 QL = 6.97 - 0.149D .478 3.7 87
 

-L-A = 3.52 QL-A = 4.92 - 0.093D .443 3.2 85
 

= .34 E .47 - 0.008D .325 1.9 76 

E = .47 E = .62 - 0.010D .510 4.2 89 

= 15.1 E = .4 7e .031D .499 4.0 88 

-QM 71.2 	E = .64e 027D .660 7.8 95 

QL < 70 

QL-A < 70 

QL = < 70 

=QL-A 	 < 70 

119-2 5QL = 2.69 Q = < 70 

QL-A = 2.26 QL-A < 70 
.50 E < 70 

E = .57 E = < 70 

D = 16.7 E = < 70 

QM = 76.1 E = < 70 

QL =-1.09 + 0.050QM .682 6.4 91 

QL-A = -1.28 + 0.047QM .812 12.9 96 

QL =.30e+.027QM .612 4.7 88
 

QL-A . .725 93
.23e+ 028QM 	 7.9 


*Code number used in Lowdermilk, et al. (1978)
 
**Coefficient of determination
 

***F statistic
 
****Level of significance in percent
 
Units: QL' QL-A: lps/hm
 

: ips
QM

D : 100hm
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Table A-I. Regression analyses of survey watercourse data (cont'd).
 

Watercourse 1 
Code* N Data means Regression equation r2 F Sig. % 

= 70110-2 7 QL = 1.95 Q 


= 
 70
QL-A = 1.57 QL-A 

= .41 E = .81 - 0.030D .670 10.2 98 

EA = .50 = .94 - 0.032D .811 21.4 99EA 


-
= 13.5 E = 1.33e ' 102D .640 8.9 97
 

-'
 QM . 40.9 EA - 1.24e 075D .772 17.0 99
 

QL < 70 

QL-A < 70 

70
QL =< 

70QL-A =< 

110-3 11 QL = 7.05 QL = 9.44 - 1.337D .273 3.4 90 

QL-A = 3.67 QL-A = 4.67 - 0.561D .212 2.4 85 

E f .70 E = .77 - 0.034D .269 3.3 90 

.83 = .89 - 0.033D .521 9.8 99E EA 


-
D = 1.8 E = .76e .0 5 1D .274 3.4 90
 

- 10.5 99
QM = 26.9 EA = .89e 041D .537 

0
QL = 2.91 + .1 5 3QM .121 1.2 70 

QL-A = 1.27 + 0.089QM .180 2.0 81 

QL = 1.68e+' 0 4 2QM .235 2.8 87
 

QL-A = 0.78e+'0 4 8QM .331 4.5 94 

*Code number used in Lowdermilk, et al. (1978)
 
**Coefficient of determination
 

***F statistic
 
****Level of significance in percent
 

Units: QL' QL-A: Ips/hm
 

: ips
QM

D : 100hm
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Table A-1. Regression analyses of survey watercourse data.(cont'd).
 

Watercourse 	 **
2 *** 
Code* N Data means Regression equation r 2 F Sig. % 

111-1 12 - 6.03 QL = < 70 

QL-A 4.23 QL-A = < 70 

E = .44 E < 70 

EA - 59 EA - .78 - 0.030D .192 2.4 85 

D = 6.1 E < 70 

- '04 2DQM = 60.2 EA .73e	 .123 1.4 74 

QL = -1.35 + O.122QM .479 9.2 99 

QL-A - -1.00 + 0.087QM .517 10.7 99 

QL = .89e+'0 3 9QM .211 2.7 87 

QL-A = .88e .025QM .695 22.9 99 

111-2 10 	QL = 3.43 QL = 7.87 - 0.569D .398 5.28. 95 

QL-A = 2.38 QL-A = 5.15 - 0.352D .337 4.0 92 

E = .36 E = .12 + 0.031D .323 3.8 91 

Ea - .53 EA = < 70 

- 7.9 E - .e+.11 3D .151 1.4 73
 

QM - 30.4 EA < 70
 

0
QL = -.84 + .1 3 9QM .558 10.1 99 

QL-A - -.70 + O.101QM .653 15.1 99 

QL =.65e+'041QM .528 8.9 98
 

QL-A a "50e+'040QM .594 11.7 99
 

*Code number used in Lowdermilk, et al. (1978)
 
**Coefficient of determination
 
***F statistic
 

****Level of significance in percent
 
Units: QL' QL-A: ips/hm
 

:lps
QM

D : lOOhm
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Table A-i. Regression analyses of survey watercourse data (cont'd).
 

