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ABSTRACT 

Operation and maintenance of irrigation-water-delivery and distribution systems 

is an essential element for sustaining agricultural production. Few obvious benefits from 

irrigation system maintenance may be one reason funding is often insufficient. The lack 

of an accepted, standard procedure of requesting maintenance funding contributes to this 

problem. Regular monitoring of flows can demonstrate the effect of maintenance events 

on irrigation system performance. 

A simple maintenance framework has been developed for use by irrigation system 

managers in Nepal that monitors the effect of maintenance events on system flows. The 

framework can be implemented as a step-wise program for monitoring flows. Initial 

monitoring points are suggested as the intake and head of each branch canal. Additional 

flow measurement points can be added as needed. The framework defmes two 

maintenance objectives and uses two levels of classification to defme six types of 

maintenance. Six maintenance activities and decision criteria are suggested. Other 

maintenance activities can be defined and described using this format. Budget request and 

report forms are developed using actual maintenance event examples on three agency 

managed systems in Nepal. These examples manifest the expected and actual impact of 

maintenance events on water deliveries. A methodology based on crop water 
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requirements is developed to set decision levels for maintenance activities that result in 

increased water deliveries. 

Availability is defined as the ratio of time of successful system operation to total 

desired operation time. Operation is successful when the amount of water supplied 

exceeds a given percentage of the lesser of crop water requirements or design flow. Thus, 

availability provides adequacy and dependability information about water delivery related 

to the needs of the crop. Furthermore, this ratio can be decomposed into unavailabilities 

signifying the percentage of time low flow was caused by various problems. This is 

valuable information for improving water delivery performance. Over 12 crop seasons 

availability varied from 0 to 0.90 in three Nepal irrigation systems. Canal capacity less 

than crop water requirements was the greatest reason for unavailability during the 

monsoon season. Insufficient water supply was the greatest reason during other seasons. 
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INTRODUCTION 

Justification 

Operation and maintenance of irrigation-water-delivery and distribution systems 

is an essential element for sustaining agricultural production. Many countries plan to 

substantially increase agricultural production by increasing irrigated area. But, all too 

often this increase is only temporary due to rapid declines in performance. Poor 

maintenance has been implicated as a major cause of this rapid decline. Preventing, or 

at least arresting, the rate of performance declines is crucial to sustaining increased 

agricultural production and realizing an acceptable return on the irrigation investment. 

The importance being placed on irrigation to increase agriCUltural production was 

demonstrated by the 1984 establishment of the International Irrigation Management 

Institute (lIMI) in Sri Lanka. lIMI's mission statement (Lenton, 1988) is: 

"To strengthen national efforts to improve and sustain performance of 
irrigation systems in developing countries, through the development and 
dissemination of management innovations." 

Maintenance is essential to "sustain performance of irrigation systems in 

developing countries." One of the major factors of irrigation management which IIMI has 

selected to focus on is management of facilities including maintenance. Although there 

has been much work on the mobilization of fmancial and human resources to support 

operation and maintenance (O&M) in irrigation, less attention has been paid to the 
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technical aspect of maintenance. Smith (1985) discusses maintenance: "If the costs of 

failure and repair were more fully reported and compared with the costs of achieving 

improvements then greater strides would be made in improving the position of this branch 

of engineering management. Greater recognition leads to the allocation of more 

resources. " 

Many authors have suggested that O&M be given higher priority in design of 

irrigation systems (Frederiksen, 1987; Le Moigne, et aI., 1989 and Tiffen, 1987). The 

U.S. General Accounting Office (Anonymous, 1983) asserts that "poor O&M practices are 

seriously limiting the efficiency of donor-assisted irrigation systems in developing 

countries." These analyses have been qualitative. A quantitative approach to maintenance 

planning is lacking. 

"Rules or performance indicators to guide the decision as to when rehabilitation 

should be done" received the most support as an important research topic regarding 

rehabilitation from a group of irrigation professionals (Abernethy and Peabody, 1987). 

Reducing conveyance losses, maintenance and performance monitoring were also 

discussed as important research topics during this colloquium. A relationship between 

maintenance and performance has yet to be established. The International Program for 

Technology Research in Irrigation and Drainage (IPTRID) (Anonymous, 1992a) identifies 

the development of an understanding of the system aging process as a research need. 

Studies of the relationship of maintenance to irrigation system performance are 

needed to demonstrate that the benefit:cost ratio of small funds used for maintenance can 
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be high (Skutsch, 1993). He asserted that improving the performance of existing schemes 

is now more important than new irrigation developments. Skutsch (1993) cites a study 

in Pakistan (Murray-Rust, et al., 1993) that found sediment removal was more effective 

and less expensive than lining downstream reaches of canals for improving water supply 

to under-supplied areas. Data from Goldsmith and Makin (1989) were cited as illustrating 

that the effective life of small, brick-lined channels was much less than expected and that 

the lining was made relatively ineffective by a small number of defects. 

Nepal plans to increase agricultural production by increasing irrigated area. His 

Majesty's Government of Nepal (HMGIN) has developed a plan to meet the nation's basic 

needs by the year 2000. As part of the program to increase agricultural productivity to 

fulfill basic needs, an additional 816,000 ha is to be irrigated. This research will assist 

Nepal in reaping maximum benefit from this increase in irrigated area and improving the 

income from the areas already under irrigation. 

Objectives 

The purposes of this research are to quantify the reliability and maintainability of 

selected irrigation systems in Nepal and to relate the performance of irrigation systems 

to maintenance actions performed. Specific objectives are to: 

a) Develop a framework for allocation of scarce maintenance resources 

towards maintenance actions that will improve irrigation system 

performance, 
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b) Develop a method for determining when continued maintenance is 

uneconomical and system and/or structural rehabilitation is desirable, and 

c) Develop a framework for design and rehabilitation which includes 

reliability and maintainability as parameters. 



Definitions and Objectives 

Irrigation 

LITERATURE REVIEW 

17 

Small and Svendsen (1990, 1992) defmed irrigation as "human intervention to 

modify the spatial or temporal distribution of water occurring in natural channels, 

depressions, drainage ways or aquifers and to manipulate all or part of this water for the 

production of agricultural crops or to enhance the growth of other desirable plants." 

Anderson (1986) defined irrigation as lithe human technique of manipulating water as an 

input in the cultivation of agricultural products." 

Irrigation System 

Many authors have discussed irrigation system purposes, goals or objectives, but 

no standard, fonnal definition of an irrigation system has been universally accepted. 

Although most people (researchers, engineers, administrators, policy makers, fanners, etc.) 

would acknowledge an increase in agricultural production as the ultimate objective of an 

irrigation system, an important intennediate objective of providing water at the proper 

place and time is sometimes overlooked. Another neglected area that has received more 

attention in the last few years is the social aspect of irrigation systems. A sampling of 

definitions and goals are found in the following literature. 
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Small and Svendsen (1990, 1992) defined an irrigation system "as a set of physical 

and social elements employed (1) to acquire water from a naturally concentrated source 

(such as a natural channel, depression, drainage way or aquifer); (2) to facilitate and 

control the movement of the water from this source to fields or other areas devoted to the 

production of agricultural crops or other desirable plants; and (3) to disperse the water 

into the root zone of these areas." 

Schaack (1988) gave the purpose of an irrigation system as "to deliver water in 

a specific quantity at the proper place and time for the development of a land resource in 

an area." Yoder, et al. (1988) stated that the primary purpose of developing irrigation 

systems is to increase agriculture production through timely and reliable water delivery 

to growing crops. Skogerboe (1988) wrote that an irrigation system's primary function 

is "food growth for humans and animals" and defines failure as "low agricultural 

production levels." 

According to Malhotra, et aI. (1984), the goal of irrigation systems is "to supply 

the required quantity of water at the right time to the right farmers." Makin, et~. (1991) 

defined irrigation system objectives as "to deliver adequate, equitable, and timely supplies 

in a reliable fashion." 

Irrigation Management 

Tiffen (1988) stated, "irrigation management has been defined as the management 

of an irrigation system with the objective of crop production." She went on to subdivide 
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this broad definition into water management, agricultural management and general 

management. Since it is very rare that a single entity has control over all three of these 

elements for an irrigated command area, the performance of each element must be 

evaluated separately. 

The major objectives of water management have been defined as: "to deliver 

water in sufficient quantities, according to a time schedule that matches the requirements 

for healthy plant growth, and with fair distribution among many users" (Abernethy, 1988). 

Therefore, adequacy, equity and timeliness must be measured to assess irrigation 

performance. 

Maintenance 

Most authors define maintenance by stating its purpose or goal. Goals often given 

for maintenance are to keep an irrigation system in "adequate" or "top" operating 

condition. As maintenance is an expensive undertaking, it must be justified with results. 

Therefore, measurable goals related to irrigation system performance must be set. To 

effectively maintain irrigation systems, improved performance must result from 

maintenance actions. Many maintenance definitions and objectives do not clearly specify 

goals linking maintenance and performance. 

Maintenance can be classified as corrective or preventive based on the time 

horizon of the expected benefits. Short-term and long-term benefits are expected from 

corrective and preventive maintenance, respectively. Most maintenance definitions or 
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objectives emphasize either short-term or long-term benefits as opposed to recognizing the 

importance of both. Both of these shortcomings are illustrated by the following examples. 

Webster's New Riverside University dictionary (Soukhanov, A.H., 1984) defmed 

maintenance as: 1) the act of maintaining or state of being maintained and 2) the work 

of keeping something in suitable condition. Maintain was defmed as: 1) to continue: 

carry on and 2) to preserve or keep in a given existing condition, as of efficiency or good 

repair. Maintenance was not included in the definitions listed in the American Society 

of Agricultural Engineers (ASAE) soil and water terminology standard S526 (Standards, 

1993). 

"Maintenance involves both periodic and recurrent activities designed to sustain 

the long-term capability of the facilities to function" (Small and Svendsen, 1992). 

Maintenance "objectives should be: to keep the system in top operating condition at all 

times through proper maintenance; to obtain the longest life and greatest use of system 

facilities by providing adequate maintenance and replacement; to achieve the foregoing 

two objectives at the lowest possible cost; and, to avoid interruption in water deliveries, 

particularly at times when crop damage would occur. Preventive maintenance is most 

important" (Johnston and Robertson, 1991). 

"Maintenance refers to the routine daily, seasonal, or annual work required to keep 

the system in a condition that allows it to be safely operated and to be physically capable 

of fulfilling its water delivery functions" (Kikuchi, 1991b). Nepal's Department of 

Irrigation (DOl) defined maintenance as rehabilitation, improvement and regular and 
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emergency maintenance (Anonymous, 1988a). According to Duncan (1976) maintenance 

"is the periodic removal of sediment and vegetation from irrigation canals and other water 

sources." 

Maintenance has also been defined as including repairs, replacements and 

betterments (Harding, 1917). Repairs are defined as generally minor work done on canals 

and structures to maintain their usefulness. Replacement is defined as a new structure of 

the same type and capacity. Betterment is defmed as a new structure of a more 

permanent type or larger capacity. 

Schantz, et aI. (1992) stated "preventive maintenance (PM), commonly called 

'maintenance' when applied to irrigation systems, is any activity that prevents an 

irrigation system from changing from its original design and constructed state." They 

went on to assert that "all maintenance action is an attempt to prevent deterioration of a 

system." 

According to Murray-Rust and Snellen (1991) "Maintenance is required for three 

different purposes: minimization of conveyance losses, prevention of failure of moveable 

control structures and sustaining the hydraulic conditions required by the design for 

effective water distribution." Maintenance objectives were given as: "(I) to keep the 

system in adequate operating condition at all times, (2) to obtain the longest life span of 

the existing irrigation works, and (3) achieve the above two objectives for the lowest 

possible cost and with a minimum disturbance to the irrigation system" (Anonymous, 

1987). 
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Schantz, et al. (1992) discussed three primary objectives of maintenance: "1) To 

prevent deterioration and damage to facilities, thereby maximizing the life and utility of 

the system. 2) Avoid costly repairs and replacements to keep the system in an 'as-built' 

condition. and 3) To assure the efficient delivery of water to water users." A case study 

(Gunawardena and Perera, 1990) on the Giritale and the Ridi Bendi Ela schemes in Sri 

Lanka defined the objective of O&M as "to insure that the farmers are supplied with 

adequate irrigation water at the proper time, maintaining equity." 

Reliability 

The designer considers reliability over several irrigation seasons as the probability 

that the water source will have sufficient water to irrigate the entire command area. On 

the other hand, the management specialist defmes reliability in terms of an amount water 

delivered on a day to day basis by the irrigation delivery system. These differing 

perspectives are illustrated by the following examples. 

Nepal's design manual (Anonymous, 1989a) regarded reliability as the probability 

that a given command area will be irrigated. For example, if the entire command area 

can be irrigated in four out of five years, the reliability is considered to be 80 percent. 

In China, this is called dependability and the general standard is 75 percent for irrigation 

(Zhaoyi, 1992). 

Hashimoto, et al. (1982) defined reliability for a water resource system as the 

likelihood of success. In other words, the probability that system performance is in a 
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satisfactory state. Ng (1988) dermed reliability for rice cultivation systems as the 

probability that the paddy water level remains above a "critical tolerance level." He 

determined this critical tolerance level through simulation. 

Reliability (Murray-Rust and Snellen, 1991) was dermed as "an expression of 

confidence in the irrigation system to deliver water as promised." In continuous flow 

systems, this refers to the expectation that a given discharge will be met or exceeded. If 

adequacy objectives are met, variability is not very important. On the other hand, 

variability becomes very important if discharge is less than a certain minimum value. 

Reliability described the predictability of when flow will start and stop during times of 

intermittent flow. 

Abernethy (1988) stated that reliability "denotes the fanner's ability to predict the 

amounts of water that the system will make available to him in the future, over the rest 

of the crop's life." In the Salt River Project (SRP) in Arizona, water system reliability 

was defined as "the degree to which the performance of the water system results in the 

delivery of water to customers within accepted standards and within the amount desired" 

(Heinert, 1991). 

Francis (1989) defined reliability as the percentage of observed flows not 

exceeding target flow plus ten percent and not less than target flow minus ten percent. 

This definition of reliability results in two types of failure. One type of failure is when 

water flows exceed the target flow by more than ten percent, and the converse is when 

they fall short of the target flow by more than ten percent. With this definition, the same 
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unreliability results from too much or too little water. Using this defInition of reliability, 

Makin, et al. (1991) found that as distance from the headwork increases, the unreliability 

of supplies also increases, independent of the unreliability level of the supply at the 

headwork. 

Reliability and Maintainability Theory 

Reliability is defIned as "the (l) conditional probability, at a given (2) confidence 

level, that the equipment will (3) perform their intended functions satisfactorily or without 

failure, i.e. within specified performance limits, at a given (4) age, for a specifIed length 

of time, function period or (5) mission time, when used in the manner and for the purpose 

intended while operating under the specifIed application and operation environments with 

their associated (6) stress levels (Bazovsky, 1961). 

Maintainability is defined as the (1) probability of successfully completing a 

specified corrective and/or preventive maintenance action, (2) within a prescribed time 

period, (3) at a desired confidence level, (4) with a specified maintenance support 

organization and facilities and (5) under specific environmental conditions (Kececioglu, 

1990). Actions required to either return a system to or keep it at a satisfactory 

performance level (performing without failure) can be defmed as a maintenance event. 

This definition of a maintenance event implies two types of maintenance: 1) corrective 

to return the system to a satisfactory performance level and 2) preventive to keep the 

system performing satisfactory. 
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Reliability and maintainability give information on the frequency of failure and the 

time required for repair, respectively. These can be combined into one measure, termed 

availability, which gives the percentage of time a repairable system is operable. 

Availability is appropriate for repairable systems such as an irrigation system. Although 

an availability function can be determined analytically from a system's reliability and 

maintainability functions, it is often easier to calculate directly. Availability can be 

defined as "the probability that a system is operational at a time t" (Mays, et aI., 1989). 

Irrigation System O&M 

Rijsberman and Grigg (1987) identified priorities in irrigation system problems and 

improvement measures based on survey responses from 27 US experts (agricultural 

engineers, agronomists, economists and sociologists). The distribution subsystem was 

ranked as having the most important problems in relation to other subsystems. 

"Inadequate distribution system maintenance" was ranked as the third most important 

irrigation system problem. 

Wang and Hagan (1981) noted that although improving existing facilities could 

result in greater cost benefit ratios compared to new construction, many developing 

countries are more interested in constructing new facilities. This lack of interest was 

demonstrated by low maintenance at many projects and lack of maintenance was 

frequently a major reason the designed performance level was never reached. 
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Price (1990) believed that poor quality construction followed by poor or non-

existent maintenance causes many of the requests for modernization and rehabilitation of 

irrigation projects. He maintained that the requests for rehabilitation and modernization 

will increase because there are fewer and fewer areas where large irrigation projects can 

be constructed. His economic analysis demonstrated that a poorly constructed project may 

have a higher internal rate of return (lRR) than a well constructed project when 

modernization is considered. 

Since maintenance is one factor determining the rate of system deterioration, it was 

expected to be correlated to the need for system rehabilitation (Kikuchi, 1991 b). He went 

on to state that it was understood that new systems were performing far below 

expectations mostly because of poor O&M. Kikuchi (1991b) asserted that the level of 

O&M in a system has not been effectively related to the system's need for rehabilitation. 

O&M and rehabilitation have been dealt with in isolation and on an ad hoc basis. An 

effective monitoring and evaluation system for O&M is necessary before rational decisions 

on both O&M and rehabilitation can be made. A basic principle for crafting strategies 

for sustainable irrigation system O&M is that system performance and O&M are closely 

related and inseparable. If O&M is lacking, performance is inadequate. The converse is 

also true. The causal relation from O&M to system performance is evident. The causal 

relation from performance to O&M is less evident, but perhaps no less important. This 

relation arises from the basic principle that farmers' collective involvement in O&M is 
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a prerequisite to sustainable O&M and this involvement is assured only when system 

performance is satisfactory to the farmers or a distinct possibility of improvement exists. 

Classification of Maintenance 

Recognizing the distinction between corrective and preventive maintenance is 

necessary to improve maintenance planning and prioritization. Corrective maintenance 

results in an immediate performance increase, whereas preventive maintenance forestalls 

failure. Although all types of maintenance can be classified as corrective or preventive, 

this differentiation is lacking in most maintenance classification schemes as demonstrated 

by most of the following examples. 

Kay (1986) discussed maintenance of surface systems. Unlined canals have four 

main problems: 1) sedimentation, 2) vegetative growth, 3) burrowing animals and 4) 

erosion of banks. Lined canals are built to reduce maintenance. If sediment basins and 

are used, sedimentation and vegetative growth should not be a problem. Structures to be 

maintained are: 1) water control gates--greasing, oiling, general cleaning, checking full

range movement, water seals and painting and 2) concrete, block work and stone--repair 

cracks. Types of maintenance are: 1) routine--simple, daily jobs, i.e. cleaning gates, 

filling gullies, etc., 2) annual--cleaning and reshaping canals and drains and repairs to 

structures, 3) emergency and 4) inspection. 

Schwab, et a1. (1981) divided maintenance for open channels into two classes: 

preventive and corrective. The main problems discussed are control of excessive 
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vegetation growth and erosion causing channel sedimentation. They note that maintenance 

costs are difficult to estimate and preventive maintenance measures are generally cheaper 

than corrective. Jensen (1980) recommended cleaning ditches, controlling weeds and 

rodents and inspecting ditches once yearly for erosion, structure cracking and other 

problems as important maintenance activities. 

The Sunsari Morang Irrigation Project Operation and Maintenance Manual 

(Anonymous, 1982) defined three types of maintenance: (1) routine, (2) annual and (3) 

emergency. Routine maintenance was defmed as comprising "simple minor maintenance 

(cleaning, greasing, etc.) and repairs carried out daily by the operation and maintenance 

staff and the programmed grading of access and inspection roads." Annual maintenance 

was defined as comprising "repairs to structures and clearance of canals and drains carried 

out each year after inspection and survey to define the extent of the work required." This 

work was expected to be carried out by contract during one or two periods of closure. 

Emergency maintenance was not defined, rather the example of canal breaches was given. 

The manual stated that emergencies must have priority over other maintenance. A report 

submitted to Nepal's Water and Energy Commission Secretariat (WECS) (Anonymous, 

1987) also defined three types of maintenance: (1) regular, (2) deferred, and (3) 

emergency. 

Yoder (1986) studied 14 systems and found that all had a program for routine 

annual maintenance done just prior to the monsoon rice crop. Some systems also 

maintained canals prior to the pre-monsoon maize crop. Routine maintenance included 
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clearing sediment and vegetation from the canal, fixing leaks in the sides, lining the canal 

with clay to reduce seepage where necessary and repairing the intake. The amount of 

maintenance per hectare required annually varied greatly between systems depending on 

such factors as the canal length and diversion situation. 

Shantz, et al. (1992) divided maintenance into four major types: 1) preventive 

maintenance--inspections determine maintenance to be done, 2) regular maintenance tasks

-regular performance of tasks that require periodic attention to ensure smooth system 

operation (includes day-to-day, scheduled and annual maintenance), 3) emergency 

maintenance--response to a "sudden threat to system performance" and 4) deferred 

maintenance--cyclic repairs scheduled on a seasonal basis or when water levels are down. 

The Salt River Project (SRP) in Arizona had a command area of approximately 

250,000 acres and had an annual dry up of 30 days during the winter when they complete 

as much preventative maintenance as possible (Erickson, 1991). Once a year, crews 

inspected each canal against a checklist to determine repair needs. Lining and structural 

repairs were usually completed on an as needed basis. The project received the bulk of 

its revenue from power sales; therefore, it had the funds to do excellent maintenance. The 

project area has been becoming more and more urban resulting in changing needs of the 

water users. The maintenance and operation foremen both reported to the same 

superintendent who oversaw O&M and disbursed funds. The SRP was developing a 

computer program for maintenance to inventory all facilities and track repairs. The 

maintenance foreman received daily reports from the operations staff regarding repairs 
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needed and determined daily crew schedules for maintenance work based mostly on his 

experience. 