2
Watercourse 

Code* N Data means Regression equation r F Sig.%
 

112-1 14 QL = 2.60 QL = 5.65 - 0.189D .433 9.15 99
 

QL-A 	= 2.08 QL-A = 4.08 - 0.125D .382 7.40 98
 

E 	 = .61 E 
 < 70 

EA - .67 EA = < 70 

< 70D 	 = 16.1 E 


< 70QM 	 = 74.3 EA = 

QL = -1.62 + 0.057QM .319 5.6 96 

QL-A - -1.64 + 0.050Q,4 .494 11.7 99 

QL = .25e+.0 2 6QM .367 7.0 98 

QL-A = "21e+.027QM .418 8.6 99 

112-2 7 L = 0.93 QL = 1.68 - 0.110D .863 31.6 99 

QL-A = 0.57 QL-A = 0.97 - 0.055D .842 26.7 99 

E =.66 E = < 70
 

E 	 = .75 EA < 70
 

= 7.3 E 
 < 70 

QM - 11.7 EA = < 70 

QL = -.92 + 0.154QM .506 5.1 93 

QL-A -.52 + O.093QM .694 11.3 98 

QL = .02e+'309QM .716 12.6 98
 

QL-A = .02e+.274QM .779 17.6 99
 

*Code number used in Lowdermilk, et al. (1978)
 

**Coefficient of determination
 
***F statistic
 

****Level of significance in percent
 

Units: QL, QL-A: ips/hm
 

: ips
QM

D : lOOhm
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Table A-I. Regression analyses of survey watercourse data (cont'd).
 

Watercourse 	 ** ***2
 
Code* N Data means Regression equation r F Sig. %
 

112-3 10 L 4.27 Q =10.32 - 0.414D .474 7.2 97 

QL-A = 6.28 -	 0.234D .491 7.7 98 
'L-A = 2.84 

i .. 43 E = < 70 

- .55 	 = .65 - 0.007D .340 4.1 92EA 


D .14.7 	 E = < 70 

- 'O13D 	 .304 3.5 90
 
QM 48.8 	 EA . .6 5e 

QL =-4.73 + 0.184% .318 3.7 91 

QL-A =-2.72 + 0.114QM .394 i 5.2 95 

QL = .39e+.037QM .364 4.6 93 

QL-A = 34e+'.034QM .435 6.1 96 

113-1 8 = 1.86 QL = 	 < 70 

< 70QL-A = 1.35 QL-A 

= .59 E = < 70 

E a- .69 E < 70EA 

==7.1 E 	 = < 70 

QM = 28.7 EA = < 70 

QL = -0.02 + 0.066Q%1 .476 5.46 94 

0 4 9 5  QL-A = -0.10 	+ .0 5 1QM . 5.87 95
 

QL = .52e+'0 3 3QM .438 4.68 93
 

QL-A = "36e+.035QM .504 6.11 95
 

*Code number used in Lowdermilk, et al. (1978)
 

**Coefficient of determination
 
***F statistic
 

****Level of significance in percent
 

Units: QL, QL-A: ips/hm
 

: ips
QM 

D : lOOhm
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Table A-I. Regression analyses of survey watercourse data (cont'd).
 

Watercourse 
Code* 

113-2 

N 

5 

Data means 

QL = 3.34 

Regression equation 

QL = 

** 
r2 

*** 
F Sig. % 

< 70 

QL-A 0 2.65 QL-A = < 70 

E 

EA = 

.34 

.47 

E 

EA 

-

= 

.71 - 0.037D 

.88 - 0.041D 

.496 

.671 

2.95 

6.12 

81 

91 

D 

QM 

= 

= 

10.0 E = 1.00e 
-'I 2D 

495-.091D 
49.5 EA = 1.14e 

.619 

.754 

4.88 

9.19 

89 

94 

QL = < 70 

QL-A = < 70 

QL = < 70 

QL-A = < 70 

113-3 12 QL = 2.41 QL = 8.93 - 0.572D .296 4.21 93 

QL-A = 1.75 QL-A = 5.75 - 0.352D .281 3.92 92 

E .62 E = < 70 

E = .70 E = < 70 

D .,11.4 E = < 70 

QM 41.8 EA = < 70 

QL = 

Q
L-A= 

-5.02 + 0.178QM 

-2.97 + 0.113qM 

.950 

.948 

191.1 

183.2 

99 

99 

QL = .24 e+.037QM .696 22.89 99 

QL-A = "22e+'034QM .667 20.06 99 

*Code number used in Lowdermilk, et al. (1978) 
**Coefficient of determination 

***F statistic 

****Level of significance in percent 

Units: QL, QL-A: lps/hm 

QM : ips 
D : 100hm 
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Table A-i. Regression analyses of survey watercourse data.(cont'd).
 

Watercourse 	 ** *** 
2
 

Code* N Data means Regression equation r F Sig.% 

114-1 QL 4.46 Q = < 70 

< 70QL-A =2.59 	QL-A = 


E .60 E = .74 - .028D .381 2.46 81 

E = .73 = .87 - .031D .619 6.51 94EA 


-
f 4.7 E = .71e 051D .351 2.16 78
 

-
QM 31.9 	 EA = .87e 46D .628 6.77 94 

QL = -0.56 + O.157QM .460 3.41 86 

QL-A -0.49 + 0.096QM .650 7.42 95 

QL = .41e+.054QM .660 7.78 95 

QL-A = 23e+.057QM .765 12.91 98 

114-2 	 QL = 2.41 Q = < 70 

QL-A = 1.68 QL-A < 70 

E = .40 E = .57 - 0.014D .460 5.96 95 

Ej = .54 EA = .75 - 0.017D .692 15.71 99 

-
D = 11.9 E = .47e 
' 38D .364 4.02 91 

QM = 34.8 EA = .74e .778 24.53 99 

< 70 

QL-A = 0.75 + 0.027QM .383 4.35 92 

QL = 

QL = .47e+'0 29QM .407 4.80 93 

QL-A = '26e+'035QM .542 8.30 98 

*Code number used in Lowdermilk, et al. (1978)
 
**Coefficient of determination
 

***F statistic
 
****Level of significance in percent
 

Units: QL, QL-A: lps/hm
 
: ips
QM 


D :100hm
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Table A-I. Regression analyses of survey watercourse data (cont'd).
 

Watercourse 2 

Code* N Data means Regression equation r F Sig.% 

114-3 12 Q = 3.16 QL = 7.30 - 0.642D .263 3.57 91 

QL-A = 1.90 QL-A = 3.71 - 0.281D .210 2.65 86 

E .46 E = < 70 

EA - .62 EA .77 - 0.023D .284 3.98 93 

D =6.4 E < 70 

QM 21.5 EA = .82e - ' 049D .306 4.41 94 

QL = < 70 

QL-A = < 70 

QL = .56e+'049QM .251 3.36 90 

QL-A = "35e+'053QM .333 4.99 95 

114-4 6 QL = 0.93 QL = 0.10 + 0.140D .467 3.51 87 

QL-A = 0.70 QL-A = -0.02 + 0.118D .524 4.41 90 

T .55 E = .84 - 0.049D .602 6.05 93 

Ea = .67 EA = .95 - 0.047D .705 9.55 94 

= 6.1 E = .90e - ' 090D .506 4.09 89 

QM - 12.9 EA = .99e 
-' 68D .633 6.92 94 

QL = 0.13 + 0 . 063QM .766 13.08 98 

QL-A = 0.34 + O.051QM .784 14.47 98 

QL = .28e+'080QM .904 37.69 99 

QL-A = "I6e+.097QM .919 45.60 99 

*Code number used in Lowdermilk, et al. (1978) 
**Coefficient of determination 
***F statistic 

****Level of significance in percent 

Units: QL, QL-A: lps/hm 

QM
D 

: ips 
: lO0hm 
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Table A-I. Regression analyses of survey watercourse data (cont'd).
 