Maintenance in the SRP was organized by first dividing channels by size into 

transmission (canals) and distribution (laterals). The maintenance activities performed on 

both canals and laterals were the same and were divided into the following three 

categories: 1) waterways, 2) ba.11ks a.TJ.d right-of-way (r/w) and 3) repairs and minor 

improvements. For waterways, the maintenance actions were: machine cleaning, tractor 

demossing, special moss pull, trouble calls, wasteway cleaning, fish (white amur fish were 

used to help control aquatic weeds), hand cleaning and vactor cleaning. Tractor 

demossing, wasteway cleaning and fish were not required for laterals. For banks and r/w, 

maintenance actions were: chemical spray, special dust control, machine mowing, tree 

removal, right-of-way maintenance, trash removal, roads and road structures and hand 

cleanlbush removal. For repairs and minor improvements, maintenance actions were: 

lining repair, rip raplbackfill, pipeline repair, structure repair and culvert under 100 feet. 

The majority of maintenance money was spent to keep canal waterways in good condition. 

The SRP was developing water system reliability standards and a five year 

maintenance plan (Heinert, 1991). These reliability standards were based on two 

standards: (1) product--quantity and quality and (2) service--delivery, drainage and 

information, billing, records, etc. The quantity standard was an amount of water delivered 

over a calendar year in a certain percentage of years. 
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The SRP was developing a maintenance plan by flrst generating maintenance 

activity descriptions. These descriptions were one page summaries of critical information 

about each activity. Six scheduling categories were being used: 1) preventive, routine 

(on regular schedule), 2) preventive, seasonal, 3) preventive, dry-up (concentrated effort), 

4) corrective normal (on demand), 5) corrective emergency (either as available or 

immediate) and 6) corrective dry-up. Corrective emergency was "for partial, total or 

imminent facility failures caused by sudden events (ie. storm, excess hydraulic or 

structural load, or prolonged occurrences (ie. weathering, aging, sediment buildup, weed 

growth)." The planners were developing decision criteria for each activity to determine 

when and how much. 

Maintenance Management 

Sagardoy (1982) listed the optimum maintenance cycles used by an agency in 

Mexico (SARH) (Table 1). The optimum cycle of maintenance was defmed as "the time 

that can safely elapse between two consecutive maintenance operations of a constructed 

element (canal, road, drain, etc.) without that element failing and disrupting the efficient 

operation of the whole. A certain degree of malfunctioning (10-20 percent reduction in 

absolute efficiency with respect to the design) is normally acceptable between the two 

consecutive maintenance operations." The optimum maintenance cycle should be based 

on local factors. During a project's initial years, it must rely on experience from similar 

projects. These cycles were the time between performing maintenance activities. 
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Table 1. Optimum maintenance cycles.! 

MaIntenance ACtivIty Type of Canal Mamtenance Cycle 
(years) 

IKKlliATION CANALS 
Low HIgh 
silted silted 
water water 

A2 8 3 
B 7 3 

Silt Clearance C 6 3 
D 4 2 
E 3 2 

Weed Clearance A,B,C,D,E 1 
Reshapmg of berms A,B,C,D,E 3 
Structures (metalhc) 

Large structures 6 
Small/medium structures 3 

DRAINS 
Sl1t clearance A,B,C 6 

D,E 4 
Weed clearance A,B,C,D,E 1 
Structures (aU types) 3 

DAMS 
Weed clearance I 
Soil conservation works 4 
Masonry 4 
Gates 2 
Electric engines 1 

- revision 1 
- overhaul 5 

ROADS 
Weed control I 
Road reshaping 1 
Maintenance of road berms 4 
Structures 4 

!Standards used by SARH (Secretaria de Agricultura y Recursos Hidrciulicos, Mexico). 
2Canal classification based on size and lining type. 
Reproduced from Sagardoy (1982). 
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Schaack (1988) described the procedures used by the United States Bureau of 

Reclamation for optimum maintenance. He emphasized the importance of considering 

O&M durLng the planning and design stage. The Bureau used a review of facilities 

program to sustain a high level of O&M. An outside team conducted the review and 

organized recommendations into three categories based on the priority of required 

corrective action. It was also recommended to base each year's budget on specific needs 

with projections for several future years rather than basing the budget on last year. 

In preparing irrigation project O&M manuals, four maintenance policy areas 

should be discussed: "1) degree to which preventative maintenance, as opposed to 

identification and resolution of problems on an ad hoc basis, is to be relied upon; 2) 

appropriateness of deferring maintenance on facilities for which plans have been approved 

for modernization or rehabilitation; 3) approach to modernization of works during 

performance of maintenance activities, including the degree to which it is the intent to 

continually modernize the system, and the criteria for such decisions; and 4) the 

relationship between system maintenance, modernization and rehabilitation" (Anonymous, 

1989b). 

The Bureau of Reclamation (Anonymous, 1986b) developed a manual maintenance 

system (MMS) for water O&M projects emphasizing keeping records of inspections, 

repairs and tests using index cards to record data. Skogerboe (1988) described a 

maintenance and operation (M&O) learning process. This process collected data on flows, 



34 

channel losses and application efficiencies and used this information to "learn" how the 

system operates. This information was used to develop operations and maintenance plans. 

Gilles (1978) divided maintenance of drainage networks (unlined, open channels) 

in Germany into upkeep, or "regularly yearly repeated works," and reconditioning, or 

"occasional works from repairs to remodelling." Based on the purpose of the drainage 

system, the two primary aims of maintenance were: 1) regulation of soil moisture and 

2) flood control. 

For the regulation of soil moisture a maintenance condition was defined such that 

the depth of water does not decrease or increase by more than a specified amount. The 

actual discharge capacity must always be greater than the constant required capacity for 

flood control. These two conditions control when maintenance must be done. Sediment 

removal was the main reconditioning work which was required every 4 to 6 years. 

Upkeep work was mostly mowing, weeding and clearing which required 60-90 percent 

of the effort. 

Maintenance must be clearly defined and measurable goals established to improve 

maintenance management. Although a number of management systems have been 

proposed, rarely do these system defme maintenance and measurable goals. To maximize 

cost effectiveness, the decision to perform maintenance must be based directly on its 

effect on performance rather than indirectly through maintenance cycles. 

Maintenance actions and rehabilitation decisions must be based on the performance 

result to be cost effective. Level-of-maintenance has been defmed as "that point at or 
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below the deficiency level of a maintenance condition that should trigger an appropriate 

maintenance activity" (Miller, 1989). The most appropriate indicators and the levels at 

which maintenance should be triggered have not been developed for irrigation 

maintenance activities. Although levels of maintenance can also be stated in general 

terms such as make repairs when "necessary," they will be more effective if specific 

thresholds can be defined to trigger maintenance. The establishment of these levels 

should involve the people who design, maintain, operate and use the system. The levels 

and indicators used will vary spatially and temporally, but the same methodology will be 

used. 

Maintenance Costs 

Burris, et al. (1985) determined that the net return for annual maintenance versus 

periodic reconstruction of open channel drainage ditches in Ohio was 1.5 to 4.5 times the 

actual costs depending on the soil type. They showed that annual maintenance costs 

varied linearly with length for soil types with clay contents greater than 30 percent. 

In Sri Lanka, Gunawardena and Perera (1990) interviewed people and collected 

data from voting records, ledgers and other accounting documents. Maintenance activities 

found on main canals and distributary channels were: "clearing weeds, shrubs, and minor 

jungle along the canal banks; removal of water plants and sediment removal in canals; 

repairs to scours on canal banks; repairs to stop seepage losses in canal bunds; repairs to 

minor depressions on canal banks; and repairs to structures on canals, metal work, gates, 
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Table 2. Analysis of average maintenance expenditure on important items. I 

Giritale Ridi Dendi Ela 
Activity 

Sri Lankan Sri Lankan 
Rupees Percent Rupees Percent 

Weeding, etc. 131,106 40 100,723 32 

Sediment removal 39,235 12 50,451 18 

Earth work 96,976 29 34,598 12 

Structural repair 46,553 14 62,894 20 

Graveling - - 4,306 2 

Other items 14,966 5 47,170 16 

Total 328,836 100 300,142 100 

IReproduced from Table 6 in Gunawardena and Perera (1990). 

and protection works." Inspections by officials identified priority maintenance items. 

Weeding, earth work and repairs to structures received the most funding (Table 2). 

The authors asserted that the low expenditures on sediment removal and repairs 

to structures may not eliminate problems, while weeding and earthwork make the scheme 

look nice. It may be that weeding and earthwork receive high expenditures because these 

expenditures give observable results. 

Cabanilla (1984) noted that due to decreasing funds for new projects, the 

importance of O&M has increased. The report focuses on national and system levels in 

the Philippines. He found that 92% of cost of O&M was for personnel. Most 
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maintenance was cleaning and sediment removal of canals. The national systems needed 

rehabilitation every 10 years. 

One to two, 0.5 to one and five percent of investment cost were recommended as 

reasonable yearly maintenance and repair costs for open farm ditches, concrete structures 

and non-reinforced concrete, flexible membrane, and galvanized steel ditch linings, 

respectively (Jensen, 1980). 

Theoretical and Empirical Maintenance Approaches 

Kikuchi (1991a) made some assumptions and found that it may be more cost 

effective to lower spending on O&M and rehabilitate sooner. The cost effectiveness of 

lowering spending on O&M and rehabilitating sooner increased as the usable lifetime of 

the irrigation system increased assuming technically "adequate" O&M. 

Howitt, et a1. (1989) developed a model based on gross margin that included a 

performance reduction factor. This performance reduction factor assumed a sigmoidal 

(cubic) reduction based on the useful life of the irrigation system. This performance 

reduction factor and the useful life of the irrigation system were based on the authors' 

experience. Open farm ditches, concrete structures and non-reinforced concrete, flexible 

membrane, and galvanized steel ditch linings were estimated to have 20-25, 20-40 and 15 

year lifetimes, respectively (Jensen, 1980). 

Where retirement rate information was available, Iowa-type survivor curves were 

used to assess the service life of various "units of property" in irrigation and power 
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systems operated and maintained by the Bureau of Rec1amation (Anonymous, 1988c). A 

"unit of property" is dermed as "(a) an item that will be replaced as a complete unit more 

than one time within the period of analysis and (b) an item that is significant in terms of 

annual maintenance expense and is not ordinarily replaced as a part of the normal 

recurring maintenance program." These units of property were mostly mechanical or 

electrical items. Diversion structures, dams and other structures were generally found to 

have useful lifetimes exceeding 50 years. The survivor curves showed percent survivors 

versus age for each age interval. All units of property were discussed in interviews with 

O&M personnel and interview results were relied on entirely when there was insufficient 

data to construct survivor curves. 

Savvateev and Shumakov (1986) gave formulas based on long-term, statistical 

studies for the probability of failure-free operation of a water engineering installation, 

mean time of failure-free operation of zth type installations in days, mean time of repair 

and restoration of a water engineering installation in days, mean durability of a zth type 

water engineering installation in years and the mean cost of repair and restoration of a zth 

type water engineering installation for one year of operation as a percent of the original 

cost. These equations were based on the canal flow and empirically derived constants. 

A Bayesian probabilistic model was used to include the time variance in dam 

failure occurrences (Anonymous, 1988d). A non-homogeneous Poisson distribution was 

assumed to represent the process of random dam failures, with a mean frequency of 

occurrence described by the following function: 



Where 

A(t)=at-b 

t = time 
a = determined parameter 
b = determined parameter 
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(1) 

Yukawa (1984) documented an improvement in conveyance efficiency and a 

decrease in the "number of damages" (damages is not defmed) over the 20 year 

operational history of the Aichi irrigation system in Japan. He reported that this system 

had accurate and continuous daily hydrological observations at all key points of the 

system over its entire history. These records included "inflow, outflow, and storage at 

each reservoir, discharge of the river at the diversion point, discharge of the main canal 

at the key points including the intake, diversion discharge at the head of each lateral, 

precipitation at each observation station, and also daily demands of irrigation, cities and 

industries." Efficiency was defined as outflow from all laterals and the end of a reach 

divided by inflow at the top of the reach. Ponding determined loss by evaporation and 

seepage from the upper portion of the canal to be 5 l/slkm in the maximum capacity canal 

section (30 m3/r:,). Operation loss was defmed to be total loss minus the loss expected by 

evaporation and seepage. The establishment of a regulating reservoir greatly increased 

the conveyance efficiency. 

After 170 damages the first year, the number decreased yearly except for increases 

in the tenth and fifteenth year. The average yearly "number of damages" (not further 

defined) was 33 over 20 years. The number of damages per year remained below the 
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average after the fifth year except for the tenth and fifteenth years. The author stated that 

the main reason for the increase in these two years was natural calamities such as heavy 

rainfall, but speculated about the possibility of a five or ten year deterioration cycle. The 

author concluded that a uniform discharge results in a much higher efficiency and that 

conveyance efficiency was related to the number of damages. Yukawa (1987) attributed 

the decrease in the "number of damages" and increase in conveyance efficiency to staff 

training and increased staff experience. 

Levine (1986) argued that routine maintenance costs may be greater than the 

resultant benefits if the time lag between incurring the costs and obtaining the benefits is 

considered. He defined routine maintenance as that meant to keep the system at or near 

its original operating condition and cautioned that breakdowns having an immediate and 

serious effect must be repaired rapidly. He contended that three factors combine making 

it a number of years before lack of maintenance is felt as a reduction in net income. 

First, some years pass before system capacity is reduced below design capacity. Second, 

as system capacity becomes less, farmers manage irrigation more carefully for a few 

years. Finally, a decrease in yield caused by insufficient water initially results in only a 

small reduction in net income. Therefore, it is a number of years before income losses 

exceed maintenance costs. An idealized irrigation system life cycle was presented using 

water efficiency as a performance parameter. Each life cycle showed a pattern of 

"learning, maturation and decline." At the end of each life cycle, the system was 

improved by rehabilitation. 
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Humphreys (1986) evaluated performance of structural designs. Small drop/check 

structures of varying design in the 28-115 lis flow range were installed in 1966 and their 

field performance was evaluated dwing the following four years. They were again 

evaluated in 1984. The structures were evaluated by cost, structural integrity, stability, 

hydraulic performance and ditch erosion control capability parameters. A precast concrete 

head wall with a rock-lined basin or plunge pool was the most economical and one of the 

most effective structures. The structures were ranked based on the parameters and given 

a separate cost ranking. 

Wang and Hagan (1981) emphasized the need to control vegetative growth in 

unlined channels. The Manning resistance coefficient changed from 0.025 to 0.12 

representing a five-fold reduction in flow capacity indicating that the maintenance 

program must be considered at the design stage. Vegetative growth caused increased 

water losses due to increased seepage, evaporation and transpiration. The decrease in 

velocity also caused an increase in sedimentation speeding the decline in canal capacity. 

Measurements in Pakistan gave a Manning resistance coefficient value of about 

0.005 for clean, uniform, straight channels (Trout, 1979). Moderate and extensive 

vegetative growth increased this value to about 0.02 and 0.10 or more, respectively. 

Trout (1979) calculated that based on the costs to manually clean channels and the 

value of water in Pakistan, it may be economically advantageous to clean the channels as 

often as once a month. Ponding loss, steady state inflow-outflow flume and operational 

condition inflow-outflow flume measurements were used for field data collection. He 
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noted that the flow depth increase resulting from vegetative growth would be a more 

direct indicator of the need to clean vegetation. He indicated that a five centimeter depth 

increase will result in about 10 percentage points of higher losses. 

Irrigation System Performance 

Researchers have proposed many different systems for evaluating irrigation system 

performance. Although there has been much discussion, no national or international 

standard for measuring and evaluating irrigation system performance has been established. 

There is general agreement that adequacy, equity and dependability (or reliability or 

timeliness) are three important measures related to the amount of water delivered. 

Direct measurement of water delivered is necessary to assess the effect of maintenance 

on performance. Irrigation system managers and farmers need an indicator that gives 

information about these three measures of irrigation system performance, the reasons for 

poor performance and is easy to understand and interpret. Most evaluation systems have 

been proposed by and for researchers, not for irrigation system managers or farmers. 

Some examples follow. 

Small and Svendsen (1990, 1992) developed a framework for evaluating irrigation 

system performance by viewing irrigation purposes as a nested means/end framework. 

They divided an irrigation system into three subsystems: (1) acquisition, (2) distribution 

and (3) application. They explained performance with a goal-oriented model and identify 

three broad types of performance assessments: (l) operational performance monitoring, 
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(2) intervention assessments and (3) accountability assessments. Measuring the quantity 

and distribution of water at the interface between the distribution and application 

subsystems was suggested to evaluate irrigation system performance. 

Svendsen and Small (1990) proposed a set of twelve irrigation performance 

measures of interest to farmers. The depth-related measures suggested were adequacy, 

equity and timeliness. The remaining nine measures were related to farm management 

and water quality. 

Adequacy and timeliness can be combined into a potential productivity given a 

time-history of water deliveries throughout a season (Abernethy, 1986). This number can 

be based on land or water and is calculated by comparing water supplied with crop water 

requirements. The median potential productivity can be determined as measure of 

performance. Equity is measured using the modified interquartile ratio. 

Malano and Gao (1992) developed a methodology for ranking performance of 

irrigation systems through multidimensional performance indicators using fuzzy set theory. 

The performance indicators used were irrigated area, distribution efficiency, waterlogged 

area, average yield and farm irrigation performance. 

Seckler, et al. (1988) developed a statistically valid index for measuring irrigation 

system performance. Wetted area was used as an indicator of water supply, because the 

authors asserted that measuring the water supply is very difficult in large-scale irrigation 

systems. An objective function was quantified and an index developed by Theil was used 

to combine the "mean error" and the "uniformity error" into a total error term. The total 
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error gave a single number evaluating irrigation system performance with respect to an 

objective function. 

Molden and Gates (1990) defmed four goals of a water delivery system: (1) 

adequacy. (2) dependability. (3) efficiency and (4) equity. They went on to define 

indicators and suggest performance standards for each indicator. Abernethy (1990) 

proposed three fundamental indicators for appraising irrigation system performance: (l) 

adequacy. (2) equity and (3) timeliness. 

Social Aspects 

A simple maintenance framework that defmes maintenance goals and provides a 

measure to evaluate the achievement of these goals is needed. This maintenance 

framework can improve irrigation system management. thereby strengthening the 

governing social institutions. The results can ignite a positive feedback cycle where. as 

farmers see the benefits of good maintenance. they become more willing to contribute to 

maintenance. In any event. a consideration of social institutions governing irrigation 

systems is a vital part of any strategy to improve maintenance as indicated by the 

following literature selections. 

Anderson (1986) asserted that large-scale irrigation projects require a central 

authority for water management. This central administration usually consists of paid 

employees resulting in a conflict of interest with the farmers as the bureaucrat's goal is 

to increase their social standing in the system while the farmers want the system well-
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ordered. He suggested that the central authority should consist either of local fanners or 

of members directly elected by local fanners to eliminate this conflict of interest. 

Martens (1989) evaluated three International Labour Organization (ILO) Special 

Public Works Programme (SPWP) irrigation projects from design to long-term impact. 

These three projects included Bhorletar in Nepal and two projects in Tanzania. He found 

that the agricultural production in all three command areas received a "tremendous boost" 

from the irrigation infrastructure. Marten's analysis showed that "the projects have 

created rural growth poles - a rare phenomenon in most developing countries - with a 

considerable economic potential, reaching far beyond the agricultural sector." He argued 

that popular participation in O&M is necessary to sustain these "rural growth poles." 

Carruthers (1986) concluded "that the resources for maintaining irrigation inputs 

must come from the direct beneficiaries." Chambers (1988) discussed learning and 

mislearning from research and professional biases. He suggested that many research 

projects and demonstrations are the result of special conditions that cannot be replicated. 

He indicated the following gaps in knowledge that need to be explored: main system 

management, including the scheduling and delivery of water, and communications; canal 

irrigation at night; management of canal systems jointly by farmers and officials; 

professional conditions and incentives for irrigation managers; and methods for diagnostic 

analysis. He delineated three points of entry into irrigation systems to improve 

performance: operation plans; rights, communications and fanners' participation; and 

performance monitoring and computer analysis. 
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Hesselberg (1986) asked why maintenance of minor but vital parts of irrigation 

systems is neglected. He discussed the reasons for lack of maintenance on three levels: 

government, local community and cultivator. Although the rewards in terms of additional 

rice production "undoubtedly" would be high, the underlying reason for the lack of 

maintenance at all three levels seemed to be that the individual involved saw no personal 

reward for the hard labor involved in maintenance. 

Kirpich (1987) discussed "people problems" in less developed countries (LDC's). 

The livelihood of 800-1 ,000 million people depends on the 70 percent of the world's 200 

million ha of irrigated area in 22 LDC's. Sri Lanka, India and Mexico among other 

countries projected a doubling of irrigated area by 2000. He contended that innovative 

management was crucial to improve irrigation system performance in LDC's. He believed 

that more leadership from engineers and more management research on irrigation systems 

were needed. 

Lundqvist (1986) noted that although if irrigation is necessary, water is the most 

important (scarce resource), the preference for building new schemes versus rehabilitating 

or maintaining existing schemes indicates that land is considered the most important factor 

in agricultural development. He suggested that planners and economists are trained to 

think of land as a "factor of production" but water traditionally has not been considered 

as important and also engineers are trained to design and construct new schemes rather 

than maintain and operate existing ones. Finally, he suggested that land is easier to 
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control than water. For example, control over land generally includes control over the 

water, but the reverse is not always true. 

Martin (1986) reported that, in the hills of Nepal, systems with greater 

maintenance requirements had stronger organizational patterns among users. Ostrom 

(1992) suggested eight design principles for long-enduring, self-organized irrigation 

systems that could be applied to many irrigation systems to increase performance. 

O&M in Nepal 

Ansari (1989) estimated maintenance labor to be 30 to 7S farmer dayslha at Nepali 

Rupees (NRs.) 18 per day resulting in an average cost of NRs. 900 per annum. Irrigation 

increased cropping intensity. The basic needs program set a goal of increasing food grain 

production from 4,312,000 tons to 8,651,000 tons and increasing irrigation facilities from 

434,000 ha at the end of 86/87 to 1,250,000 ha by 2000 (816,000 ha increase in 13 

years). Out of 434,000 ha, actual irrigation affects 40 percent of command area during 

the monsoon season and only 20 percent year round. All His Majesty's Government 

(HMG) irrigation agencies were merged into one Irrigation Department. Beneficiary 

(farmer or water user) participation in irrigation development was compulsory and the 

HMG contribution was fixed. 