Watercourse 
Code* 

115-1 

N 

5 

Data means 

QL = 5.66 

Regression equation 

QL 

Ir F Sig. % 

< 70 

QL-A = 3.80 

E = .35 

QL-A = 

E = .54 - 0.032D .649 5.53 

< 70 

90 

EA = .54 EA = .78 - 0.040D .866 19.40 98 

QM 

- 6.0 

= 42.8 

E 

EA 

= 

= 

.67e 
- '132D 

.90e
 097D 

.816 

.924 

13.38 

36.38 

96 

99 

QL = 1.11 + 0.107QM .345 1.58 70 

QL-A = 0.23 + 0.083QM .557 3.77 85 

QL = 2.26e+'019QM .358 1.67 71 

QL-A = 1.22e+' 024QM .643 5.40 90 

115-2 8 QL - 2.60 QL = 4.40 - 0.648D .235 1.85 78 

QL-A a 1.49 

E = .61 

QL-A = 

E = 

2.29 - 0.283D < 70 

< 70 

Ea - .77 EA .90 - 0.048D .276 2.29 82 

= 2.8 E = < 70 

- 16.5 EA = .90e- '060D .270 2.21 81 

Q 0.22 + 0.142QM .222 1.71 76 

QL-A = -0.01 + 0.091M .287 2.42 83 

QL - .53e+.08 29M .255 2.05 80 

QL-A = .33e+.0 79QM .260 2.11 80 

*Code number used in Lowdermilk, et al. (1978) 
**Coefficient of determination 

***F statistic 
****Level of sign±ficance in percent 
Units: QL, QL-A: lps/hm 

QM : ips 
D : 100hm 
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Table A-.1. Regression analyses of survey watercourse data (cont'd).
 

Watercourse 

Code* 

115-3 

N 

7 

Data means 

QL = 8.82 

Regression equation 

Q = 

Ir F Sig. % 

<.70 

QL-A = 4.38 QL-A = <.70 

= .61 E = <.70 

EA =ff.71 E = .85 - 0.027D .551 6.13 .94 

- 3.2 E = <.70 

QM = 15.2 EA 

Q 

QL-A = 

.84e - 036D 

9.65 + 1.210Qy 

-4.53 + 0 . 5 8 6QM 

.581 

.488 

.505 

6.94 

4.77 

5.10 

.95 

.90 

.93 

QL = <.70 

QL-A = 0.61e+078M .263 1.79 .76 

115-5 6 L - 2.97 QL <.70 

QL-A 

E 

= 1.83 

= .62 

QL-A f 

E = 

<.70 

<.70 

E = .76 EA <.70 

D =4.0 E <.70 

QM = 21.0 EA 

QL 

= 

= 0.64 + 0.110QM .451 3.29 

<.70 

.86 

QL-A = 0.16 + 0.079QM .600 6.00 .93 

QL = .22e+.0 8 09M .487 3.80 .88 

QL-A = "I3e+'08 2QM .534 4.58 .90 

*Code number used in Lowdermilk, et al. (1978) 

**Coefficient of determination 
***F statistic 

****Level of significance 
Units: QL, QL-A: lps/hm 

QM : lps 
D : 100hm 
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Table A-i. Regression analyses of survey watercourse data.(cont'd).
 

Watercourse 	 ** ***2 
Code* N Data means Regression equation r F Sig. % 

116-1 7 L - 2.69 Q = < 70 

L-A =1.86 QL-A < 70 

E - .38 E = .73 - 0.076D .718 12.70 98 

E = .56 EA f .92 - 0.072D .833 24.92 99 

D 5.2 E = .8 2e
- 2O4D .482 4.65 92 

-QM = 19.5 	 EA = .96e * 4 .781 17.79 99 

QL w -0.06 + 0.141QM .967 148.30 99 

QL-A = -0.20 + 0.105QM .988 04.2Q 99 

QL = .76e+.039M .748 14.81 99 

QL-A = "48e+'041QM .809 21.23 99 

116-2 9 QL - 1.21 Q = 	 < 70 

QL-A = 0.83 QL-A < 70 

T = .34 E = .66 - 0.035D .525 7.75 93 

Ea = .48 EA = .80 - 0.036D .729 18.87 99
 

-
= 9.1 E = .5 3e 
'088W .535 8.06 97
 

'0 71D
- 12.6 	 EA .79e
- .795 27.20 99 

QL < 70 

QL-A = 0.30 + O.042QM .271 2.60 85 

QL = < 70 

QL-A 70 

*Code number used in Lowdermilk, et al. (1978)
 
**Coefficient of determination
 

***F statistic
 
****Level of significance in percent
 

Units: QL' QL-A: lps/hm
 
: Ips
QM


D 	 : lOOhm
 



198
 

PONDING LOSS MEASUREMENT 

DATA SHEET 

(Always note measurement units) 

Date 
Experimenter 

Purpose for measurement 

Location of Watercourse 

Location of test section (sq #/Ac#) 

Gauge reading at full supply level (FSL) 

Time channel was full before testing began 
Channel section length 

hours 

Water Surface Recession Data: 

Time Gauge 
Reading 

Time Gauge 
Reading 

Time Gauge 
Reading 

Comments:
 

Channel Section Water Surface Width:
 
Gauge Reading Width Ave. Width 

Initial: , , ,_ __, 

_ __ __ ,___ I I I _ _ _ _ _ 

Near FSL: , , , _ 

Final: 	 , , , ,_,
 

Additional Information:
 
1. Bank width at FSL
 

Left Bank , , , , , Average 

Right Bank , , , , , Average 

2. 	Elevation difference between FSL and surrounding fields: 
BM. rod reading BM. description 

FSL (rod reading) 
Right side field rod reading , , , Ave , A Elev 
Left side field rod reading , , , Ave , A Elev 

Remarks (adjoining roads, etc.) 

3. Cross-sections: Draw a typical cross-section giving top width and depth;
 
include banks in drawing
 

Figure A-1. 	 Sample ponding loss measurement data collection
 
sheet.
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4. 	How many days or hours per week does water flow in this section?
 

5. 	How far is the section from the mogha?
 
Is the section in the Sarkari Khal or on a farmer's branch?
 

6. 	Flow rate: What is the measured or estimated flow at the section?
 
cusecs.
 

7. 	Bank material: Estimate the soil type:
 
Measure the bulk density: Sample Vol. ; Sample dry wt. 

Bulk Density 
8. 	Is there any visible leakage? From what type of hole?
 

Measure leakage volumetrically at different gauge readings and record
 
gauge reading when leakage stopped.
 

type 	leak gauge reading loss rate (units)
 

9. 	Adjoining crop losses:
 

Area of land adjoining the test section where crops have been damaged 
by seepage: ; crop: 

10. 	 Describe the condition of the wetted perimeter; i.e., whether it is
 
grassy or clean, the presence of rat or insect holts, etc:
 

Figure A-i (continued).
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,1 I t 	 IP(?170C201U3],IS[50],OCIOD(50IK[5O]R(20 Lr20 J
 
1; p:Ir
 
2: ant "X-Muio"°r4
 

3: ant "X Tick Intervli',rS
 

4: ant "Dvc'ial Iix",(,
 
'j: fx'd v6
 
6: scl 0,r4,0,l1)0
 

71 x x Ir5,0,r4,l
 
U3 fxd 0
 
lot yn), 0,10 ,,10 il
 

•~t Csiz 2.,2,1,0
 

Ii: pit r4/3,--10,i
 
12s dsp "lype XAxis LabeI,vxcront";ntp
 

13: csiL 2.5,2,1,90 
14: pit -r4/17,3si
 

IS: loi "LOSS (L) (%)"
 

16: coiZ 2,2 ,11)

17s -op "O h (Ips) (1 " I ) 

WI: enp "WLSK(]ps/1OO:(2)",1[Z]
 

1): enp "ILFi(I,/IOO(3)',1C3]
 
201 enp "05K (lOOm) (4)",ICSI

211 erip "DFB (t00]m) ( )" [ 1 

221 enp "LW (1O)m) (b)",16] 
23: enp "LD (iOOm) (7)",47]
 

24: enp "P ( ]).,I[O]
 
293: enp "140 (LPS) (0)",0
 

26; enp "NIO R R
 

27: ernp "N (9)"(1
 
203: enp "S (M/M) (tO)",IalO]
 
29: e np "DEL E (cm)(ii)",Itt] 
30: enp "DEI LU (r.m)(I;)",G
 
3t; o nl1 "T (%) (12)11,1(12l
 

32: enp "TO %) (IJ)" ,U 
33: enp " Li me (hr, (13)",I131 
34: ,nji "Indep. V',riable",r3
 