Beadle, et al. (1988) described an engineering approach that addresses technical, 

institutional and social constraints in a study for rehabilitation of the Chandra system in 

Nepal. The design flood was 3400 m3/s. The headwork design capacity was 14.2 m3/s 
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and flow in February typically was 2 m3/s (15 percent of main canal capacity). The 

authors recommended a socio-physical package of measures: 1) physical--construct 

tertiary and quaternary canals and systematically rotate supplies and 2) give O&M 

responsibility to farmers and well-defmed and realistically achievable responsibilities to 

government employees. 

Howarth and Pant (1987) cited three advantages to many small parallel systems 

in mountainous regions: 1) the areas served are small and relatively easy to manage, 2) 

a series of weirs can divert a greater proportion of the available water and 3) small canals 

are easier to construct and maintain through difficult terrain, more stable and less likely 

to promote slips. They concluded that the most critical problem new schemes must 

address is poor management. Time is needed for appropriate social institutions to evolve. 

For success a strong, formal management structure involving committees is required and 

operation and maintenance are often separated. Many times a contractor is responsible 

for main system maintenance. 

Marten and Yoder (1987) proposed a 4x4x4 irrigation systems activity matrix and 

assert that "in the hills of Nepal resource mobilization to maintain the system for water 

acquisition is the primary activity which influences the structure of many of the farmer 

irrigation organizations." They found that the formality of organizational structure is 

largely a function of the amount of labor required for maintenance. 

Tiwari and Yoder (1989) reported that the Tinau River ranges in flow from less 

than 3 m3/s from March to May to thousands of cubic meters per second during the 
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monsoon. The main maintenance problem was massive sediment deposits in the intake 

and canal. Two maintenance activities were: 1) annual sediment removal of the main 

canal and 2) emergency intake repair. Hydraulic characteristics changed due to 

sedimentation as the season progressed. In 1988/89 labor for routine and emergency 

maintenance was about 24,000 person-days. The average cost was estimated to be NRs. 

300 per hectare. Water was divided by proportionality, experience and crop status rather 

than measurement. Higher seepage and percolation losses required more water at the 

head than the tail possibly due to a deeper water table at the head. The average rice yield 

was 3.7 tonlha ±0.9 versus a national average of 2.5 tonlha. 

Yoder and Martin (1985) summarized the organization of farmer managed 

irrigation systems in Nepal and included questions to assess local resources for irrigation 

development. These organizations have a sachiv (secretary) who organizes and supervises 

work on the system. The critical period for maintenance of most community irrigation 

systems was prior to and during the monsoon season. Usually all the members had to 

work to clean and repair the canal. During monsoon season, two people usually patrolled 

the canal every day to do minor repairs and alert the rest of the members if more labor 

was required. A list of questions was developed to learn about routine and emergency 

maintenance on the system. 
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IRRIGATION SYSTEM DESCRIPTIONS 

Begnas, Vijayapur and Seti irrigation systems are located within 20 km ofPokhara 

in Kaski District of Gandaki Zone in Nepal's Western Development Region. They have 

command areas of 580, 1280 and 750 ha, respectively. The soils in their command areas 

are mostly medium and heavy silt loam from 0.3 to two meters thick. In some locations, 

the soil thickness is as little as 0.3 m. The loam is underlain by a stratum of pebble or 

pebble loam, which is underlain by a stratum of conglomerate resulting in considerable 

seepage losses (Anonymous, 1981). 

The altitude is about 800 m and the latitude and longitude were 28.22° North and 

84.00° East. The average temperature is 20.8 degrees C. Average sunshine duration is 

6.5 hours per day and Penman evapotranspiration is 1270 mm in a year. The average 

annual rainfall in Pokhara Valley is about 3700 mm with 80% falling during the monsoon 

from June to September. The average annual rainfall at Begnas Lake is about 3000 mm 

over four years of record. From November to March, less than 20 mm of rainfall falls 

per month. 

Viiayapur 

Before this project was expanded from 1955 to 1961, it was a farmer-managed 

system. The completed facilities provided irrigation to 100 ha of land throughout the year 

and about 175 ha during the rainy season with the Vijayapur stream as a perennial water 
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source. Twenty years later, the system needed substantial rehabilitation and was included 

under the Hill Irrigation Project (lllP) funded by the Asian Development Bank (ADB). 

The system was rehabilitated and again expanded in the early 1980's with most 

of the work completed by 1987. The right headwork foundation, washed away by a 

severe flood in 1979, was repaired at this time. The original, unlined main canal was 

mostly lined during the rehabilitation with 3.41 km of masonry, 730 m of boulder and 180 

m of plastic linings (Poudel, 1986). The completion of the Seti irrigation system in 1985 

provided additional water for the Vijayapur system during the dry season via a link canal. 

The link canal can discharge about 3 m3/s of sediment laden water into the Vijayapur 

stream just above the headwork. 

Hydraulics 

The official command area is 1280 ha and 650 ha during the monsoon and dry 

seasons, respectively. The system is designed to provide a continuous flow of 5 lIs/ha to 

the command area during the monsoon. The headwork has a maximum flood discharge 

capacity of 400 m3/s and the main canal design capacity is 6 m3/s. During the dry season, 

water diverted into the main canal can be less than 1 m3 Is. The partially lined main canal 

is 4.32 km long with 27 structures. Most of the main canal is a nearly rectangular, 

trapezoidal section with side slopes of about 0.25: 1. Main canal outlets serve a command 

area of about 30 ha. Partially lined, rectangular branch canals one, two, three and four 

irrigate 330, 175, 204 and 432 ha, respectively and have 126 structures (Poudel, 1986). 
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Figure 1. Vijayapur flow measurement sites. The command area is 1280 ha and the 
pictured area is approximately 3 by 4 km. 

In 1992, short sections of all the branch canals had restricted capacities due to 

sediment deposition. Branch canal one received very little flow and most of its command 

area was irrigated by small farmer-managed systems. Canals had design slopes ranging 

from 0.001 to 0.0067 with ramp drops, but actual measured slopes varied from 0.0017 to 

0.0065 in 1992. At each gated branch canal, a check gate in the main canal regulated 

flow. Gated, pipe and open outlets diverted water to farmers' fields and field channels. 
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Rectangular canal sections were calibrated at the intake, the head of each branch canal and 

the mid or tail region of branch canal two, three and four (Figure 1). 

Cropping 

The most recent survey (Anonymous, 1991) showed rice covering 94 percent of 

the command area during the monsoon season. Post-monsoon, wheat and mustard were 

the predominant crops, together covering over 71 percent of the area. In the spring before 

the monsoon, maize was the predominant crop covering 41 percent of the area with 10 

percent in rice (Gurung, 1992). The survey estimated the cropping intensity to be 203 

percent. A cropping intensity of 100 percent means that the entire command area is 

cropped for one full season or parts of the area were cropped for more than one season 

amounting to the same crop coverage. Similarly, cropping the entire command area for 

two or three seasons results in cropping intensities of 200 and 300 percent, respectively. 

Management 

Vijayapur irrigation system was managed by the Vijayapur Begnas Project Office 

in Pokhara. Agency personnel operated the intake and the branch canal offtake gates. 

These personnel also oversaw maintenance and interacted with farmer organizations. 

Although some branch canals had stronger organizations, in general, water users 

organizations were weak and had limited involvement in system operation and 

maintenance. During the monsoon season, branch canals two, three and four received 
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continuous flow. Although water delivery was sometimes rotated between the branch 

canals, they received continuous flow for most of the remainder of the year. 

Begnas 

A 540 m long earthfill dam was completed in June 1988 to expand the available 

storage in Begnas Lake. Dam construction increased the lake area from 260 ha to 300 

ha. The dam impounds up to 4.6 million m3 of live storage with an operating head of 2 

m. The lake is surrounded by small hills and has 1860 ha of catchment area (Poudel, 

1986). A 20 m long concrete spillway has a maximum flood discharge of 20 m3/s. The 

main canal capacity is 8 m3/s from the intake to the escape located 900 m downstream to 

provide additional flood discharge capacity. 

An irrigation water-delivery system was completed to supply irrigation water to 

580 ha. Some of this command area had been irrigated before the dam was constructed 

by farmer built and managed irrigation systems using the outlet stream from the natural 

lake as a water source. 

Hydraulics 

Water stored in the lake is released into the main canal through a gated tunnel 

through the dam. The design provides a continuous flow of 5 IIslha to the entire 

command area during the monsoon. The fIrst 900 m of the 3.44 kIn long main canal was 

trapezoidal and lined with packed boulders and has a capacity of 8 m3/s. At this point, 
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Figure 2. Begnas flow measurement sites. The command area is 580 ha and the pictured 
area is approximately 2.5 by 2.5 km. 

an escape canal with a 4 m3/s capacity leaves the main canal. Below this escape, the 

rectangular, main canal has a capacity of 4 m3/s. Three trapezoidal branch canals, totaling 

7.2 km in length, distribute water from the main canal. Branch canals one, two and three 

irrigate command areas of 200, 150 and 200 ha, respectively. These branch canals are 

lined for the ftrst part of their length. For this study, flow was measured at short 

rectangular sections at the head of each branch canal, near the end of the lined portion in 
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branch canal one and at a short lined section near the end of branch canal three 

(Figure 2). 

Many superpassages carry local irrigation ditches across the main canal. The main 

canal had a design slope of 0.000333 compared to a measured slope in 1992 of 0.0005 

over an 88 m section beginning at chainage 1652. The main canal had many drop 

structures and 15 outlets serving a command area of 30 ha. The system had 23 structures 

in the main canal and 53 in the branch canals. 

Cropping 

The most recent survey (Anonymous, 1991) showed rice covering about 93 percent 

of the command area during the monsoon season. Post-monsoon, wheat and mustard were 

the predominant crops, together covering 43 percent of the area. In the spring before the 

monsoon, maize was the predominant crop covering 45 percent of the area. The cropping 

system in these two seasons was still evolving as the irrigation system had been 

operational for only five years (Shah, 1992). The cropping intensity was estimated to be 

196 percent. 

Management 

Begnas irrigation system was managed by the Vijayapur Begnas Project Office in 

Pokhara. Agency personnel operated the dam and the branch canal offtake gates. These 

personnel also oversaw maintenance and interacted with farmer organizations. Although 
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some branch canals had stronger organizations than others, in general, the farmer 

organizations were weak and had limited involvement in system operation and 

maintenance. During the monsoon season, continuous flow operation was practiced. The 

remainder of the year water was delivered on agreed upon days. 

The Pokhara Water Conservancy Project (official name of the Seti Irrigation 

Project) began irrigating 750 ha in 1985. Water is diverted from the Seti River near 

Pokhara and passes through a 1.5 mW hydropower plant on its path to the fields. 

Hydraulics 

The maximum and minimum recorded Seti river flows were 600 m3/s and 6 m3/s, 

respectively. The catchment area above the headwork is 529 km2
• Stream flow analysis 

showed insufficient water to meet the system's needs in only two of 15 years for a 

dependability of 81 percent. The average sediment concentration was observed to be 1.29 

kg/m3 from March to September compared to about 0.25 kg/m3 the remainder of the year 

(Anonymous, 1981). A water quality analysis conducted on samples taken from the Seti 

River at the headwork in May, 1976 found calcium and bicarbonate were the major cation 

and anion, respectively. The salt content was 0.114 to 0.186 gil with a pH of 7.5 to 7.6. 

The level of rare metals was also tested and found to be within tolerable limits. 
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The total amount of irrigation water diverted each year was expected to be 182 

million cubic meters resulting in a total volume of 136,000 cubic meters or a depth of 18 

mm applied to the command area each year. The sediment was silty-sandy loam. 

Chemical, grain size and rare metal content analyses indicated no undesirable effects, but 

it was noted that the sediment was low in organic matter. The design suggested that the 

minimum required irrigation water be applied to minimize deposition and that organic 

matter be added as fertilizer (Anonymous, 1981). Farmers complain that the sediment 

becomes a hard crust on the soil surface making seedling emergence difficult. 

Dry cropland soils had a pH of 7.2 with a total salinity of 0.212 gl100 g. Paddy 

field soil had a pH of 6.6 and a total salinity of 0.05 gl100 g. Continuously and 

intermittently irrigated plots were compared to a plot without irrigation in 1976. The 

continuously irrigated plot yielded 2235 kglha and required 118,500 m3fha of water 

resulting in 30.5 m3/ha of sediment deposition compared to values of 1815 kg/ha, 74,100 

m3/ha and 17.7 m3 fha, respectively for the intermittently irrigated plot. The plot without 

irrigation yielded 975 kg/ha (Anonymous, 1981). 

The main components of the project are the Seti River headwork, the canal system 

and power station. The headwork consists of an overflow weir, intake gates and sluice 

and sediment basin. The Seti River design flood discharge was 1300 m3 Is with a 20 year 

return period and the maximum flow the headwork can pass is 3000 m3/s with a 200 year 

return period. The concrete and stone masonry overflow weir has a bucket type energy 

dissipator. The 80 m long and 9 m high weir can pass a maximum flow of 2400 m3/s. 
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The estimated seepage flow under the weir is about 1 m3 Is. The two radial, 6 m wide by 

5 m high, sluice gate openings have a reinforced structure with 15 mm thick steel plate 

lining on the 1:25 bed slope and can pass a maximum discharge of 600 m3/s. 

The two intake gates have a diversion flow capacity of 11 m3/s. The sediment 

basin has an approach channel which gradually widens from 3.5 m to 9 mover 22 m. 

The channel ends in a trash rack leading to an 8 m long chute with a 1 :42 bed slope. The 

chute leads to a trapezoidal stilling basin that is 40 m long, 9 m wide and 4 m deep. This 

basin has a longitudinal slope of 1 :200 and is divided by a 36 m long wall. A 4 m wide 

by 2.5 m high gated scouring sluice flushes the sediment. Excess water can escape via 

an overflow spillway. 

In 1990, a second, much larger sediment basin was completed downstream of the 

original basin responding to complaints about the amount of sediment flowing through the 

distribution system and on to farmers' fields. The main canal is closed every Thursday 

during the monsoon season from about 6 a.m. to 3 p.m. for sand sluicing of both basins. 

Sediment load in the distribution system is not monitored. 

A main canal, two laterals and 21 sublaterals combine for a total length of 37.8 

km and contain 465 structures. The stone masonry lined, rectangular section main canal 

has an initial design discharge of 11 m3/s and is 7.7 km long. The first lateral, located 

at chainage 3.3 km with a design capacity of 1.74 m3/s, irrigates 225 ha. For this study, 

flow was measured only in the first lateral and six of eight sublaterals (Figure 3). 
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Figure 3. Seti lateral one flow measurement sites. The command area of lateral one is 
264 ha and the area pictured is approximately 8 by 8 kIn. 

The second lateral, 4.09 Ian long, starts at the end of the trunk canal. This lateral 

combines water from the main canal and Kaon stream to provide perennial irrigation to 

about 570 ha. Direct sublaterals from the trunk canal irrigate about 225 ha. Altogether 

21 sublaterals have a combined length of23.2 kIn. All these canals have rectangular cross 

sections and are of stone masonry in cement mortar. Design slopes, in general higher 

than in the Vijayapur and Begnas canals, range from 0.00043 to 0.033 with ramp drops 
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where necessary. In 1992, measured slopes in the lateral one area ranged from 0.00042 

at the head of sublateral four to 0.015 at the head of sublateral two. 

Three horseshoe shaped tunnels on the main canal total 1555 m in length. The 

main canal and the fIrst lateral each have an aqueduct with total lengths of 73 and 65 m, 

respectively. Design canal water delivery efficiencies range from 80 percent for farm 

ditches to 97 percent for sub laterals. 

Cropping 

The system was designed assuming a cropping system of 95 percent of the land 

area in a winter crop of wheat from Nov. 21 to Apr. 10, and 95 percent of the land area 

in paddy from July 21 to Nov. 20. From Apr. 11 to July 20, sixty percent of the land 

area was expected to be in maize and 35 percent in paddy. Although no crop survey data 

were available since the irrigation system began operation, observations indicate the 

design estimate of 95 percent of the land in paddy during the monsoon is still reasonable. 

During the pre-monsoon season, vegetables and maize are the main crops grown in the 

lateral one command area. Much of the lateral two command area remains fallow during 

the dry season. For paddy, 0.0118 and 0.0127 m3/s/ha were to be supplied for the 

monsoon and dry season, respectively with 0.00174 m3/s/ha supplied for dry season crops. 
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Management 

Seti irrigation system was managed by the Pokhara Water Conservancy and 

Irrigation Project Office in Pokhara. Agency personnel operated the intake and the 

secondary and tertiary canal offtake gates. These personnel also oversaw maintenance and 

interacted with farmer organizations. Although some sublaterals had stronger water users 

organizations, in general, water users organizations were weak and had limited 

involvement in system operation and maintenance. The irrigation system was designed 

for continuous flow for paddy and 10 day rotation for dry season crops. 
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METHODS AND PROCEDURES 

System Selection 

Selected systems for this study met two criteria: 1) a location such that a single 

researcher could observe each system once a week and 2) "similar" enough for 

comparison. Pokhara Water Conservancy and Irrigation Project, Vijayapur Subproject and 

Begnas Subproject (Table 3) were selected to examine the relationship between 

maintenance and performance and to quantify availability. 

Table 3. Characteristics of the systems studiedl
. 

System Name Command Age, Canal Main canal Structures, 
Area, ha yrs. length, capacity, no. 

m m3/s 

Pokhara Water 1030 7 38800 11 650 
Conservancy and 
Irrigation Project (Seti) 

Vijayapur Subproject 1280 62 15020 6 153 
(Vijayapur) 

Begnas Subproject 580 4 10800 4 76 
(Begnas) 

IPoudel S.N. 1986. Irrigation Development in Nepal. Kamala Poudel. Teku Nayalbari, 
Kathmandu. 
2The original project was a rehabilitation of an old farmer managed irrigation system 
completed in 1961. The project was rehabilitated with new construction completed in 
1986. 
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Following the typology developed by Steiner and Walter (1988) all three systems 

have the same attributes except that Begnas has a reservoir supply while Vijayapur and 

Seti are supplied as "run-of-the-river." This typology contains five classification subareas 

under the general area and three classification subareas under the operational area. The 

Murray-Rust and Snellen (1991) physical design classification system, using three areas 

of classification, classes these three systems together. An expert system developed by 

Svendsen and Balachandran (1993) classifies systems with seven typology dimensions: 

1) system-wide water source, 2) local water source, 3) climatic data, 4) application type, 

5) agricultural complexity, 6) management mode and 7) system size. These three systems 

differ only in system-wide water source and system size. All other dimensions were 

classified the same. System size differed because one of the arbitrarily selected cut off 

points for system size was 1,000 ha. Based on these three typological systems, these three 

irrigation systems appear to be "similar." 

Using three similar systems of different ages and collecting all data during one 

year eliminates year-to-year variability. Unfortunately, variability exists between the 

systems selected. Data from previous years is used to construct a system performance 

history for Vijayapur and Begnas. The performance history of a single system shows 

year-to-year variability due to rainfall and other variables that vary over the years. 

Although year-to-year hydraulic and operational changes within a single system may cause 

a small amount of variability, a performance time series for a single system eliminates 
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variability between systems. All available information on the systems was collected, 

including design specifications and construction and maintenance records. 

Flow Measurement 

Although there are many measures of irrigation system performance, since this 

study was concerned with the internal processes of each irrigation system, the amount of 

water delivered to farmers was the most important irrigation performance measure. 

Therefore, water flows were measured at seven or eight meaningful points in each 

irrigation system approximately weekly. These meaningful points included the canal 

intake and one point near the head and in the mid-section to tail of each major branch. 

Existing water control structures and rectangular canals were calibrated and the flow was 

calculated from the measured depth. 

These measured flows were used to calculate adequacy (Molden and Gates, 1990) 

and availability, developed in a later section. If the water volume is below a certain level 

(failure), the reason for the low water volume must be recorded to determine 

unavailability. Unavailabilities show the reason for and significance of its contribution 

to low performance, thus, corrective action can be taken. 

Impeller-meters were used to measure velocity at the locations selected. Discharge 

was calculated from the measured velocities. Velocities were measured at five locations 

for canal widths greater than or equal to 70 cm and three locations for canal widths less 

than 70 em. When depth of flow was less than 50 cm, velocity was measured only at 
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four-tenths of the water depth (measured from the canal bed). For flow depths equal to 

or greater than 50 em, velocity was measured at two-, four- and eight-tenths of the water 

depth (measured from the canal bed). Discharge was calculated from the average velocity 

measured at two- and eight-tenths and the velocity measured at four-tenths of the water 

depth. If the two calculated discharges were within five percent for the first three 

measurements and the velocity profile was uniform, subsequent measurements were taken 

at only the four-tenths depth. 

Discharge was calculated by multiplying the area between the velocity 

measurement plane and the canal side by two-thirds of the velocity for side sections and 

mUltiplying the area between velocity measurement planes by the average of the velocity 

on each plane. The resulting four or six area discharges were summed to obtain the total 

discharge (Chow, 1959). 

Discharge versus depth was plotted on a log-log scale for each selected location 

and regressed giving a calibration equation. After developing a suitable calibration 

equation for each location, only depth was measured and discharge was determined by 

using the calibration equation. Each calibration equation was checked near the end of the 

data collection period by taking velocity measurements and comparing the calculated 

discharge to the discharge calculated by the calibration equation. 

The slope of the canal bed was measured across each measurement point. At each 

location, canal bed levels were taken 10 to 15 meters above, at and 10 to 15 meters below 

the measurement section. Where possible, one or two additional levels were taken below 
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the measurement section. Canal widths and depths were measured. The flow depth was 

measured to the nearest centimeter with a rod scored every centimeter. Manning 

resistance coefficient was calculated with Manning equation using the discharge obtained 

from the measured velocities, measured canal dimensions and measured canal slope. 

Vijayapur 

Recorded flow depths at the Vijayapur intake were available from August 1990 

to March 1992. These values were taken six times per day during the 1990 monsoon 

season, two times per day during the remainder of the year and four times per day during 

the monsoon beginning with the 1991 monsoon season. The canal section here was very 

close to rectangular with side slopes of 0.25:1. This canal was calibrated as a rectangular 

section in June, 1992 for depths varying from 16 to 60 cm using an impeller-meter with 

wading rods. Due to the high velocity at this section, it was not possible to take velocity 

measurements at greater depths with this equipment. Therefore, the calibration was 

extrapolated for depths greater than 60 cm. A log-log calibration gave an ~ of 0.997. 

Because the section was not rectangular, but in fact had very steep side slopes, it was felt 

that this calibration would slightly underestimate discharge at depths greater than 60 cm. 

Regressions estimating flow were performed by successively adding exponential depth 

terms were examined and the original log-log calibration was satisfactory. This 

calibration was checked in November, 1992 and found to be the same as in June. As 

hydraulic conditions at this point were known to be relatively constant, it was therefore 



68 

assumed that this calibration was valid for the entire data from mid 1990 to the early 

1992. Using this calibration, the recorded water depths were converted to discharges and 

mean discharge was calculated for each day. The coefficient of variation for each day 

was calculated and the average was 0.136. Therefore, it was felt that use of the mean 

discharge would be adequate for performance indicator calculations. 

Daily flow depths near the headgate of each Vijayapur branch canal were available 

for the 1991 and 1992 monsoon seasons. These branch canals, all rectangular sections, 

were calibrated in June, 1992. At each location, the minimum and maximum depths for 

which discharge was measured were within 5 em of the actual minimum and maximum 

water depth passing that point. Values ofr ranged from 0.986 to 0.999. Each calibration 

was checked in September and all but the head of branch canal four remained the same. 

At the head of branch canal four, all the calibration values taken in June were at shallower 

depths, while those taken in September were at deeper depths. The two data sets were 

combined giving an r of 0.986 and this was used as the calibration. Based on the 

experience of one monsoon season and the condition of the canals at these locations, these 

calibrations were considered to be valid over both seasons and used to calculate daily 

flows. 

During the 1992 monsoon season, data were collected independently approximately 

twice a week at these locations near the head and at one other location near the mid

section or tail of each branch canal. The locations near the mid or tail of each branch 

canal were also calibrated in June and checked in September, 1992. 
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Comparing the depths collected during this research with those recorded by the 

dhalpas (ditch riders) the resulting flows in branch canals one, two and four differed by 

less than 40 lis. But, the flows in branch canal three were 234 lis higher according to the 

data collected during this research. This may be because the independently collected data 

was always taken between 10 a.m. and 6 p.m. whereas the available data was often taken 

between 5 and 8 a.m. and it was not unusual to observe slightly higher flows during mid

day. Another possible explanation is that one of the dhalpas farmed in the command area 

of branch canal three. 

Begnas 

In the Begnas system, morning and evening values of lake level, gate opening and 

water depth in the main canal were available for nearly every day from June, 1988 to the 

present. In June, 1992, a curve was constructed for the coefficient of discharge (Cd) by 

determining discharge downstream at various gate openings (Figure 4). Based on this 

curve, a Cd of 0.49, 0.52 and 0.55 was used for gate openings less than or equal to 0.2, 

between 0.2 and 0.4 and greater than or equal to 0.4 m, respectively. Using these Cd 

values and the average daily values for lake level, gate opening and main canal water 

depth, the orifice formula was used to calculate flow into the main canal. Once during 

data collection, clogging of the intake trash rack with aquatic weeds caused a large 

discharge reduction. Although this may have happened during other years, it is unlikely 

that the condition persisted for long as farmers would complain about the water reduction. 
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During the 1992 monsoon season, data was collected at the head of each branch 

canal and from one point in the mid or tail of branch canals one and three approximately 

weekly. Rectangular sections were calibrated and depth measurements were converted to 

flows. Due to small slopes and weed growth, these calibrations changed over the course 

of the monsoon at some locations. In these cases, flows could only be determined to be 

within a range. Calibration r.2 values ranged from 0.973 to 0.999. 
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Seti 

Flow measurements were taken in the lateral one subarea of the Seti system during 

the summer and fall of 1992. Measurements were taken at one location in lateral one; the 

heads of sublateral one, two, three, four, five and seven; and one location near the middle 

of sub lateral five. 

Sublaterals one, five and seven had more than 15 cm of sediment deposited at the 

calibration section. Although the actual slope was difficult to measure here due to the 

rocks and debris deposited with the sediment, judgement in placement of the level resulted 

in reasonable slope values. 

Calibration coefficient of determination, r, values ranged from 0.95 to 0.99. The 

calibrations were checked every few weeks in sublaterals with sediment and debris 

depositions. 

Crop Water Requirements 

Crop water requirements in Vijayapur and Begnas were based on cropping patterns 

found by survey in 1990 (Anonymous, 1991). These cropping patterns were verified by 

informal interviews with site staff and updated if necessary. For rice, crop water 

requirements were determined from Penman ET and rice crop coefficient values and 

seepage and percolation requirements. Seepage and percolation tests (Table 4) in the 

region gave results varying from 60 to 120 rnrn/day (Anonymous, ! 981 and 

Harnischfeger, 1992). Although these values may seem high, Yoder (1986) reported 
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Table 4. Seepage and Percolation in Seti Command Area (Anonymous, 1981). 

Irrigation Area Paddy 

Quota for soaking, Seepage and 
m3lha percolation loss in 

24 hr., mm 

Kohun River 1650 120 

Vijayapur River 1740 96 

Average 1695 108 

similarly high values for seepage and percolation for river terraces in Nepal. He 

suggested that because the water table is very deep, percolation is the main component 

of these high losses. Based on the location of these tests, 60 mmlday percolation was 

chosen for Vijayapur and Begnas and 120 mmlday for Seti. 

During the monsoon season, the minimum rain expected to fall eight out of ten 

years was subtracted from the crop water requirements (Anonymous, 1992b). Rainfall 

was not considered during the remaining two crop seasons because the minimum rain 

expected to fall eight out of ten years was less than 10 mm per week. Crop water 

requirements in Begnas were calculated using the actual rain at the intake for past years. 

The actual rain was converted to effective rain using the FAOIAGLW formula 

(Anonymous, 1988b): 



P e.tr=O.6*Ptot-lO for Ptot<70mm 

P e.tr=O.8*P tot-25 for P to?70mm 

Where Pelf = Effective rain, mm 
P tot = Total rain, mm 
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(2) 

Weekly crop water requirements were very high during seasons when rice was 

planted due to the high percolation values. The weekly crop water requirements were 

specified as flows to be delivered 24 hours per day to meet the required water volume. 

Availability. Unavailability and Adequacy Calculations 

Availability and unavailability were calculated for Vijayapur, Begnas and Seti 

irrigation systems using existing data from previous years and data collected during the 

1992 monsoon and post-monsoon seasons. Adequacy, efficiency, dependability and equity 

(Molden and Gates, 1990) were calculated and compared to availability. 

The year was divided into three cropping seasons for calculations. These were 

defined as the pre-monsoon from March 12 to June 25, the monsoon from June 26 to 

October 20 and the post-monsoon from October 21 to March 13. Although harvesting, 

land preparation and planting extend from about two weeks before to two weeks after 

these dates, it was necessary to chose specific dates for calculations using daily data 

allowing year-to-year comparisons. 
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The crop water requirements calculated as flows were used with the daily flow and 

sample data. The field level crop water requirements were converted to requirements at 

that particular point in the canal system by assuming an application efficiency of 1.0 for 

rice and 0.7 for all other crops. The field channels and branch canals were assumed to 

have a combined efficiency of 0.6 (Trout, 1979). The same application and field channel 

and branch canal efficiencies were used in all systems. 

Summing the flows in the four Vijayapur branch canals and comparing to the 

intake flow shows an average difference of about 40 percent. This difference can be 

attributed to three factors: (1) flow to about 30 ha of command area served by the main 

canal, (2) losses and (3) differences because of unsteady flow with measurements at 

different times. Based on this comparison, the main canal at Vijayapur was estimated to 

have an efficiency of 0.65 over its entire length. Based on similar data, the Begnas main 

canal was estimated to have 0.75 efficiency. These efficiencies were applied to determine 

water requirements at the heads of branch canals and at the intakes. 

For the 1991 and 1992 monsoons, Vijayapur daily flow data were used to calculate 

availability and adequacy, dependability, equity and efficiency performance indicators for 

each day. Based on system observations, four causes of unavailability were specified: 

1) design--canal design capacity was less than the flow required to meet crop water 

requirements, 2) source--water in the source was insufficient to meet crop water 

requirements, 3) maintenance--canals were closed to perform maintenance or lack of 

maintenance prevented the canal from delivering the water requirements and 4) tradition 
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and others--canals were closed twice a month for the full and new moon because of 

tradition and any other cause not classified. During the monsoon, the source was 

sufficient, so this cause was replaced by flood--the intake flow allowed was reduced 

because of flooding danger due to heavy rain. Although for some days the available data 

included maintenance, flood or tradition as the reason for canal closure, the recorded data 

contained no further reasons for flow not meeting water requirements. Therefore, criteria 

were developed to classify unavailability according to cause. 

For Vijayapur, the system was considered unavailable due to design if the system 

was unavailable and QR (flow required) was greater than the design capacity and there was 

no other cause given for unavailability. The unavailability was considered as due to lack 

of an adequate source if QR was less than the design capacity and Qo (flow delivered) was 

less than 5.0 m3/s and no other cause was given for system unavailability. The criteria 

for design and source are defined so that only if the criteria for unavailability due to 

source is not met is the system considered unavailable due to design. This is because 

having a larger capacity canal will not improve performance if there is not enough water 

in the source to fill it. Although the design capacity is 6.0 m3/s, unavailability is 

considered as due to source only when the water delivered is less than 5.0 m3/s. This is 

because there may be times when there is enough water in the source, but for other 

reasons slightly less than the required may be diverted. During the monsoon, it was 

assumed that there was always enough water in the source to fill the canal to design 

capacity, thus source was not considered as a cause of unavailability during the monsoon. 
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Maintenance was considered as the reason for unavailability only if a remark was found 

in the recorded data. Any unavailability that could not be explained by the design, source 

or maintenance reasons was considered to be due to tradition and others. 

In Begnas, where the main canal has a design capacity of 4.0 m3/s, unavailability 

was considered to be due to design if QR was greater than 4.0 m3/s and the system was 

not unavailable for any other cause. If the lake level was less than 652.0 m ~nd the 

system was not available for any other cause (other than design) the unavailability was 

due to lack of water in the source. This lake level was chosen because it is about midway 

between the spillway level of 654.0 m and the canal bed level of 649.8 m. If both the 

criteria for unavailability due to design and source were met, the system was considered 

unavailable due to source. Again, source was not considered as a cause of unavailability 

during the monsoon. Maintenance was considered as the reason for unavailability only 

if noted in the remarks of the data. Any unavailability that cannot be classified as design, 

source or maintenance is considered due to tradition and others. 

The reasons for unavailability in the Seti system were: (1) design (as defmed 

above) and (2) maintenance. Unavailability due to maintenance was further divided into 

unavailability due to regular maintenance (the sluicing of the sediment basins which 

occurs once a week), emergency maintenance and periodic, preventive maintenance on the 

acquisition system. There was no unavailability due to source as there was always enough 

water in the source to fill the canal. The tradition of closing the canal on certain days 

was not followed in Seti and there were no days when the canal was unavailable that did 
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not fall under the design or maintenance reason. Therefore, the tradition and others 

reason for unavailability did not apply in Seti. 

Unavailability was considered due to design in Seti lateral one if the crop water 

requirements were higher than the design capacity of 1.74 m3/s. Unavailability due to 

regular maintenance was 0.14 as the canal was closed one out of seven days for sluicing 

of the sediment basins. Unavailability due maintenance was subdivided into periodic, 

corrective; periodic, preventive and emergency, corrective maintenance for the post

monsoon season. Thefje unavailabilities were based on actual days the canal was closed 

for these reasons as the length of time of closure was fully known. As the sample of days 

measured during the post-monsoon indicated that water was "available" all the time other 

than the times the canal was closed for maintenance, availability was assumed to be the 

total unavailability due to maintenance subtracted from one. During the monsoon season, 

water was unavailable due to design all the time other than the times that the canal was 

closed for maintenance, therefore, unavailability due to design was assumed to be the total 

unavailability due to maintenance subtracted from one. 

Accuracy 

The availability calculations may be affected by inaccuracies in the water flow 

measurement and the determination of crop water requirements. The discharge 

measurement, calibration and depth measurement are the three main sources of 

inaccuracies in the flow measurement. Errors in crop water requirements result from 
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differences between the actual and surveyed cropping pattern, differences in percolation 

throughout the command area and errors in the determination of crop evapotranspiration. 

Discharge measurement 

The impeller-meter was calibrated using the group calibration method for a family 

of physically identical meters. This calibration "is synthesised from the performance of 

a sample batch or group of meters and indicates the average performance of the entire 

family" (Anonymous, 1986a). The uncertainty of computed flow speeds does not exceed 

2.2 percent at the 95 percent confidence level for speeds above 0.50 mls. For speeds 

between 0.06 and 0.50 mis, the uncertainty is nearly constant at 0.01 mls. 

The impeller-meter was used by setting the control unit to "count time against 

pulses." In most cases pulses were counted for 1 00 seconds. At times when the speed 

was above 1 mis, pulses were counted for only 50 seconds because of the difficulty of 

holding the wading rods in a high speed flow. The revolutions per second were calculated 

and used with the calibration equations to compute the flow speed. The impeller 

measures only flow speed, but it is held parallel to the flow direction and this speed is 

assumed to be the velocity in the direction of flow. 

For the BFM002 impeller-meter with the 50 mm impeller, the following 

calibration was used: 
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v = 0.034+0.0991 *n For 0.26 > n > 0.97 

V = 0.023+0.1105*n For 0.97 > n > 4.71 

V = 0.039+0.1071 *n For 4.71 > n > 27.86 
(3) 

Where V = Flow speed, mls 
n = Rotation speed, revls 

For the BFMOOI impeller-meter with the 127 nun diameter impeller, the following 

calibration was used: 

V = 0.013+0.2512*n For 0.07 > n > 0.32 
(4) 

V = O.OO8+0.2667*n For 0.32 > n > 11.28 

The three sources of inaccuracy in the discharge measurement are: 1) canal 

dimensions, 2) flow depth and 3) flow velocity. The errors in discharge measurement 

were analyzed at Vijayapur intake. The canal dimensions were measured to ±O.OI m. 

This measurement accuracy resulted in differences in discharge of less than 0.005 m 3/s. 

The depth was measured to ±O.OI m. Combining the errors due to velocity and depth 

measurement gave an error of ±9.54 and ±3.92 percent at a depths of 14 and 60 em, 

respectively. 

Calibration 

The calibration equation used to convert depth to discharge is a least-squares 

regression with the logs of the depth and the discharge as the independent and dependent 

variables, respectively. As the log-log plot of these two variables is theoretically a 
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straight line, the r values are expected to be very near 1.0. It is assumed that random 

discharge measurement errors cause the r value to be slightly less than one. 

The standard error of the y estimate represents the deviation of the observed values 

from the values calculated by the regression, and is calculated by dividing the square root 

of the sum of squares error by the degrees of freedom. The coefficient becomes the 

exponent of the power function when t..h.e anti-logs are taken. Thus, the standard error 

estimate of the coefficient gives an error estimate of the exponent assuming the model is 

valid and the observed deviations from the model can be attributed to a Gaussian 

distribution of errors. The standard error of the coefficient varies from 0.017424 to 

0.085571 with errors of 0.153181 and 0.240417 on Seti sublaterals three and four, 

respecti vel y . 

The standard error of the y estimate varies from 0.002863 to 0.067063. These y 

estimate standard errors result in percentage discharge errors of about three and 15 

percent, respectively, that do not change with depth. 

I)epth ~eaSUreDneDt 

The daily depth measurements were accurate to ±O.02 m. This inaccuracy in the 

depth measurement causes an inaccuracy in the calculated discharge of from about ±23 

percent (±O.047 m3/s) to ±4.5 percent (±O.095 m3/s) percent at depths of 15 and 65 cm, 

respectively. This percentage varies slightly for different calibrations. Combining the 

error in depth measurement with the error in the estimate of y of 0.012805 gave percent 
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errors of±26.7 (±O.032 m3/s) and ±8.4 percent (±O.137 m3/s) at depths of 15 and 65 cm, 

respectively. Combining the error in the depth measurement with the largest error in the 

estimate of y of gave percent errors of ±35.6 (±O.041 m3/s) and ±20.2 percent (±O.206 

m3/s) at depths of 15 and 65 cm, respectively. The coefficient error and depth 

measurement error combine to give errors or ±36 (±O.038 m3/s) and ±6 (±0.252 m3/s) 

percent at 15 and 65 cm, respectively. 

Flow by the Orifice Formula 

The water levels and gate opening used in the orifice formula were measured to 

±0.02 m. The coefficient of discharge used in the formula was estimated to be accurate 

to ±0.02. It is possible that the coefficient of discharge changes more than this during the 

season as the intake is sometimes restricted by grass on the intake rack. The intake width 

and acceleration due to gravity were assumed to be measured to an accuracy of ±O.05 and 

±0.005, respectively. Using these accuracies to analysis error propagation in the orifice 

formula resulted in a maximum absolute error in discharge of 0.289 m3/s at a discharge 

of 3.76 m3/s for a 7.68 percent error. 

Effects on Availability 

Although these errors in discharge measurement seem large, they will affect 

availability only if the ratio of discharge to crop water requirements is near the ratio 

defined as successful operation. In other words, availability is sensitive to measurement 
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errors only if the ratio of discharge to crop water requirements or canal design capacity 

is near the value defmed as successful operation. Basing availability on the canal design 

capacity increases accuracy as the uncertainty in the canal design capacity can be 

considered a constant. (Note the distinction here between canal design capacity and actual 

canal capacity which is certainly not a constant.) 

Discussion 

These errors seem rather large. Upon closer inspection, the actual errors are not 

as large as implied by the percentages for two main reasons. First, the largest percentage 

errors are at low flows, where a small absolute error results in a large percentage error 

due to the small absolute value measured. Second, the error values determined may be 

better described as error limits. These are worst-case scenarios where the greatest 

expected errors have been assumed and combined, therefore, errors this great would be 

rarely, if ever, encountered in practice. 

Methods to obtain better measurement accuracy are available (Bos, et aI., 1991), 

but the need for better accuracy must be balanced against the cost. As only water depth 

was measured rather than discharge, obtaining discharge was a large improvement over 

current practice. As discharge measurement becomes a more accepted practice, the 

accuracy will become more important and consequently farmers and irrigation officials 

will more readily accept technology to increase accuracy. 
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MAINTENANCE FRAMEWORK 

The maintenance framework (Table 5) developed to meet the fIrst objective is for 

use by irrigation system managers. "Irrigation system managers" is used as a generic term 

in this dissertation. Examples of irrigation system managers include farmers, government 

agencies, compaI1ies and joint ma'1agement by fa..rmers and a government agency. 

Maintenance Definition 

Maintenance is defIned as any action required to either return an irrigation system 

to (corrective) or keep it at (preventive) a desired performance level (Kececioglu, 1990). 

Maintenance Objectives 

Two maintenance objectives are defIned in the context of corrective and preventive 

maintenance. The fIrst objective, related to corrective maintenance, is to provide farmers 

with equitable delivery of adequate water. Irrigation system managers must defme an 

"equitable" delivery and "adequate" supply. It is recommended that crop water 

requirements be considered when defming an "equitable" delivery and "adequate" supply. 

The second objective, related to preventive maintenance, is to avoid costly 

interruptions in water deliveries. Fulfilling this objective provides farmers with 

dependable water deliveries and contributes to maximizing system life. Dependable may 

be defIned as the "adequate" level of water reaching farmers an agreed upon percentage 
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Table 5. Maintenance framework. 
1. DefInitions 

A. Corrective: returns an irrigation system to the desired performance level. 
B. Preventive: keeps an irrigation system at the desired performance level. 

II. Objectives 
A. Equitable delivery of adequate water (corrective). 

1. Adequate: Percentage of crop water requirements. 
2. Equitable: Farmers receive share based on their contribution. 

B. Avoid interruptions in water deliveries (preventive). 
1. Dependable: Delivered a percentage of time. 

III. Scheduling Categories 
A. Routine 

1. Corrective 
2. Preventive 

B. Periodic 
1. Corrective 
2. Preventive 

C. Emergency 
1. Corrective 
2. Preventive 

IV. Budgeting Categories 
A. Fixed-cost 

1. Routine 
a. Corrective 
b. Preventive 

B. Variable-cost 
1. Periodic 

a. Corrective 
b. Preventive 

2. Emergency 
a. Corrective 
b. Preventive 

V. Priorities 
A. Corrective on acquisition subsystem 

1. Emergency 
2. Periodic 

B. Preventive on acquisition subsystem; corrective on distribution subsystem 
1. Emergency 
2. Periodic 

C. Preventive on distribution subsystem 
1. Emergency 
2. Periodic 
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of the time for systems delivering continuous flow. For systems delivering water on a 

rotational basis, dependable may be defmed as the "adequate" level of water reaching 

farmers an agreed upon percentage of the time within an agreed upon window of the time 

requested. 

Availability, as defmed in a subsequent section, gives information on the 

dependability of receiving an "adequate" water supply and the reasons for not receiving 

an "adequate" supply. Thus, the availability measure provides information about the 

degree of success in meeting the maintenance objectives and the reasons for not achieving 

greater success. This information can be used in prioritizing maintenance to improve 

system performance. 

Maintenance Categories 

Maintenance activities can be classified by frequency. Within each frequency, 

maintenance activities can be further subdivided as corrective or preventive. Three 

frequencies of maintenance are defmed: 

• Routine maintenance is required continually on all irrigation systems. 