3G, ent "Intttil Vrilue",rO 

36: en: "I inol Vnlue",ri

371 rxd 3;pet " [ "r Ir m ,O "'"r
 

38: (ri -rO)/50)r2
 
SY: "tl":rO)I [r 3
 

40t "D":if" ItJj.O nnd 1[9]=R;gto "A"
 

41: 1121 -.02112(12IQ -II))K 
42: K+. 02K( I(i]- G) )

43: .0011113%)O[1 IJ 0,O0tO(1([I3ID[ il11(4]/503; .I1UK/QLI]I[8O3( 

44: For, lzi to 4V'
 
451 Kexl)(llj(\(U( 1 ]11[ ]/\I(101g )-\ I[I1 / I O ) ) l[
 

46: OLI]-ZKOII ]1I lO0[ I'I)
 

1 0pri(3'11
47: WI I J-zK i '11
 

413: DIIIZJD(I I]
 
49: 	next I
 

1
50: I[J( R[21(Ji((SO])P(11;O)LEi[1] IS]/20)3Y; .OO1I(31/R(1I"ILD]}U
 

SI: |or' LA- to: 1',
 
52: Ceo):(5U(\(R) III )91/\I1 1o])--\(PCIlr]/\1(iO1)) ))C[II
 

S3: P (I ]-YCP1 II [0] )P (I+t1
 
Rfl )-YC[ I RIf) I ~|)fR[Ij l |
 54: 


55: LI[111Y)CE[(11
 

S6: ti. x t 1 
57: 100( 1-R[20 1/QL[I J (4.41 [6l-.5117])/36I[13] ))L
 

58; gtn "C"
 

S9: "A":
 
60: 11[t )', I 21)AI3]C; 14)I)I[513I;I b])WI(73M;I(iB)r;ICgJ3N1Ilt0])
 

61: [[E t JAE; I 12J)T,11[ .3))/
 

62: A-. O;A(I-i) JK
 

63: K+,O."K (I-))K
 
64: ((-K/Q"t')(I--P)I):U"(1-P))"(i/c1..P)))r
 
65: 14' F< -U;jnp ' 

F "(JLSI(-"KK C66: iL (r'31 =rO; pr t " ".rI 
67: U..1fl((-C/:"P)(-P)E.F(I-P))"(iI(1-P))/QI-('.W-.SM-.05/Q)/.36Z)L 

601: "C":iif L.)IOU;jp 2
 
69: pit 1((31,1.
 

701 Ir314r;I)I(v3]
 
71: if I(:31(=r'Itjto "0" 

72: pen
 
" ' 

73: pvt "ULS1(" K,"Ut' C 

74: ent "IF new curve:0I if not ",r-B
 
75t if rB-0;dsp "Enter new parameter value 0G)Itni"stp tO "lo"
 

76: end
 

$4894 

Figure A-2. Hewlett-Packard 9825A minicomputer and
 
9872A plotter watercourse model program.
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Section A (lines 1-16) setup and labels the plotter axis.
 

Section B (lines 17-39) allows input of the data in the
 

units given (the independent variable is chosen
 

using the number given in the enter statement).
 

Section C (lines 42-59) is used to iteratively calculate the
 

loss with inflow rate (QM) or roughness coef

ficient (n) fluctuations.
 

1. 	 Eqs. 37 and 38 are first used to adjust the
 

initial loss rate for elevation (AE) and usage
 

time (T) changes.
 

2. 	 Eq. 39 is used to adjust loss rate for the flow
 

rate and roughness changes.
 

3. 	 Eq. 31 is used to calculate the flow rate after a
 

distance iteration for both normal and changed Q
 

and n values.
 

4. The two calculated Q values are reinserted into
 

Eq. 39 to calculate the loss rate in the follow

ing distance iteration.
 

5. 	 The procedure is repeated for the farmers' branch
 

section.
 

Section D (lines 60-68) utilizes Eqs. 37, 38, and 36 to
 

calculate loss when inflow rates and roughness
 

coefficients are the normal values.
 

Section E (lines 72-80) plots the data and allows parameters
 

to be changed to generate new curves.
 

Figure A-2 (continued).
 