Examples of corrective, routine maintenance include cleaning plugged 

outlets and intake racks. Filling small holes behind the canal lining is an 

example of preventive, routine maintenance. 

• Periodic maintenance is required at intervals ranging from a few months 

to a few years with the frequency depending on environmental factors. 
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Examples of corrective, periodic maintenance include sediment removal 

and cleaning weeds and grass from a canal. An example of preventive, 

periodic maintenance is placing gabions for erosion protection. 

Emergency maintenance is required when a canal has been cut or blocked 

and part or all of the command area is not receiving water. Rebuilding 

a breached canal section is an example of corrective, emergency 

maintenance. An example of preventive, emergency maintenance is 

gabion placement to prevent an imminent washout of the canal. 

Budgeting Categories 

Maintenance activities can be budgeted as fixed- or variable-cost: 

• Fixed-cost includes routine maintenance, which would be part of the site 

staffs job responsibilities along with water measurement required to 

calculate availability. This would include staff salaries and a small 

amount of cement and other supplies needed for minor repair work. 

• Variable-cost includes periodic and emergency maintenance. The required 

frequency of periodic maintenance varies within a single irrigation system 

and can vary greatly between irrigation systems. Emergency maintenance 

is even more unpredictable. 
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Maintenance Priorities 

Maintenance priorities must be based on maintenance objectives with some 

flexibility for irrigation system managers to exercise judgement. Irrigation systems can 

be divided into acquisition, distribution and application subsystems. Irrigation system 

managers have responsibility for the acquisition and distribution subsystems and individual 

farmers manage the application subsystem. Based on the maintenance deflnition, 

objectives and these subsystems three priority levels can be defined: 

1) corrective maintenance on acquisition subsystem, 

2) preventive maintenance on acquisition subsystem and 

corrective maintenance on distribution subsystem 

3) preventive maintenance on distribution subsystem. 

Within each of these priority levels, emergency maintenance has the highest 

priority followed by periodic maintenance. Routine maintenance is not included in the 

priority levels because it is continuously performed by site staff. The acquisition 

subsystem receives the highest priority because if it fails, the entire irrigation system fails. 

Corrective maintenance has the highest priority as this is returning the system to an 

acceptable performance level resulting in immediate benefits. There may be occasions 

when preventive maintenance should have a higher priority, for example, if the diversion 

is in imminent danger of failing. This is why preventive maintenance on the acquisition 

subsystem and corrective maintenance on the distribution subsystem are given the same 

priority level. Although preventive maintenance does not result in an immediate 
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performance benefit, the costs of acquisition system failure can be great. On the other 

hand, corrective maintenance on the distribution system results in an immediate 

performance benefit. This performance benefit is assumed to result in an economic 

benefit to water users. Within each category, canals and structures near the acquisition 

point have a higher maintenance priority. This is because if one component in an 

irrigation system fails, only the portion of the system below the failed component fails. 

Thus, if canals or structures near the system head fail, more water users are affected than 

if canals or structures near the system tail fail. Although scheduling and management 

affect the equity of water delivery, following these priorities may result in a deterioration 

of tail end performance if funds to meet maintenance needs are insufficient. 

Maintenance Activity Descriptions 

Six maintenance activities, categories and decision criteria are suggested (Table 6). 

The six proposed maintenance activity descriptions (adapted from Heinert, 1991 and 

Miller, 1989) are given in Appendix A. No routine maintenance activities have 

descriptions because they are all minor (but very important) fixed-cost activities performed 

by site staff as part of their daily responsibilities. Maintenance activities are developed 

only for variable-cost items. These six activities are suggested as important activities 

often performed and all maintenance activities are not expected to be restricted to these 

six. This format can be used to defme other maintenance activities as needed by 

individual irrigation systems. 
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Table 6. Suggested maintenance activities and decision criteria. 

Maintenance Activity Maintenance Decision Criteria 
Category 

Sediment removal Periodic, Corrective Reduction in canal capacity 

Vegetative growth removal Periodic, Corrective Reduction in canal capacity 

Repairing breaches Emergency, Reduction in water 
Corrective delivered 

Maintaining canal ban.1c Periodic, Corrective! Reduction in canal capacity 
shape and cross section 

Repairing structures and Periodic, Preventive Structure condition 
erosion protection 

Repairing lining Periodic, Corrective! Canal losses 

!In some cases these activities may be emergency, preventive to prevent the canal from 
breaching. If periodic, preventive is the maintenance category for these two activities, the 
maintenance would be expected to be only over a short canal length. 

Decision Criteria 

The level for each decision criterium is site specific. Irrigation system managers 

must determine deficient performance levels which trigger maintenance activities. The 

next section describes a procedure to set an ultimate limit for deficient performance. 

Budget Requests and Reports 

The budget requests and reports developed are similar. Most of the information 

requested is self-explanatory. The key feature is the flow information. The budget 

request (Figure 5) column, Current Avg. Q, m%, is the average measured flow at the 

nearest measurement point to the proposed maintenance activity location. Another 
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l8udget Request for Vegetative Growth Removal Maintenance Activity. 
rrigation System: Begnas Tal Command Area: 580 ha 

Region: Western Date: 5 September, 1992 
Zone: Gandaki 
District: Kaski 

Loc., CH L,m Last Current Desired Area Est. Farmer 
Mtn. Avg. Q, Avg. Q, below, Cost, Contri-

m3/s m3/s ha NRs. bution 

BC1, 600 Sept 0.614 1.30 200 3000 All labor 
CHO+001 1991 

!Remarks: The cost estimate is using 50 laborers for one day at NRs. 60 per day. 
!Notes: The current avg. Q is the average of actual measurements for about a 

month prior to the maintenance event while the expect avg. Q is the 
design flow. 
Loc. is location, CH is chainage, L is length, Mtn. is maintenance, A vg. 
is average, Q is flow, Est. is estimated, NRs. is Nepali rupees, Bel i~ 

branch canal number one. 

Figure 5. Example of a budget request. 

column, Desired Avg. Q, m3/s, gives the flow desired at this measurement point following 

completion of the maintenance activity. This and the column, Area Below, ha, show the 

expected benefit as an increased flow to a command area. 

The budget report (Figure 6) and the request (Figure 5) for the same maintenance 

activity are the same except for two columns. The report column, Prior Avg. Q, m%, 

contains the same value as the request column, Current Avg. Q, m3/s. Both of these 

columns contain the before maintenance average measured flow at the nearest 

measurement point. The report column, Obtain Avg. Q, m3/s, is the average measured 

flow after completion of the maintenance activity. Thus, the report shows the benefit in 
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ifJudget Report for Vegetative Growth Removal Maintenance Activity. 
~rrigation System: Begnas Tal Command Area: 580 ha 
!Region: Western Date: 14 September, 1992 
!zone: Gandaki 
District: Kaski 

Loc., CH L, m Mtn. Prior Obtain Area Est. Farm 
Date Avg. Q, Avg. Q, below, Cost Cont 

m3/s m3/s ha NRs. 

BCI, 600 10 Sept 0.614 1.00 200 0 All 
CHO+OOI 1992 labor 

iRemarks: The water users group organized and conducted the maintenance. 
!Notes: The prior avg. Q is the avg. of actual measurements for about a month 

prior to the maintenance event while the obtain avg. Q is one measuremen 
after the event. 
Loc. is location, CH is chainage, L is length, Mtn. is maintenance, A vg. 
is average, Q is flow, Est. is estimated, NRs. is Nepali rupees, Cont is 
contribution, BCl is branch canal number one. 

Figure 6. Example of a budget report. 

terms of increased flow resulting from the maintenance activity. By emphasizing the 

expected and realized benefit in terms of water delivered to farmers, these requests and 

reports assess maintenance accomplishment with an output, achievement rather than 

process measure. Budget requests and reports (Appendix B) are the same for all 

suggested maintenance activities. 

Corrective Maintenance 

The examples of budget requests and reports given earlier and in Appendix B are 

for corrective maintenance activities which by definition result in an immediate increase 
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in performance (increased flow). Sediment removal and vegetative growth removal are 

two common corrective maintenance activities performed periodically to correct a 

reduction in canal capacity. Vegetative growth increases the Manning resistance 

coefficient, thereby reducing the flow the canal can carry. Thus, vegetative growth 

removal returns the Manning resistance coefficient to near the design value. 

Sediment removal increases the canal cross-sectional area, thereby increasing canal 

capacity. Sediment deposition increases the bottom surface roughness and can decrease 

the canal slope with a resultant increase in the rate of deposition. The rough bottom 

surface resulting from sediment deposition disrupts the uniform-flow condition upon 

which the hydraulic design of the canal was based. Although this disruption of uniform 

flow precludes calculation of an "actual" resistance coefficient using Manning equation 

which assumes a uniform-flow condition, a "nominal" resistance coefficient can be 

determined. Chow (1959) states that the uniform-flow condition is frequently assumed 

in the computation of flow and the results, although understood to be approximate, offer 

a satisfactory solution to ma.lY problems. 

Sediment was removed from the entire length of sub lateral five in the Seti lateral 

one command area to compare flow conditions with and without sediment. At a 

measurement site 9 m below the offtake, approximately 40 cm of sediment and debris was 

removed from the sublateral. Here 13 nominal Manning resistance coefficient 

measurements over seven months averaged 0.0254 with a sample standard deviation of 

0.0038 with sediment and debris restricting the flow depth to a maximum of 35 cm. 
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Figure 7. Manning resistance coefficients at chainage 0+009 in Seti sublateral five in the 
lateral one command area. 

After removing the sediment, six Manning resistance coefficient measurements over two 

weeks averaged 0.0133 with a standard deviation of 0.00234 (Figure 7). 

At a measurement site 306 m below the offtake, where there was no sediment or 

debris deposited, 13 nominal Manning resistance coefficient measurements over seven 

months averaged 0.0332 with a standard deviation of 0.00500. After removing sediment 

and debris from lengths of the sublateral both above and below this point, five Manning 

resistance coefficient measurements over two weeks averaged 0.0192 with a standard 
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Figure 8. Manning resistance coefficient measurements at chainage 0+306 in Seti 
sub lateral five in the command area of lateral one. 

deviation of 0.000447 (Figure 8). The highest Manning resistance coefficient measured 

after sediment removal at both locations was not included in the mean and standard 

deviation calculations because it did not fit the calibration of flow rate based on depth. 

This shows that sediment removal not only increases the usable cross-sectional area 

of a canal, but also increases capacity by returning the Manning resistance coefficient to 

near the design value. The variation in the Manning resistance coefficient is reduced also. 

This example shows that appropriate corrective maintenance affects both cross-sectional 
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area and Manning resistance coefficient and may affect canal cross-sections that appear 

fully functional. 

Preventive Maintenance 

The activities discussed in the maintenance framework have been predominantly 

corrective maintenance activities. This is due to the lack of information to effectively 

schedule "major" preventive maintenance and the inclusion of "minor" preventive 

maintenance in the fixed-cost category of routine maintenance. A model of failure is 

necessary to determine when it is cost effective to replace a structure prior to failure. 

Although this is an important issue, until more information regarding failure is regularly 

reported and available it will be impossible to conclusively demonstrate a benefit for 

preventive maintenance. Also, in Nepal as in many other countries, many irrigation 

systems are not meeting performance expectations due to a need for corrective 

maintenance. Therefore, it is reasonable to begin improving maintenance management 

with corrective maintenance and to proceed towards preventive maintenance as more 

information becomes available. 
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MAINTENANCE ACTIVITY DECISION LEVELS 

The effectiveness of the maintenance framework will be enhanced by setting 

decision levels for maintenance activities. This methodology sets maintenance activity 

decision levels based on the amount of water deliverable by the conveyance system. 

Decision levels are determined by comparing the cost of performing a maintenance 

activity to the income reduction if the maintenance activity is not performed. The 

income reduction results from production loss due to a water deficit which is due to a 

deficient maintenance condition. This comparison is appropriate only if the reduction in 

deliverable water is a consequence of not performing a maintenance activity. 

Assumptions 

The following assumptions are made to simplify the analysis used to set 

maintenance activity decision levels. 

1. Water is distributed equally over the entire command area of a canal 

resulting in equal yield reduction over the area. 

2. The reduction in actual evapotranspiration (ET J occurs equally over the 

entire cropping season so the yield reduction factor (Doorenbos and 

Kassam, 1979) for the total growing period is used. 

3. Canal freeboard is regarded as additional capacity that can be utilized 

before maintenance must be performed. 
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4. Sediment depth in the canal is uniform and regular over the canal length. 

5. One crop is planted throughout the entire command area. 

6. Water is the limiting input. 

7. Water is delivered continuously for 24 hours, a day, seven days a week 

during the entire growing season. 

Water is assumed to be the limiting input, so the reduction in gross income is 

assumed equal to the reduction in net income because farmers have already paid for all 

the required inputs. Thus, maintenance will be beneficial when the potential income loss 

exceeds the maintenance cost. 

The assumptions listed above can be relaxed. Rather than assuming water is 

distributed equally over the entire area, one may assume that a portion of the command 

area receives enough water to fully meet crop requirements while the remaining area is 

removed from production (receives no water). The cropped portion could be planted 

with more than one crop. The peak. crop water requirement and most damaging yield 

reduction factor could be assumed to represent a worst case scenario. Any percentage of 

the canal freeboard could be assumed to be used for water delivery. Any combination of 

sediment depths within the canal could be used to defme a given situation. 

Required Information 

The following information is required to set maintenance activity decision levels: 

1. Command area, ha 
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2. Canal Dimensions--width, depth, length of section considered, shape, 

freeboard, slope and Manning resistance coefficient 

3. Cost of performing the maintenance activity 

4. Maximum yield expected from the crop 

5. Expected selling price of the crop 

6. Crop maximum evapotranspiration (ET J, mm 

7. Crop yield reduction factor 

Calculation Procedure 

A step-by-step calculation procedure to set a decision level for sediment removal 

or vegetative growth removal maintenance activities follows: 

1. Calculate canal capacity at different sediment depths or Manning resistance 

coefficients. 

2. Calculate the corresponding sediment volume and removal costs for these 

sediment depths and/or vegetative growth. 

3. Calculate the average ETa that can be achieved over the entire command 

area with the canal capacity at each sediment depth or Manning resistance 

coefficient. 

4. Calculate the yield reduction expected based on the maximum yield 

achievable, the ET m required and the yield reduction factor for the entire 
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cropping season using the method described by Doorenbos and Kassam 

(1979). 

5. Calculate the income reduction based on the expected selling price. 

6. Graph the maintenance cost and the income reduction versus sediment 

depth or Manning resistance coefficient. 

Example 

Table 7. Data used for determining sediment removal decision level. 

Command area, ha = 175 Max Yield, kgs/ha = 1410 

Canal Width, m = 1.5 Price, NRs/kg = 2 

Design Capacity, m3/s = 1.14 Gross Income, NRs. = 493,500 

Manning resistance 0.018 Slope = 0.0042 
coefficient = 

Canal depth, m = 1 Canal length, m = 800 

Design depth, m = 0.48 Cost of labor, NRs./day = 70 

Freeboard, m = 0.52 

Removal prod., m3/day = 1 ETmax, mm = 517.2 

Removal cost, NRs.lm3 = 70 Yield reduction factor = 1.25 

This example uses the canal dimensions and command area for branch canal two 

in Vijayapur (Table 7) to determine a decision level for sediment removal. The cost of 

sediment removal is based on typical methods and labor rates in Nepal. The maximum 
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yield and selling price used are from survey data (Anonymous, 1991). The maximum 

evapotranspiration used is from the calculated crop requirements and the slope of the yield 

reduction factor is from Doorenbos and Kassam (1979). 

Table 8. Example calculations. Sedim. stands for sediment. 

Sedim. Capacity Sedim. Removal ETa' Yield, Income, Income 
depth, m3/s Vol., Cost, nun kgs./ha NRs. Red., 
cm m3 NRs. NRs. 

0 0.00 0 0 0 0 493,500 0 

52 1.14 624 43680 517 1410 493,500 0 

70 0.58 840 58800 517 1410 493,500 0 

90 0.11 1080 75600 517 1410 493,500 0 

91 0.09 1092 76440 517 1410 493,500 0 

92 0.07 1104 77280 517 1410 493,500 0 

93 0.06 1116 78120 448 1174 411,038 82,462 

94 0.05 1128 78960 349 838 293,352 200,148 

95 0.04 1140 79800 260 533 186,709 306,791 

96 0.02 1152 80640 181 263 92,203 401,297 

97 0.02 1164 81480 113 32 11,230 482,270 

98 0.01 1176 82320 58 0 0 493,500 

99 0.00 1188 83160 18 0 0 493,500 

100 0.00 1200 84000 0 0 0 493,500 

Although it is bad management practice, it often happens that freeboard is used 

as excess capacity. Therefore, these calculations (Table 8) begin with a sediment depth 
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of 52 cm. The calculations are for every 20 cm until the region of yield reduction is 

found, at this point, calculations are for every 1 cm until the crop is lost. Capacity is 

calculated using Manning's equation with the flow depth reduced by the sediment depth. 

Sediment volume is calculated by assuming a uniform sediment depth over the entire 

canal length. Removal cost is calculated using the estimated cost per cubic meter with 

the calculated sediment volume. The actual evapotranspiration (ET J is calculated by 

converting the capacity to a depth applied equally to the command area over the entire 

season. 

Gross income and income reduction are calculated from the actual yield, which is 

calculated using an equation developed by Doorenbos and Kassam (1979): 

Ya ETa 
(1--) = k (1--) 

Ym Y ETm 
Where Ya = actual yield, kgs 

Y m = maximum yield, kgs 
ky = yield reduction factor 

ETa = actual evapotranspiration, mm 
ET m = maximum evapotranspiration, mm 

Solving for the actual yield gives: 

(6) 

(5) 
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Results 
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Figure 9. Sediment removal cost and income reduction. 

The maintenance cost increases linearly with the sediment depth while the income 

reduction remains zero until the sediment depth reduces capacity to the point at which 

ET m cannot be met. At this point, the income reduction increases very suddenly so that 

within 2 cm of increased sediment depth the loss of income is more than double the 

maintenance cost (Figure 9). This method provides a clear limit for performing corrective 

maintenance activities resulting in delivery of more water to the command area. In this 
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example, as the sediment depth increases from 92 to 93 cm the income reduction goes 

from zero to just above the maintenance cost. The reason this happens at such a great 

sediment depth is because this canal was designed to provide enough capacity to meet the 

water requirements of rice during the monsoon and is thus over designed for maize. Rice 

was not used as an example because Doorenbos and Kassam (1979) do not give yield 

reduction factors for rice. 

Sensitivity 

In light of the assumptions made in this example, it becomes necessary to examine 

the effect of the assumed parameters on the decision level indicated. Increases or 

decreases in command area decrease or increase the sediment depth at which loss of 

income exceeds maintenance cost, respectively. But, changes in command area do not 

affect the abruptness of the increase in income loss. Actually, increases in command 

area, while decreasing the depth of sediment at which loss of income exceeds maintenance 

cost, increase the steepness of the income loss function. This is because the command 

area exerts a direct effect on the total income loss. In other words, a small decrease in 

yield over a large area results in a large income loss. 

Reducing the selling price with all other parameters held constant reduces the 

steepness of the income loss curve. If the selling price becomes small, the sediment depth 

at which loss of income exceeds the maintenance cost increases. If the price becomes 
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very small, the slope of the income loss can become less than the maintenance cost 

function slope. Maintenance cost increases have similar effects. 

Because of the steep slope of the income loss relationship, small changes in ET m 

do not change the decision level. A large increase in ET m would decrease the decision 

depth for sediment removal. 

Varying the yield reduction factor from 0.2 for the ripening stage to 2.3 for the 

combined flowering and yield formation reduced or increased the income loss slope, but 

did not change the decision level more than 5 cm. 

Reducing the maximum yield reduces the slope of the income loss relationship and 

the amount of gross income lost, but does not change the decision level. Reducing the 

maximum yield and reducing the selling price together greatly reduces the steepness of 

the income loss curve. 

Rather than assuming limited water is shared equally over the entire command 

area, it may be more realistic to assume that limited water is used to fully irrigate a 

limited area. This must be examined for two cases: 1) yield reduction factor greater than 

one and 2) yield reduction factor less than one. For yield reduction factors greater than 

one, the area-based income reduction curve has a smaller slope than the yield-based curve 

(Figure 10). This comparison uses the same assumed and known parameters as the earlier 

example (Table 7). The area-based curve is obtained by solving the equation for ETa by 

trial and error so that ETa is equal to ET m for a reduced area. Using yield-based income 

reduction, the income reduction reaches the maximum expected income before the 
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Figure 10. Yield- versus area-based income reduction for yield reduction factor greater 
than one. 

deliverable water goes to zero since crops need a minimum level of water. Whereas with 

area-reduction, the income reduction reaches the maximum expected income at the same 

time that the canal capacity goes to zero. For yield reduction factors less than one, the 

area-based income reduction curve is steeper (Figure 11). The assumed parameters for 

the yield reduction factor less than one case are the same except the crop used is soybeans 

with a yield reduction factor of 0.85, a maximum yield of 2273 kg/ha and a selling price 

of three NRslkg (Table 9). 
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Figure 11. Yield- versus area-based income reduction for yield reduction factor less than 
one. 

Discussion 

For an actual maintenance event, the maintenance cost line does not begin at zero 

and increase since some minimum cost is associated with the preparations necessary to 

perform an activity. Because of the sudden, rapid increase in income loss resulting from 

delivered water becoming insufficient to meet crop requirements, the minimum cost 

associated with each maintenance activity would increase the decision level only a few 

centimeters, if at all. 
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Table 9. Data for comparing yield- to area-based income reduction for yield 
reduction factor greater than one. 

Command area, ha = 175 Max Yield, kgs/ha = 2273 

Canal Width, m = 1.5 Price, NRslkg = 3 

Design Capacity, m3/s = 1.14 Gross Income, NRs.= 1,193,182 

Manning resistance 0.018 Slope = 0.0042 
coefficient = 

Canal depth, m = 1 Canal length, m = 800 

Design depth, m = 0.48 Cost of labor, NRs.lday = 70 

Freeboard, m = 0.52 

Removal prod., m3/day = 1 ETm, mm= 600 

Cost of removal, NRs.lm3 = 70 Yield reduction factor = 0.85 

After examining the sensitivity of the decision level to changes in the estimated 

parameters, it is apparent that maintenance cost has little or no effect on the decision 

level. The decision level can be considered as the point at which the lowered capacity 

affects yield unless maintenance cost is many, many times (10,000) greater than the 

selling price. 

This illustrates how important it is to consider frequency of maintenance during 

design. If a sediment depth of only a few centimeters reduces capacity below the level 

required to deliver sufficient water to meet crop requirements, the income loss due to 

yield reduction is likely to occur before corrective maintenance action can be taken. 
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The slope of the income loss curve is steepest when income loss fIrst begins. In 

other words, once income loss begins, the slope of the curve becomes less with each 

succeeding increment of increased sediment depth. This result was true for all parameter 

values used. Since the maintenance cost slope is constant, a decreasing slope for the 

income loss suggests the greatest marginal return may be expected at the point that 

income loss begins. 

A combination of yield- and area-based income reduction probably occurs in the 

fIeld. As the canal capacity is reduced, fIrst yield-based income reduction occurs. At 

some point, the capacity is reduced to a point that farmers realize water is insufficient to 

irrigate all the land and area-based income reduction occurs. As the capacity nears zero, 

a return to yield-based income reduction as each farmer tries to grow a small amount of 

crop likely occurs. 

As noted earlier, the proposed methodology was not used to define decision levels 

for rice. The main reason was that Doorenbos and Kassam (1979) do not give yield 

reduction factors for rice. This difficulty could be overcome by using the given 

information to estimate a yield reduction factor. But, the information is for rice 

production where the expected seepage and percolation are comparable to the 

evapotranspiration. In these systems, the seepage and percolation losses dwarf the 

evapotranspiration loss. Very few fIeld trials in this area have examined rice yields with 

intermittent irrigation. The trial cited earlier produce yields of 2235 kg/ha for a 

continuously irrigated plot using 118,500 m3lha of water versus 1815 kglha for an 
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intermittently irrigated plot using 74,100 m3lha. A plot without irrigation yielded 975 

kg/ha. Considering the rice season to be 150 days, these results convert to 9.14 and 5.72 

l/slha, respectively. As both Begnas and Vijayapur were designed to supply a continuous 

5 l/s/ha to rice during the monsoon, any reduction in delivered water below design 

capacity can be expected to reduce yield. Although it may be argued that this 

methodology does not help these rice-based cropping systems, it is important to check 

these levels for other crops and it can be used on other non-riee-based irrigation systems. 
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AVAILABILITY AND UNA V AILABll..ITY 

Availability and unavailability measures were developed for three purposes: 

1. To evaluate success in meeting the maintenance objectives defmed in the 

maintenance framework, 

2. To provide information to help determine when continued maintenance is 

uneconomical and system and/or structural rehabilitation is desirable and 

3. To provide a framework for evaluating reliability and maintainability, or 

availability, in design and rehabilitation decisions. 

Irrigation system managers need a simple indicator for management and 

maintenance decisions that furnishes information about the reasons for poor performance. 

Several performance indicators have been used to study irrigation systems. Although all 

of these measures contribute valuable information about irrigation-water-delivery system 

performance, most give little or no information about why performance is low. Goldsmith 

and Makin (1991) and Murray-Rust and Snellen (1991) emphasized that measuring 

performance is not sufficient, the reasons for poor performance must be known. 

Any indicator must be related to irrigation system objectives. Many far-reaching 

objectives have been set for irrigation systems. But, if the water-delivery system is 

considered to be a subsystem of a larger system of irrigated agriculture (Small and 

Svendsen, 1992), the objective can be simply stated as supplying water. Adequacy, 

dependability and equity of water delivery are often cited objectives for irrigation systems 
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(Makin, et al., 1991; Murray-Rust and Snellen 1991 and Molden and Gates, 1990). These 

objectives and the maintenance objectives defmed in the maintenance framework are 

essentially the same. In fact, another way of stating the maintenance objectives is to 

enable the irrigation system to continue to meet its performance objectives. 

A single indicator cannot give information about all these objectives. Availability 

and unavailability indicators are direct measures of output achievement (Small and 

Svendsen, 1992) and give information about water delivery: 

• adequacy, 

• dependability and 

• reasons for inadequacy 

Furthermore, availability and unavailability are: (1) easy to calculate and interpret, 

(2) adaptable to site specific conditions and (3) useful for assessing maintenance. 

Theon' 

The simplest way to define availability is as a ratio of the time the system is 

operating successfully, or without failure, to the desired total time of operation: 

Where 

. Totsuc 
Avazl=-

Tot 

Avail = Availability 
Totsuc = Time of successful operation 
Tot = Desired time of operation 

(7) 
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This value can be estimated from sample data taken throughout the irrigation 

season. It may be most appropriate to sample data as weekly, daily or hourly values 

depending primarily on flow variability. Measurements can be made at selected points 

in the distribution system with the number of points depending predominately on the 

resources available. 

Successful operation must be defmed by irrigation system managers. A successful 

amount of water could be defined in terms of a flow or volume over a period of time. 

This "successful" volume or flow can be related to crop water requirements, an amount 

specified by a water delivery schedule or canal design capacity. For example, successful 

operation could be defined as a flow equal to or greater than 70 percent of the flow 

required to meet crop water requirements. This percentage could be based on crop yield 

reduction factors and vary between seasons according to the cropping pattern. 

Availability can be decomposed to indicate the reasons for unavailability 

(unsuccessful water delivery) as follows: 

k 

Tot = Totsuc + L Tj 
j=1 

Where Tj = Time of unsuccessful operation for reason i 
UA j = Unavailability (operation unsuccessful) for reason i 

(8) 
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Rearranging and substituting gives: 

k 

Tot-:E 1'; 
Avail = i=1 

Tot 

k T. 
l-E-' 

j=1 Tot 

(9) 

k 

k :E1'; 
Setting :E UAi=~ gives: 

j=1 Tot 
Avail=l-L UA j 

The reasons and their number, k, can vary between systems. Two causes of 

unavailability common to all systems are maintenance work and lack of maintenance in 

the system. Unavailability due to lack of maintenance could be subdivided into the 

maintenance activity categories defmed in the maintenance framework. 

Vijayapur Results 

Irrigation system availability, defined as the percentage of periods having a flow 

equal to or greater than 70 percent of crop water requirements, calculated for the 

Vijayapur intake varied slightly from year to year within seasons and greatly between 

seasons (Figure 12). Availability was less than 0.10,0 and between 0.80 and 0.90 for the 

pre-monsoon, monsoon and post-monsoon season, respectively. Unavailability causes 

varied from season to season. The most common cause of unavailability was lack of 

water from the source during the pre-monsoon season. The increase in unavailability due 
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Figure 12. Vijayapur availability. "Avail" and "VA" mean availability and 
unavailability, respectively. Subscripts f, t, m, d and s mean flood and other, tradition, 
maintenance, design and source, respectively, VA causes. 

to maintenance in 1992 was due to greater maintenance funds and does not necessarily 

indicate an increased maintenance need. In the monsoon season, the most common 

unavailability cause was insufficient canal design capacity to meet crop water 

requirements. In the post-monsoon season, the main cause of unavailability again was the 

source, but this was much less than in the pre-monsoon season. 

When adequacy is above 0.7, adequacy and availability have similar magnitudes, 

but when adequacy is below 0.6, availability tends to be very low (Figure 13). This is 
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Figure 13. Vijayapur availability compared to adequacy. 
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because availability is a step function with a value of zero or between 0.7 and 1.0 when 

adequacy is below or above 0.7, respectively. The 0.7 level depends on the percentage 

of crop water requirements defined as successful operation. In this case, delivering a 

quantity of water greater than 70 percent of the crop water requirements is considered 

successful operation, so adequacy and availability have similar values when above 0.7. 

Comparing availabilities at the branch canal heads shows branch canals two and 

three had higher availabilities (Figure 14 and Figure 15). Although the availability at the 

intake was zero for the 1991 and 1992 monsoon seasons, the availabilities for branch 
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Figure 14. Vijayapur branch canal (BC), 1991 monsoon, avail. "Avail" and "UA" mean 
availability and unavailability. Subscripts 0, t, m and d denote other, tradition, 
maintenance and design VA causes. 

canals two and three were about three times higher in 1992. Some of the increased 

availability came from the decrease in availability for branch canal one. These increases 

in availability may have come from an increase in flow at the intake in 1992 and a 

decrease in flow in branch canal four. Flow changes may not be identifiable due to the 

step function nature of availability. Adequacy at the intake increased from 0.33 to 0.34 

(Table 10) indicating that flow into the system did indeed increase slightly, but not 

enough to affect availability. 
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Figure 15. Vijayapur branch canal, 1992 monsoon, availability. "Avail" and "UA" 
mean availability and unavailability, respectively. Subscripts 0, t, m, and d denote other, 
tradition, maintenance and design VA causes. 

Adequacy in branch canals four and one decreased from 0.22 to 0.20 and 0.26 to 

0.15, respectively in 1992 (Figure 16). Adequacy in branch canals two and three 

increased from 0.59 to 0.69 and 0.58 to 0.75, respectively. This is an example of how 

a relatively small increase in flow can result in a large increase in availability when the 

flow increases from just below the selected minimum cutoff percentage of crop water 

requirements to just above it. 
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Table 10. Summary of Molden and Gates (1990) adequacy, PM efficiency, PF, equity, 
PE, and dependability, PD performance measures in Vijayapur during the monsoon. 

PA 

PF 

PE 

PD 

1991 1992 

BCI,2,3&4 BC2,3&4 Intake BC1,2,3&4 BC2,3&4 

0.41 0.46 0.33 0.45 0.55 

1.00 1.00 1.00 0.99 0.99 

0.49 0.40 ---- 0.63 0.47 

0.49 0.37 0.31 0.46 0.38 
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Figure 16. Vijayapur branch canal adequacies during the 1991 and 1992 monsoons. 
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Table 11. Summary of adequacy, P A> efficiency, PF, equity, PE, and dependability, Po, 
performance measures based on canal design capacities for the monsoon in Vijayapur. 

1991 1992 

BC1,2,3&4 BC2,3&4 Intake BC1,2,3&4 BC2,3&4 Intake 

PA 0.63 0.69 0.76 0.63 0.75 0.77 

PF 1.00 1.00 1.00 0.99 0.99 1.00 

PE 0.28 0.14 ---- 0.38 0.15 ----

Po 0.43 0.36 0.31 0.43 0.36 0.32 

The large unavailability due to design during the monsoon season suggests that 

calculating availability and adequacy based on canal design capacity rather than crop 

water requirements may better specify this system's performance within the constraints 

imposed by canal capacities. Calculations based on canal design capacities, increase 

adequacy throughout the system without reducing efficiency, PF (Table 11). Using this 

basis, computed equity, PE and dependability, Po values also improve (decrease). 

Availability values based on canal design capacities increase from zero to just 

over 0.7 for the monsoon season when calculations are based on design capacities, but 

remain nearly the same for the other two seasons (Figure 17). The increases in computed 

availability values are similar for branch canals two, three and four, but the availability 

increase is negligible for branch canal one (Figure 16) if design capacity is the 

computational basis. 
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Figure 17. Vijayapur intake availabilities based on design capacity. "Avail" and "UA" 
mean availability and unavailability. Subscripts f, t, m and s denote flood and other, 
tradition, maintenance and source UA causes. 

Begnas Results 

Irrigation system availability, defmed as the percentage of periods having flow 

greater than or equal to 70 percent of crop water requirements, was less than 0.10 at the 

Begnas intake during all five monsoon seasons (Figure 19). The major unavailability 

cause was design canal capacity less than crop water requirements. High soil water 

percolation in the command area of this system causes extremely high water requirements 

for rice and the canal design capacity is insufficient to overcome percolation losses. 



1 .,----
1JJ 
~ :; 0.9-j--

..... 
:8 0.8-j--

Cil 

~ 0.7 +--
? 
~ 0.6 +---
;J 
c:6 0.5 
1JJ 0.4 +--
~ .... 
~ 0.3-j---
~ 0.2 -\----'§ 0.1 +--~~;l---ti'i 
-< o +---~=_r_ 

Intake BC2 BC3 
Location 

BC4 BCl 

.. 
UA 0 

~~ 
UA t .. 
UA ill 

~ ---11:11 

121 

Figure 18. Vijayapur branch canal, 1992 monsoon, availabilities based on design 
capacities. "Avail" and "UA" mean availability and unavailability. Subscripts 0, t and 
m denote other, tradition and maintenance UA causes. 

Adequacy is higher than availability because of the step function nature of 

availability when availability is below 0.7 (Figure 20). The availability indicator more 

closely matches the actual result in crop production, which is a step function because crop 

production approaches zero if the amount of water is less than a certain crop-specific 

minimum level. On the other hand, the adequacy indicator gives more information about 

the actual level of water delivered. Of course, this information is also present in the raw 

data from which the availability indicator is calculated. 
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Figure 19. Begnas availability. "Avail" and "VA" mean availability and unavailability, 
respectively. Subscripts 0, m, d and s denote other, maintenance, design and source VA 
causes, respectively. 

As in Vijayapur, the high unavailability due to design suggests that it may be 

useful to calculate availability and adequacy based on the canal design capacity. 

Availability based on canal design capacity was nearly 0.7 in 1988, dropped sharply in 

1989, then increased every year until a maximum of nearly 0.5 was reached in 1991 

before dropping again to slightly below 0.4 in 1992 (Figure 21). Below average rainfall 

in 1992 and the appearance of unavailability due to source during this year supports 

inadequate water supply as the possible cause for the lower availability. 
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Seti Results 
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Availability in the Seti lateral one command area was zero with an adequacy of 

0.10 for the 1992 monsoon season. The unavailability was 0.86 and 0.14 due to design 

and regular maintenance, respectively. During the post-monsoon season, the availability 

was 0.72 with an adequacy of 0.75 (Figure 22). The unavailability due to maintenance 

was 0.28. Unavailability due to maintenance was categorized as periodic, corrective 

maintenance on the distribution system (sluicing sediment basins); periodic, preventive 

maintenance on the acquisition system (gabion placement at the intake); and emergency, 



1 -,--= 
>. 

:::; 0.9 +----~ 0.8 +----'& 0.7-t--
C'il 

;§ 0.6 
'0 0.5 -1-------1l'0;i 

c 
til 0.4-t-
~;. 

~ 0.3 +--
:0 
~ 0.2 +---
'@ 
:> 0.1 -t--~ ~~~~t+-~~ 
~ 

O+--
1988 1989 1990 1991 1992 

Year 

!fa 
UA 0 

f~~~Bl ~,~~"" 

UA m .. 
UA s 

-------!l~~ I 

124 

Figure 21. Begnas, monsoon, availabilities based on design capacity. "Avail" and "UA" 
mean availability and unavailability, respectively. Subscripts 0, m and s denote other, 
maintenance and source UA causes, respectively. 

corrective maintenance (repair of a sink. hole near a road culvert) and these were equal 

to 0.12, 0.11 and 0.05, respectively. 

Availabilities, based on crop water requirements, at the heads of sublaterals varied 

from 0 for sublaterals one, three and five to a maximum of 0.19 for sublateral four during 

the monsoon season. Sublaterals two and seven had availability values of 0.11 and 0.04, 

respectively. No measurements were made in sublaterals six and eight due to the 

unsuitability of available sites. The unavailability due to maintenance value for all the 
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Figure 22. Seti availability. "Avail" and "UA" mean availability and unavailability, 
respectively. Subscripts m and d denote maintenance and design causes of unavailability. 

sublaterals was 0.14, the same as for lateral one and the entire system, since the only 

maintenance performed during the monsoon season was the weekly sluicing of the 

sediment basin. The remainder of the unavailability for all the sublaterals was due to the 

canal design capacity being insufficient to meet crop water requirements. Availability 

values based on canal design capacity varied from zero for sublateral three to 0.78 for 

sublaterals two and four. Sublaterals one, five and seven availability values were 0.07, 

0.19 and 0.63, respectively. Sublateral four, with a strong, active water users 
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organization, availability was higher. Variance in the sublateral availability values 

demonstrates the advantages of a larger sampling network. 

Table 12. Summary of availability (Avail), adequacy (P A) and dependability (Pn) 
performance measures. 

I System I Year I Season I Avail I PA I Pn I 
Vijayapur 1990 Monsoon 0.00 0.37 0.23 

Post-Monsoon 0.83 0.94 0.12 

1991 Pre-Monsoon 0.08 0.44 0.48 

Monsoon 0.00 0.33 0.31 

Post-Monsoon 0.91 0.91 0.24 

1992 Pre-Monsoon 0.05 0.34 0.70 

Monsoon 0.00 0.34 0.32 

Post-Monsoon 0.59 0.72 0.42 

Begnas 1988 Monsoon 0.08 0.32 0.78 

1989 Monsoon 0.03 0.30 0.54 

1990 Monsoon 0.03 0.36 0.49 

1991 Monsoon 0.03 0.38 0.42 

1992 Monsoon 0.05 0.32 0.58 

Seti 1992 Monsoon 0.00 0.10 0.59 

1992 Post-Monsoon 0.72 0.75 0.58 

The three systems studied all have availabilities of less than 0.1 during the 

monsoon seasons (Table 12). The availability is very low during the monsoon season 

because of the extremely high water requirement to meet the percolation loss. The post-
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monsoon season shows the best availability for the two systems for which values were 

calculated. 

An Additional Application 

Bhutta, et aI. (1991) gave the 1988 frequency distribution of the water discharge 

rate at the head of selected distributaries, mean daily discharges and reasons for low flow 
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Figure 23. Distributary availabilities. "Avail" and "UA" mean availability and 
unavailability. Subscripts 0, pc, ec and pp denote other, periodic corrective, emergency 
corrective and periodic preventive UA causes. 
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for an irrigation system in Pakistan. A discharge of less than 70 percent of design 

discharge was not considered desirable for three reasons: 1) "it is against the standard 

operating rules of the Irrigation Department, 2) it accelerates the siltation in the 

distributaries, and 3) equity of water distribution along the distributary is not attained 

when the discharge at the head is less than 70 percent of their design capacity." 

Daily discharge measurements were taken on each distributary for one year. The 

reliability of water supply at the head of distributaries was evaluated on a monthly basis 

using the coefficient of variation. Bhutta, et aI. (1991) gave ten reasons for low flow 

which were grouped into periodic, preventive maintenance (annual closure); periodic, 

corrective maintenance (lining, cleaning and sediment removal); emergency, corrective 

maintenance (repairing breaches) and others. These data were used to calculate 

availabilities and unavailabilities. There was a large variation in availability and 

unavailability due to maintenance between the distributaries (Figure 23). 

Evaluating Maintenance Objectives with Availability 

The following procedure is suggested for evaluation of maintenance objectives 

using availabilities and unavailabilities as criteria. 

1. Define "successful operation." Examples include a percentage of crop water 

requirements, a percentage of the water specified by a water delivery schedule and 

a percentage of the canal design capacity. For a demand system, "successful 

operation" may be defined as delivery of a percentage of the water required to 
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meet crop water requirements within a given time window relative to the requested 

time. 

2. Agree upon a level of availability that will provide delivery of "adequate" water. 

3. Determine where to measure water delivery for the availability calculation. This 

will depend on accuracy required, resources available and system hydraulic 

characteristics. This water measurement program could be L111plemented as a step

by-step process, starting with as few as one water measurement location with the 

number increasing as experience and needs dictate. To evaluate equity, water 

must be measured at more than one location. 

4. Agree upon an acceptable difference in availability, from the highest to the lowest 

values, that will provide "equitable" delivery. 

5. Determine causes for unavailability. Some examples are not performing corrective 

or preventive maintenance, source unavailability or other reason (must specify). 

If a cause for unavailability encountered during the irrigation season cannot be 

categorized, the cause should be recorded and categorized when the data is 

analyzed. 

6. Agree upon an acceptable level of unavailability due to preventive maintenance 

required to avoid costly water delivery interruptions. 

7. After each season of use, agree upon maintenance priorities and improvement 

plans based on unavailability levels. 
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8. Compare actual levels of availability with targets and reconsider targets if 

necessary for the next year. This comparison is for irrigation systems which have 

no previous performance data as targets should rarely be reconsidered. 

9. Check differences in availability between measurement points and make plans to 

improve equity. 

Using Availability to Evaluate Maintenance Objectives in Vijayapur 

The following example uses availability and unavailability to evaluate maintenance 

objectives in Vijayapur. 

1. "Successful operation" is defined as maintaining a continuous flow of 70 percent 

or more of the canal design capacity during the monsoon season. "Successful 

operation" during the post- and pre-monsoon seasons is defined as maintaining a 

continuous flow of 70 percent or more of crop water requirements. 

2. Availabilities of 0.8 and 0.9 are agreed upon as target levels for the monsoon and 

post-monsoon seasons, respectively. These levels are agreed upon as reasonable 

targets to meet the adequacy requirement based upon the calculated values for 

1991 and 1992. Unavailability due to insufficient source for the 1991 pre

monsoon season indicates that availability above 0.1 cannot be expected with the 

current cropping pattern without tapping new water sources. 

3. Water flow will be measured at the main canal intake and at the head of each 

branch canal. Daily depth measurements at these points will be converted to flow 
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using calibration equations. Calibrations will be checked at the beginning and end 

of each season by using a impeller-meter to determine the flow at two different 

depths. The number of measurement points may be increased in subsequent years 

to include points in the tail regions of each branch canal. 

4. A maximum availability difference of 0.1 between the branch canals having the 

highest and lowest availability is agreed upon as the equity goal. Branch canal 

one will not be considered when evaluating equity during the monsoon season, as 

the command area of branch canal one obtains water from other sources. An 

availability difference of only 0.1 may be optimistic based on work by Ostrom and 

Gardner (1993). They propose a bargaining solution that is a water-for-Iabor 

exchange. Both headenders and tailenders agree to work more in return for more 

water. In this optimal solution, the head-tail difference is 0.16 units of water. 

They calculate that in the state of nature the head-tail difference would be 0.25 

units of water. Of course, if the system is managed by an outside agency a lesser 

head-tail difference may be imposed. 

5. Causes of unavailability are classified as source insufficient, maintenance being 

performed, maintenance required and tradition. The personnel measuring and 

recording depth must determine and record the reason for the depth being 

insufficient to meet the agreed upon level of availability. Any reason different 

from the aforementioned reasons also should be recorded. 



132 

6. Unavailability due to preventive maintenance is agreed upon as ranging from 0 to 

0.05 depending on the irrigation system manager's judgement. 

7. After each season, actual values of availability are calculated and compared to the 

agreed upon target levels. Plans are then developed to improve the performance 

as measured by availability. 

Availabilities as Decision Criteria for Rehabilitation 

The second objective hypothesizes that the reliability bath tub curve can be applied 

to irrigation systems. Availability and unavailability due to maintenance are related to age 

for the post-monsoon season in Vijayapur and Seti (Figure 24). These curves could not 

be developed for the monsoon season because availability levels are very low due to 

design constraints. The three measurement points for Vijayapur and the single point for 

Seti are too few to prove or disprove the hypothesis. The availability was low for 

Vijayapur at five years of age due to low flow in the source that year as evident from the 

increase in unavailability due to insufficient source in the post-monsoon seasons from 0.17 

and 0.05 in 1990 and 1991 to 0.34 in 1992. The unavailability due to maintenance in Seti 

is expected to be higher than Vijayapur because Seti is closed one day out of seven for 

periodic, preventive maintenance (sand sluicing of the sediment basins). More research 

is required to verify the relationship of these two measures to system age. 
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Figure 24. Availability and unavailability versus age. "A" and "UA" refer to availability 
and unavailability, respectively. Vij and BT refer to Vijayapur and bathtub, respectively. 

A vailabilitv as a Design Parameter 

Availability and unavailability can be used for evaluation of design and 

rehabilitation decisions. During the design process, the expected availability and 

unavailabilities due to various reasons could be estimated for various design options. 

Availability and unavailability, among other parameters, would be evaluated when 

selecting the final design. 
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For example, in a system with a sediment basin, the time required to sluice or 

clean the basin can be estimated and used to calculate unavailability. The time required 

for sediment and vegetative growth removal from canals also can be estimated and 

classified as unavailability. As more data is obtained and published about the time and 

effort spent for maintenance of different irrigation systems, availability and unavailability 

estimates can become more refined and meaningful. Fu..rth.er research is needed to 

determine the role and usefulness of availability and unavailability in design and 

rehabilitation decisions. 
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DISCUSSION 

The maintenance framework developed in this dissertation is a practical approach 

to establishing a "maintenance culture." By emphasizing the expected and realized 

benefits in terms of water delivered to farmers, the maintenance requests and reports 

ac;sess maintenance accomplishment with an output, achievement rather than process 

measure. 

In this analysis, if the water delivered does not meet the crop water requirements, 

the amount of lost income dwarfed the maintenance cost. Thus, the questions arises: 

Why do many irrigation systems have canals with lowered capacity due to sedimentation 

and weed growth? The three factors discussed below may help explain this. 

First, many factors affect yield clouding the picture and making it unlikely that 

farmers will discern a small yield loss due to insufficient water. For example, consider 

a maize crop over a command area of 3000 ha with each farmer having 0.5 ha of land. 

Assuming a maximum yield of 1410 kgs/ha and a selling price of NRs. 2 per kg., each 

farmer loses NRs. 53 of gross income when the sediment depth is one centimeter more 

than the depth at which crop water requirements are just met. Although the maintenance 

cost, if everyone contributes, to prevent this income loss is just NRs. 7 per farmer, the 

income loss of only NRs. 53 is probably too small for farmers to link it to less water. 



136 

Second, the yield loss caused by a small reduction in water is often not visible as 

stress due to lack of water. At the point when water stress can be recognized, yield loss 

has already occurred. 

Finally, the issue of responsibility is unclear in many irrigation systems that have 

sediment and weed growth problems. Many of these systems are agency managed and 

fanners feel that it is the responsibility of the management agency to fund and manage 

this maintenance work. The first two factors are always present and in many cases the 

last factor is also present. 

The maintenance framework developed in this dissertation provides for a 

performance monitoring system that can be implemented step-by-step. The system can 

give valuable information even if flows are measured at only one point, but flows can be 

measured at addition points to provide more information if desired. Rather than an all 

or nothing monitoring system, the system can start small and increase as the value of the 

information is recognized and willingness to bear the cost increases. 

Along with the amount of information, accuracy also affects monitoring cost. In 

systems where water has not been measured, it is unrealistic to expect high accuracy and, 

just as important, the willingness to pay for it. Water measurement accuracies in the 

range of 10 to 30 percent are still an improvement over no measurements at all. As with 

the amount of information collected, as the value is recognized the importance attached 

to accuracy and willingness to bear its cost can be expected to increase. 
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Figure 25. Cost effectiveness of irrigation project monitoring (Biswas, 1990). 
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The cost-effectiveness of irrigation project monitoring (Figure 25) is illustrated in 

Biswas (1993). The value of information rises steeply and levels off while the cost of 

information rises slowly at first and steeply later. The concept shows even a very small 

amount of information is better than none and has a high benefit:cost ratio. 

The significance of the maintenance framework developed in this dissertation is 

the relationship of maintenance activities to water deliveries. Although the causal 

relationship between maintenance and irrigation system performance is considered 

apparent (Kikuchi, 1991b), the precise nature of this relationship has not been 



138 

demonstrated. Thus, information about irrigation system performance has rarely been 

used in planning and reporting maintenance. Requests for maintenance funding and 

reports of maintenance actions have used process measures (number of structures repaired 

or canal lengths cleared of sediment) rather than output, achievement measures (amount 

of water delivered). Using a maintenance framework which reports the impact of 

maintenance with output, achievement measures will make it possible to specify the causal 

relationship between maintenance and irrigation system performance. 

Evaluating maintenance activities by their impact on water deliveries is further 

supported by recent research. Lam (1992) developed a performance model based on 

infrastructure physical condition, water delivery and productivity. Each of these three 

performance "dimensions" used two or three indicators taken from variables in the Nepal 

Irrigation Institutions and Systems (NIlS) database. Covariance structural analysis with 

89 observations estimated a conftrmatory factor model. Lam concluded that the model 

was acceptable. The model had a 0.9 correlation between infrastructure physical condition 

and water delivery and Lam concluded these two dimensions "could be causally affecting 

one another." 
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SUMMARY AND CONCLUSIONS 

This research quantified the reliability and maintainability of irrigation systems in 

Nepal by defIning an availability performance measure. Availability and unavailabilities 

were quantifIed for 14 irrigation seasons for three irrigation systems near Pokhara. 

Irrigation system performance was related to maintenance actions performed by 

developing a maintenance framework that requires the measurement of water flows for 

use in requesting and reporting maintenance actions. 

A maintenance framework has been developed that defines maintenance objectives 

in terms of performance to meet the first research objective. Maintenance activities are 

classified according to objectives and frequency. The advantage is that the maintenance 

impact is assessed using output, achievement rather than process measures. The link 

between maintenance and performance is established by including the flows before and 

after maintenance on budget requests and reports. Thus, maintenance benefit is 

demonstrated in terms of water delivered. 

A methodology setting decision levels for maintenance activities expected to 

increase water delivered is proposed. The maintenance cost and income loss from a 

reduction in water delivered were compared and it was found that income loss very 

rapidly exceeds the maintenance cost. This comparison indicates that the decision level 

for maintenance activities affecting the water delivered can be set by determining the 

point at which the water delivered is insufficient to meet crop water requirements without 
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regard to maintenance cost. The decision level should be set before the point at which 

water delivered is below crop requirements so that this level is not inadvertently reached. 

This is because the early income loss is sudden, very quickly reaches a large amount and 

is not visible as water stress in the field. 

A performance indicator termed "availability" has been developed for use in 

research to serve as one of the criteria in rehabilitation and design decisions to meet the 

second and third research objectives. This indicator will assist irrigation system managers 

in management and maintenance decisions related to the maintenance framework. 

Availability relates to adequacy and dependability objectives of irrigation systems. 

Availability analysis of irrigation systems has the following advantages: 

1) it gives information about why performance was poor, 

2) it is useful for assessing maintenance, 

3) it is easy to calculate and understand, 

4) it gives an on or off value as water is available or unavailable 

5) it is adaptable to site specific conditions 

6) it may help defme the point where rehabilitation is necessary and 

7) it may be valuable as part of a framework assessing various design and 

rehabilitation options. 

A methodology using availability to evaluate the objectives of the maintenance 

framework was developed and demonstrated for one of the irrigation systems studied. 
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Information on equity is obtained by comparing availability at different measurement 

points within the irrigation system. 
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FUTURE RESEARCH 

1. Measuring the availability and unavailability of a sample of systems and 

continuing measurements in a new system to observe changes with age is 

necessary to further evaluate the suitability of these measures for determining 

when to rehabilitate. This would also contribute to understanding their usefulness 

in the design process and as a management tool. 

2. A long-term study using this maintenance framework and availability and 

unavailability to manage an irrigation system is necessary to evaluate management 

value. Valuable information about the relationship between maintenance and 

irrigation system performance and need for rehabilitation would also result from 

this study. 

3. Classifying maintenance funds spent as corrective or preventive and relating the 

proportion of corrective funds spent to the availability and various unavailabilities 

of an irrigation system or a sample of systems. 

4. Development of an independent maintenance model or a maintenance module 

incorporated into an existing flow model of an irrigation system would enable 

predictions of changes in performance resulting from performance of maintenance 

activities. 
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This is a suggested format for maintenance activity descriptions. These activities 

are expected to be common to most irrigation systems. Some irrigation systems may want 

to add a few common activities that they perform that are not included here. The 

description and purpose, criteria and scheduling category should be the same or very 

similar for all activities over all systems. The actual level where canal capacity can no 

longer meet crop requirements must be calculated for each individual irrigation system. 
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MAINTENANCE ACTIVITY DESCRIPTION 

ACTIVITY SEDIMENT REMOVAL 

ACCOUNT# 

DESCRIPTION AND PURPOSE: Removal of sediment and debris from 
the canal to restore capacity. 

CRITERIA: (When and How Much?) SCHEDULING CATEGORY 
When canal capacity cannot meet crop 
water requirements. Restore the original Periodic, Corrective 
design capacity. 

TYPICAL CREW SIZE WORKMEmOD 

Varies Most often by hand, in some large 
systems may be done by excavating 

EQUIPMENT 
machines. It is very important to 
determine where to dispose of the 
sediment and debris as much may 

Shovels, picks, spades, baskets be washed back into the canal if 
placed on the canal banks. 

MATERIAL AVERAGE ·DAD...Y 
PRODUCTION 

None Varies 

NOTES: Volume of sediment removed in a day can vary greatly depending on 
sediment composition. Sediment may harden when dry making excavation 
difficult. 
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MAINTENANCE ACTIVITY DESCRIPTION 

ACTMTY VEGETATIVE GROWTH REMOVAL 

ACCOUNT# 

DESCRIPTION AND PURPOSE: Removal of submerged weeds and 
grasses from lined and unlined canals. 
The purpose is to restore the capacity 
of the canal to or near the original 
design capacity by reducing the 
Manning resistance coefficient. 

CRITERIA: (When and How Much?) SCHEDULING CATEGORY 
Clean when the canal capacity cannot meet 
crop requirements. Restore to the original Periodic, Corrective 
design capacity. 

TYPICAL CREW SIZE WORK· METHOD 

Varies Cut grass and weeds by hand. 
Large fish grown in the canal can 

EQUIPMENT sometimes help to control weed 

Sickles, Rakes 
growth. 

MATERIAL AVERAGE DAILY 
··PRODUCTION 

None. Varies. 

NOTES: 
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MAINTENANCE ACTIVITY DESCRIPTION 

ACTMTY BREACH REPAIR 

ACCOUNT# 

DESCRIPTION AND PURPOSE: The repair of a break in the canal to 
restore water flow to part or all of the 
command area. 

CRiTERiA: (When and How Much?) SCHEDULiNG CATEGORY 
Repair when a break prevents flow to all or 
part of the command area. Restore normal Emergency, Corrective 
flow to the deprived area. 

TYPICAL CREW SIZE 

Varies. 

EQUIPMENT 

Varies depending on type of canal. 

MATERIAL 

Varies depending on type of canal. 

WORKMEmOD 

~ - - --- --~~---~--~~~-

Varies. 

AVERAGE DAILY 
PRODUCTION 

NOTES: Productivity can vary greatly from system to system depending on the 
distance to material sources. 
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MAINTENANCE ACTMTY DESCRIPTION 

ACTMTY MAINTAINING CANAL BANK SHAPE AND CROSS SECTION 

ACCOUNT# 

DESCRIPTION AND PURPOSE: The cross section of unlined canals 
tends to become parabolic and often 
the canal bank becomes narrow and 
weak. The purpose of this activity is 
to return the canal and its bank to the 
original cross section . 

.. 

CRITERIA: (When and How Much?) SCHEDULING CATEGORY 
Restore the canal cross section when the 
canal capacity cannot meet crop Periodic, Corrective 
requirements. Restore to the original 
design capacity. 

TYPICAL CREW SIZE WORK METHOD 

Varies Most often by hand. Depends upon 
the type of canal lining. 

EQUIPMENT 

Shovels, Picks, Spades, Baskets 

..... , ·0·· 

MATERIAL AVERAGE DAILY 
PRODUCTION 

Varies. Varies. 

NOTES: 
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MAINTENANCE ACTMTY DESCRIPTION 

ACTMTY REPAIRING STRUCTURES AND EROSION PROTECTION 

ACCOUNT# 

DESCRIPTION AND PURPOSE: Repair leaks and cracks in a structure 
and prevent it from being washed out 
or bypassed. The purpose is to 
prevent a structure from becoming 
inoperable returning it to nearly new 
condition. 

. .. 

CRITERIA: (When and How Much?) SCHEDULING CATEGORY 
Repair structures based on engineering 
judgement and the priority system Periodic, Preventive 
established in the maintenance framework. 

TYPICAL CREW SIZE WORK METHOD 

Varies Cement is mixed and applied by 
hand. Attention must be paid to the 

EQUIPMENT distance that materials must be 

Shovel, Trowel, Basket, Pan 
brought. 

MATERIAL AVERAGE DAILY 
PRODUCTION 

Sand, Rock, Cement, Gabion Wire Varies. 

NOTES: Production can vary greatly depending on the distance that materials 
must be transported to the site. 
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MAINTENANCE ACTIVITY DESCRIPTION 

ACTMTY REP AIRING LINING 

ACCOUNT# 

DESCRIPTION AND PURPOSE: The lining has deteriorated to the point 
that the water losses from the canal 
have increased greatly. Restore the 
original conveyance efficiency. 

CRITERIA: (When and How Much?) SCHEDULING CATEGORY 
Repair the canal when the water losses 
have increased to the point that crop water Periodic, Corrective 
requirements cannot be met. 

TYPICAL CREW SIZE WORK METHOD 

Varies Cement is mixed and applied by 
hand. Attention must be paid to the 

EQUIPMENT distance that materials must be 

Shovel, Trowel, Basket, Pan 
brought. 

MATERIAL AVERAGE DAILY 
PRODUCTION 

Sand, Rock, Cement Varies. 

NOTES: Production can vary greatly depending on the distance that materials 
must be carried to the site. 
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EXAMPLE BUDGET REPORTS AND REQUESTS 

These are example budget requests and reports for a sediment removal and a 

breach repair maintenance activity. These examples originated from actual maintenance 

activities accomplished during the 1992 monsoon season. 

Budget Request for Sediment Removal Maintenance Activity. 
Irrigation System: Vijayapur Command Area: 1290 ha 
~egion: Western Date: 27 August, 1992 
iZone: Gandaki 
Pi strict: Kaski 

Loc., CH 

BC3, 
CH1+600 

BC3, 
1+700 

BC3, 
CH1+785 

Remarks: 
Notes: 

L,m Last Current Desired Area Est. Farmer 
Mtn. Avg. Q, Avg. Q, below, Cost Contri 

m3/s m3/s ha NRs. bution 

40 None 

40 None 0.276 0.450 100 180 All labor 

20 None 

The cost estimate is using 3 laborers for one day at NRs. 60 per day. 
Only the top 10 em of sediment is to be cleaned. The current avg. Q i~ 
the average of actual measurements for two months prior to the 
maintenance event. 
Loc. is location, CH is chainage, L is length, Mtn. is maintenance, A vg. 
is average, Q is flow, Est. is estimated, NRs. is Nepali rupees, BC3 is 
branch canal number three. 

Figure 26. Example of a budget request for sediment removal. 
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lBudget Report for Sediment Removal Maintenance Activity. 
~rrigation System: Vijayapur Command Area: 1290 ha 
lRegion: Western Date: 16 September, 1992 
Zone: Gandaki 
District: Kaski 

Loc., CH 

BC3, 
CHl+600 

BC3, 
1+700 

BC3, 
CHl+785 

lRemarks: 

Notes: 

L, m Mtn. 
Date 

40 28 
Aug. 

40 28 
Aug. 

20 28 
Aug. 

Prior 
Avg. Q, 
m3/s 

0.276 

Obtain 
Avg. Q, 
m3/s 

0.302 

Area 
below, 
ha 

100 

Est. 
Cost 
NRs. 

0 

Farmer 
Cont. 

All labor 

The water users group with help from a dhalpa organized and conducted 
the maintenance. 
Only the top 10 cm of sediment was cleaned. The prior avg. Q is the 
average of actual measurements for two months prior to the maintenance 
event while the obtain avg. Q is the average of actual performance data 
from the completion of the maintenance event to the report date. 
Loc. is location, CH is chainage, L is length, Mtn. is maintenance, A vg. 
is average, Q is flow, Est. is estimated, NRs. is Nepali rupees, BC3 is 
branch canal number three. 

Figure 27. Example of a budget report for sediment removal. 
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~udget Request for Breach Repair Maintenance Activity. 
~rrigation System: Begnas Command Area: 580 ha 
!Region: Western Date: 7 August, 1992 
lZone: Gandaki 
District: Kaski 

Loc., CH L,m Last Current Desired Area Est. Farmer 
Mtn. Avg. Q, Avg. Q, below, Cost Contri 

m3/s m3/s ha NRs. bution 

BCI, 3 None 0 0.227 100 600 All labor 
CH1+460 

Remarks: The cost estimate is using 10 laborers for one day at NRs. 60 per day. 
Notes: The command area below this point is an estimate. The current avg. Q is 

the average of actual measurements for two months prior to the 
maintenance event. 
Loc. is location, CH is chainage, L is length, Mtn. is maintenance, A vg. 
is average, Q is flow, Est. is estimated, NRs. is Nepali rupees, BCI i~ 

branch canal number one. 

Figure 28. Example of a budget request for breach repair. 
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lBudget Report for Breach Repair Maintenance Activity. 
Ilrrigation System: Begnas Command Area: 580 ha 
lRegion: Western Date: 14 September, 1992 
1Z0ne: Gandaki 
District: Kaski 

Loc., CH 

BCI, 
CHI+460 

iRemarks: 
Notes: 

L, m Mtn. 
Date 

3 10 
Aug. 

Prior 
Avg. Q, 
m3/s 

o 

Obtain 
Avg. Q, 
m3/s 

0.290 

Area 
below, 
ha 

100 

Est. 
Cost 
NRs. 

o 

Farmer 
Cont. 

All labor 

The water users group organized and conducted the maintenance. 
The command area below this point is an estimate. The prior avg. Q i~ 
the average of actual measurements for two months prior to the 
maintenance event while the obtain avg. Q is the average of actua 
performance data from the completion of the maintenance event to the 
report date. 
Loc. is location, CH is chainage, L is length, Mtn. is maintenance, A vg. 
is average, Q is flow, Est. is estimated, NRs. is Nepali rupees, BCI is 
branch canal number one. 

Figure 29. Example of a budget report for breach repair. 
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APPENDIXC 

CROP WATER REQUIREMENTS 

This appendix contains the weekly crop water requirements that were used to 

determine availability and adequacy. The following table assumes percolation rates of 120 

nun/day in Seti and 60 mrn/day in Vijayapur and Begnas. The values for Seti are in 

lIs/ha and the values for Begnas (Beg) and Vijayapur (Yij) are in lis. Crop water 

requirements are zero for weeks 43 to 45 in all systems as that is when most of the rice 

is harvested. 



155 

Table C.I. Weekly crop water requirements. 

Week Seti Vij Beg Week Seti Vij Beg 

1 0.23 209.0 56.9 27 8.77 4845.4 2179.0 

2 0.23 224.8 62.5 28 10.76 5267.1 2368.7 

3 0.23 224.8 62.5 29 10.76 5267.1 2368.7 

4 0.23 224.8 62.5 30 10.76 5267.1 2368.7 

5 0.28 278.1 77.2 31 10.90 5443.8 2448.1 

6 0.34 265.7 69.0 32 11.04 5620.6 2527.6 

7 0.34 265.7 69.0 33 11.04 5620.6 2527.6 

8 0.07 135.6 42.6 34 11.04 5620.6 2527.6 

9 0.12 113.6 44.8 35 11.04 5620.6 2527.6 

10 3.10 328.5 53.3 36 11.65 6399.3 2877.8 

11 5.58 808.4 53.3 37 11.65 6399.3 2877.8 

12 5.15 1077.9 59.5 38 11.65 6399.3 2877.8 

13 5.20 1117.2 79.3 39 11.65 6399.3 2877.8 

14 5.26 1188.8 120.8 40 6.25 3738.8 1681.4 

15 5.32 1236.8 145.0 41 6.68 4277.9 1923.8 

16 5.38 1290.7 172.2 42 6.68 4277.9 1923.8 

17 5.38 1290.7 172.2 43 0.00 0.0 0.0 

18 5.31 1266.0 172.2 44 0.00 0.0 0.0 

19 5.27 1248.8 172.2 45 0.00 0.0 0.0 

20 5.28 1252.6 172.2 46 0.29 184.0 43.8 

21 5.28 1252.6 172.2 47 0.29 184.0 43.8 

22 5.28 1252.6 172.2 48 0.29 184.0 43.8 

23 4.91 1092.5 150.9 49 0.21 130.3 31.0 

24 4.60 953.3 130.6 50 0.21 144.5 36.0 

25 4.00 1496.4 519.0 51 0.21 158.7 41.0 

26 5.15 2310.1 1601.0 52 0.21 172.8 45.9 
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This appendix contains flow measurement data from each measurement site in 

Vijayapur irrigation system. Table D.l gives the capacities at and command areas below 

the points where flow was measured in the main and each branch canal. Table D.2 

contains flow data from the Vijayapur main canal, design capacity 6 m3/s, at CH 0+149. 

As discussed in the Methods and Procedures chapter, these flows were calculated from 

depth measurements taken two to six times daily depending on the season. Flows for 

each depth were calculated using the calibration developed in June, 1992 and verified in 

November, 1992 and averaged to obtain these values. Using these values, the crop water 

requirements from Appendix C, a main canal efficiency of 0.65, a combined branch canal 

and field channel efficiency of 0.6, a field application efficiency of 1.0 for rice and 0.7 

for all other crops and defining 0.7 of crop water requirements as the requirement for 

water to be available; availabilities and adequacies can be calculated. Water was 

unavailable due to tradition every new and full moon day. Water was unavailable due to 

maintenance on June 13 and 14 and November 12 in 1991 and March 16; April 9, 16,22-

25 and 30; May 1-2, 6-9, 13-17, 20-23 and 27-30 and June 4 in 1992. Water was 

unavailable due to flooding on August 17 and 24; September 9, 11-12, 14, and 17 in 

1990; July 22; August 2, 7-9, 16-18 and 28-29; September 1, 4-5, 9-11 and 28-29; and 
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October 4-5 in 1991; and June 28; July 3, 5-6, 8, 17,21-23 and 30; August 5-6, 14,22 

and 24; and September 27-28 in 1992. 

Tables D.3 and DA give the flows at the head of each branch canal during the 

1991 and 1992 monsoon seasons, respectively. These flows were calculated from daily 

depths recorded by the dhalpas (ditch riders) using the calibrations determined in June, 

1992. Table D.5 gives the data collected during the 1992 monsoon and post-monsoon 

seasons. As for the data in Table D.2, availabilities and adequacies can be calculated 

using the crop water requirements in Appendix C, efficiencies given earlier and the 

command area. 

Table 0.1. Main and branch canal (BC) measurement site information. 

I~ Chainage Design capacity, m3/s Command area, ha 

Main 0+149 6.00 1280 

BC2 0+044 1.20 175 

BC2 1+218 0.67 134 

BC3 0+106 1.20 204 

BC3 2+052 0.62 124 

BC4 0+015 1.06 543 

BC4 1+344 0.66 132 

BC1 0+005 1.20 330 
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Table D.2. Flows in m3/s at Vijayapur Main Canal, chainage 0+149. 

I Date I Flow II Date I Flow II Date I Flow I Date Flow 

08/17/90 5.96 09/09/90 6.56 10/02/90 4.94 10/25/90 1.57 

08/18/90 4.71 09/10/90 5.99 10/03/90 5.08 10/26/90 1.62 

08/19/90 5.69 09/11190 4.99 10/04/90 5.22 10/27/90 1.57 

08/20/90 5.60 09/12/90 5.09 10/05/90 4.90 10/28/90 1.62 

08/21190 5.88 09/13/90 4.76 10/06/90 5.26 10/29/90 0.83 

08/22/90 5.99 09114/90 5.39 10/07/90 5.14 10/30/90 0.48 

08/23/90 6.06 09/15/90 6.10 10/08/90 5.31 10/31190 0.47 

08/24/90 6.29 09116/90 3.77 10/09/90 4.83 11/01190 0.47 

08/25/90 6.07 09/17/90 6.29 10/10/90 4.21 11/02/90 0.47 

08/26/90 6.16 09118/90 5.08 10/11190 4.14 11103/90 0.47 

08/27/90 6.12 09119/90 5.26 10/12/90 4.06 11104/90 0.47 

08/28/90 6.30 09/20/90 5.08 10113/90 3.97 11105/90 0.47 

08/29/90 6.71 09/21190 5.46 10/14/90 4.09 11106/90 0.47 

08/30/90 6.31 09/22/90 5.42 10/15/90 3.97 11107/90 0.47 

08/31190 6.68 09/23/90 5.12 10/16/90 2.82 11/08/90 0.47 

09/01190 6.56 09/24/90 5.16 10/17/90 3.04 11/09/90 0.47 

09/02/90 6.54 09/25/90 5.00 10/18/90 1.71 11110/90 0.47 

09/03/90 6.31 09/26/90 4.94 10/19/90 1.60 11111190 0.47 

09/04/90 6.29 09/27/90 4.02 10/20/90 1.64 11112/90 0.47 

09/05/90 6.12 09/28/90 4.29 10/21190 1.62 11113/90 0.47 

09/06/90 5.97 09/29/90 3.67 10/22/90 1.64 11114/90 0.47 

09/07/90 6.16 09/30/90 4.50 10/23/90 1.64 11115/90 0.47 

09/08/90 5.68 10/01190 4.97 10/24/90 1.59 11116/90 0.47 
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Table D.2. Flows in m3/s at Vijayapur Main Canal, chainage 0+149. Cont. 

I Date I Flow I Date Flow Date Flow Date Flow 

11117/90 0.47 12/10/90 1.30 01102/91 1.69 01125/91 0.99 

11118/90 0.47 12111190 1.30 01103/91 0.99 01126/91 0.99 

11119/90 0.47 12112/90 1.30 01104/91 0.99 01127/91 0.99 

11120/90 0.47 12/13/90 1.30 01105/91 0.99 01128/91 1.15 

11121190 0.47 12114/90 1.30 01106/91 0.99 01129/91 0.99 

11122/90 0.47 12/15/90 1.30 01107/91 0.99 01130/91 1.01 

11123/90 0.47 12/16/90 1.30 01108/91 0.99 01131191 0.85 

11124/90 0.47 12/17/90 1.30 01/09/91 0.99 02/01191 1.01 

11/25/90 0.47 12/18/90 1.30 01/10/91 0.99 02/02/91 1.01 

11/26/90 0.47 12/19/90 1.30 01111191 1.15 02/03/91 1.01 

11/27/90 0.47 12/20/90 1.30 01/12/91 1.30 02/04/91 1.01 

11/28/90 0.47 12/21190 1.30 01/13/91 1.30 02/05/91 1.15 

11129/90 0.47 12/22/90 1.01 01/14/91 1.30 02/06/91 1.15 

11/30/90 0.47 12/23/90 2.38 01115/91 1.30 02/07/91 1.01 

12/01190 0.71 12/24/90 2.00 01116/91 1.30 02/08/91 1.15 

12/02/90 0.71 12/25/90 2.00 01117/91 1.32 02/09/91 1.01 

12/03/90 0.71 12/26/90 2.00 01118/91 1.15 02/10/91 1.01 

12/04/90 0.71 12/27/90 1.30 01119/91 0.99 02/11191 1.01 

12/05/90 0.71 12/28/90 1.64 01120/91 1.30 02/12/91 1.01 

12/06/90 0.71 12/29/90 2.00 01121191 1.30 02/13/91 1.01 

12/07/90 0.71 12/30/90 2.38 01122/91 1.30 02/14/91 0.85 

12/08/90 1.30 12/31190 2.38 01123/91 1.15 02115/91 0.85 

12/09/90 1.30 01/01191 2.38 01/24/91 0.99 02/16/91 0.85 
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Table D.2. Flows in m3/s at Vijayapur Main Canal, chainage 0+149. Cont. 

I Date I Flow II Date I Flow II Date I Flow I Date Flow 

02/17/91 0.85 03/12/91 1.18 05/04/91 2.42 OS/27/91 2.50 

02/18/91 1.15 03/13/91 1.30 05/05/91 2.26 OS/28/91 2.34 

02/19/91 1.15 03/14/91 1.01 05/06/91 2.31 OS/29/91 1.92 

02/20/91 1.15 03/15/91 1.30 05/07/91 1.92 05/30/91 1.08 

02/21/91 0.50 03/16/91 0.99 05/08/91 1.82 05/31191 1.75 

02/22/91 1.30 03117/91 0.91 05/09/91 0.95 06/01/91 2.46 

02/23/91 1.30 03/18/91 0.91 05/10/91 1.85 06/02/91 1.92 

02/24/91 1.30 03/19/91 0.91 05111191 1.96 06/03/91 2.04 

02/25/91 1.30 03/20/91 0.88 05112/91 1.82 06/04/91 2.50 

02/26/91 1.30 03/21191 0.63 05113/91 0.61 06/05/91 2.78 

02/27/91 1.15 03/22/91 0.99 05114/91 1.92 06/06/91 2.19 

02/28/91 0.99 03/23/91 0.94 05115/91 1.65 06/07/91 3.01 

03/01191 1.30 03/24/91 0.88 05/16/91 1.28 06/08/91 3.36 

03/02/91 1.30 03/25/91 0.88 05117/91 2.07 06/09/91 3.39 

03/03/91 1.30 03/26/91 0.88 05/18/91 2.19 06/10/91 3.05 

03/04/91 1.37 03/27/91 0.94 05/19/91 2.19 06/11/91 3.37 

03/05/91 1.37 03/28/91 0.47 OS/20/91 2.60 06112/91 0.00 

03/06/91 1.15 03/29/91 1.06 OS/21191 2.11 06/13/91 0.02 

03/07/91 1.01 03/30/91 1.30 OS/22/91 2.04 06/14/91 0.04 

03/08/91 1.15 Missing data. OS/23/91 1.56 06/15/91 3.36 

03/09/91 1.21 05/01191 2.05 OS/24/91 2.04 06/16/91 3.05 

03/10/91 1.37 05/02/91 1.36 OS/25/91 2.19 06117/91 3.11 

03111191 1.15 05/03/91 2.34 OS/26/91 2.01 06/18/91 2.64 
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Table D.2. Flows in m3/s at Vijayapur Main Canal, chainage 0+149. Cant. 

Date Flow I Date I Flow II Date I Flow II Date I Flow I 
06119/91 2.73 07112/91 4.56 08/04/91 5.92 08/27/91 5.48 

06/20/91 3.88 07113/91 6.26 08/05/91 5.92 08/28/91 5.24 

06/21/91 2.56 07114/91 5.12 08/06/91 6.02 08/29/91 5.84 

06/22/91 3.01 07/15/91 4.22 08/07/91 5.90 08/30/91 3.89 

06/23/91 3.05 07/16/91 4.81 08/08/91 5.14 08/31191 5.29 

06/24/91 3.37 07/17/91 5.04 08/09/91 5.46 09/01/91 5.85 

06/25/91 3.47 07/18/91 4.70 08110191 1.27 09/02/91 5.14 

06/26/91 3.29 07/19/91 4.70 08/11191 5.68 . 09/03/91 4.99 

06/27/91 0.00 07120191 3.40 08/12/91 5.84 09/04/91 3.81 

06/28/91 4.12 07/21191 3.84 08/13/91 5.81 09/05/91 5.06 

06/29/91 3.74 07/22/91 4.64 08/14/91 3.01 09/06/91 5.09 

06/30/91 3.95 07/23/91 5.36 08/15/91 5.68 09/07/91 5.53 

07/01/91 4.58 07/24/91 5.36 08/16/91 5.09 09/08/91 0.00 

07/02/91 4.69 07/25191 6.27 08117/91 5.31 09/09/91 4.29 

07/03/91 4.07 07/26/91 0.00 08/18/91 5.34 09/10/91 5.25 

07/04/91 4.73 07/27/91 5.55 08/19/91 5.76 09111191 5.16 

07/05/91 4.93 07/28/91 5.67 08/20/91 5.31 09112191 5.26 

07/06/91 4.43 07/29/91 5.94 08/21191 5.70 09/13/91 5.21 

07/07/91 3.10 07/30/91 5.62 08/22/91 5.63 09114/91 5.17 

07/08/91 4.92 07/31191 6.02 08/23/91 5.86 09/15/91 4.32 

07/09/91 4.66 08/01/91 5.70 08/24/91 5.68 09/16/91 5.46 

07110191 4.76 08/02/91 5.51 08/25/91 1.35 09117/91 5.24 

07/11191 0.00 08/03/91 5.55 08/26/91 5.94 09118191 5.42 
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Table D.2. Flows in m3/s at Vijayapur Main Canal, chainage 0+149. Cont. 

Date Flow T"'o Flow Date Flow 
,..,. 

Flow ........... 

09/19/91 5.29 10/12/91 4.24 11104/91 1.37 11127/91 0.79 

09/20/91 5.29 10113/91 3.68 11105/91 0.88 11/28/91 0.82 

09/21191 5.44 10/14/91 3.00 11106/91 0.78 11/29/91 1.30 

09/22/91 5.08 10115/91 2.93 11/07/91 0.00 11130/91 0.99 

09/23/91 1.03 10116/91 2.56 11108/91 0.79 12/01191 1.24 

09/24/91 5.39 10/17/91 2.54 11109/91 0.78 12/02/91 1.21 

09/25/91 5.27 10/18/91 2.89 11110/91 0.79 12/03/91 1.67 

09/26/91 5.34 10119/91 2.85 11111191 0.78 12/04/91 1.27 

09/27/91 5.52 10/20/91 2.87 11112/91 0.00 12/05/91 1.18 

09/28/91 4.17 10/21/91 2.55 11113/91 0.98 12/06/91 0.65 

09/29/91 3.97 10/22/91 0.00 11114/91 0.96 12/07/91 1.71 

09/30/91 5.29 10/23/91 2.04 11115/91 0.98 12/08/91 1.71 

10/01191 4.42 10/24/91 2.05 11116/91 0.92 12/09/91 1.85 

10/02/91 4.70 10/25/91 1.22 11/17/91 0.74 12/10/91 1.74 

10/03/91 4.79 10/26/91 1.03 11/18/91 0.79 12111191 1.68 

10/04/91 5.02 10/27/91 0.90 11119/91 0.74 12/12/91 1.26 

10/05/91 5.19 10/28/91 0.79 11120/91 0.79 12113/91 1.40 

10/06/91 4.62 10/29/91 0.74 11121191 0.77 12/14/91 1.34 

10/07/91 0.00 10/30/91 0.70 11122/91 0.77 12115/91 1.47 

10/08/91 4.98 10/31191 0.69 11123/91 0.79 12116/91 1.71 

10/09/91 4.95 11/01191 0.62 11124/91 0.79 12117/91 1.82 

10/10/91 4.80 11/02/91 1.45 11125/91 0.79 12118/91 1.82 

10/11/91 4.29 11103/91 1.47 11126/91 0.74 12119/91 1.11 
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Table 0.2. Flows in m3/s at Vijayapur Main Canal, chainage 0+149. Cont. 

I Date I Flow II Date I Flow II Date I Flow I Date Flow 

12/20/91 1.67 01/12/92 0.58 02/04/92 0.85 02/27/92 0.72 

12/21191 1.64 01113/92 0.58 02/05/92 0.71 02/28/92 1.02 

12/22/91 1.71 01114/92 0.54 02/06/92 1.01 02/29/92 0.96 

12/23/91 1.47 01115/92 0.58 02/07/92 0.82 03/01/92 0.99 

12/24/91 0.91 01116/92 0.67 02/08/92 0.74 03/02/92 0.96 

12/25/91 1.67 01/17/92 1.32 02/09/92 0.77 03/03/92 1.95 

12/26/91 1.21 01118/92 1.04 02110/92 0.83 03/04/92 1.02 

12/27/91 1.67 01/19/92 0.00 02/11192 0.66 03/05192 0.75 

12/28/91 1.29 01120192 1.47 02/12/92 0.85 03/06/92 1.02 

12/29/91 1.67 01/21/92 1.37 02/13192 0.66 03/07/92 1.02 

12/30/91 1.60 01122192 1.40 02/14/92 0.89 03/08/92 0.96 

12/31191 1.74 01123/92 1.01 02115192 1.08 03/09/92 1.08 

01101192 1.57 01124/92 1.34 02/16/92 1.02 03/10/92 1.12 

01/02/92 1.14 01125/92 1.34 02117/92 1.11 03/11192 0.99 

01103/92 1.47 01126/92 1.00 02118/92 0.00 03112/92 0.70 

01/04/92 0.00 01127192 1.25 02119/92 0.99 03/13/92 1.02 

01105192 1.37 01128/92 1.37 02/20/92 0.71 03/14/92 0.99 

01106192 1.47 01129/92 1.15 02/21192 0.99 03/15/92 0.99 

01107192 1.54 01130/92 0.84 02/22/92 0.94 03/16/92 0.53 

01108192 0.94 01131192 1.34 02/23/92 1.08 03/17/92 1.05 

01109192 0.56 02/01192 1.34 02/24/92 1.02 03/18/92 1.02 

01110192 0.64 02/02/92 0.81 02/25/92 0.99 03/19/92 0.68 

01111192 0.66 02/03/92 0.00 02/26/92 0.91 03/20/92 1.02 



164 

Table D.2. Flows in m3/s at Vijayapur Main Canal, chainage 0+149. Cont. 

Date Flow Date Flow I Date I Flow I Date Flow 

03/21192 1.08 04/13/92 2.30 05/06/92 0.00 05/29/92 0.00 

03/22/92 1.05 04/14/92 2.42 05/07/92 0.00 05/30/92 0.00 

03/23/92 1.05 04/15/92 2.38 05/08/92 0.00 05/31192 2.50 

03/24/92 1.02 04/16/92 0.58 05/09/92 0.00 06/01192 0.00 

03/25/92 1.08 04/17/92 2.38 05/10/92 2.13 06/02/92 1.94 

03/26/92 0.62 04/18/92 2.34 05111192 3.21 06/03/92 2.10 

03/27/92 0.97 04/19192 2.30 05/12/92 3.25 06/04/92 1.09 

03/28/92 0.91 04/20/92 2.15 05/13/92 0.00 06/05/92 2.21 

03/29/92 1.82 04/21/92 2.15 05/14/92 0.00 06/06/92 2.12 

03/30/92 1.71 04/22/92 0.00 05/15/92 0.00 06/07/92 1.67 

03/31192 1.82 04/23/92 0.00 05/16/92 0.00 06/08/92 2.04 

04/01/92 1.74 04/24/92 0.00 05/17/92 2.45 06/09/92 1.71 

04/02/92 0.38 04/25/92 0.00 05/18/92 3.08 06110/92 2.34 

04/03/92 0.78 04/26/92 0.17 05/19/92 3.21 06/11192 1.96 

04/04/92 1.96 04/27/92 0.43 OS/20/92 0.00 06/12/92 0.96 

04/05/92 2.22 04/28/92 2.66 OS/21/92 0.00 06/13/92 2.38 

04/06/92 2.34 04/29/92 3.08 OS/22/92 0.00 06/14/92 2.30 

04/07/92 2.42 04/30/92 0.00 OS/23/92 0.00 06/15/92 0.00 

04/08/92 2.38 05101192 0.00 OS/24/92 3.09 06116/92 1.80 

04/09/92 2.26 05/02/92 0.00 OS/25/92 2.30 06/17/92 1.62 

04/10/92 2.34 05/03/92 1.74 05/26/92 2.63 06/18/92 1.53 

04/11192 2.30 05/04/92 2.74 OS/27/92 0.00 06/19/92 3.32 

04/12/92 2.46 05/05/92 2.78 05/28/92 0.00 06/20/92 3.84 
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Table D.2. Flows in m3/s at Vijayapur Main Canal, chainage 0+149. Cont. 

Date Flow j~ Flow Date Flow Date Flow 

06/21192 4.21 07114/92 0.00 08/06/92 4.21 08/29/92 4.96 

06/22/92 3.59 07115192 5.10 08/07/92 5.46 08/30/92 4.93 

06/23/92 3.83 07/16/92 4.89 08/08/92 5.46 08/31192 5.65 

06/24/92 3.85 07/17/92 5.19 08/09/92 5.86 . 09/01192 5.77 

06/25/92 3.41 07118192 5.04 08/10/92 5.63 09/02/92 5.94 

06/26/92 3.75 07/19/92 5.32 08/11/92 5.89 09/03/92 5.86 

06/27/92 3.31 07/20/92 4.94 08/12/92 5.40 09/04/92 5.78 

06128192 4.16 07/21192 4.52 08/13/92 0.00 09/05/92 5.84 

06/29/92 4.26 07/22/92 5.15 08/14/92 5.28 09/06/92 5.91 

06/30/92 0.00 07/23/92 4.75 08/15/92 5.51 09/07/92 5.19 

07/01192 4.14 07/24/92 4.99 08/16/92 5.13 09/08/92 5.68 

07/02/92 3.53 07/25/92 l.12 08117192 5.56 09/09/92 5.68 

07/03/92 4.18 07/26/92 5.45 08/18/92 5.41 09/10192 5.91 

07/04/92 4.03 07/27/92 5.59 08119192 5.53 09/11192 0.00 

07/05/92 3.64 07128192 5.55 08/20/92 5.61 09/12/92 6.04 

07/06/92 4.00 07/29/92 0.00 08/21192 5.16 09/13/92 5.73 

07/07/92 4.47 07/30/92 5.34 08/22/92 5.26 09114192 5.84 

07/08/92 5.09 07/31192 3.89 08/23/92 4.17 09115192 5.86 

07/09/92 5.09 08101192 5.l0 08/24/92 3.57 09/16/92 5.84 

07110192 5.04 08/02/92 5.24 08/25/92 4.27 09117192 5.51 

07111192 4.71 08/03/92 4.92 08/26/92 5.03 09118192 5.91 

07/12/92 5.10 08/04/92 5.71 08/27/92 5.63 09119192 5.91 

07/13/92 4.22 08/05/92 5.71 08/28/92 0.00 09/20/92 5.81 
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Table D.2. Flows at Vijayapur Main Canal, cbainage 0+149. Cont. 

I Date I Flow II Date I Flow II Date I Flow I Date Flow 

09/21192 5.69 10114/92 3.97 11105192 0.91 11128/92 0.37 

09/22/92 5.70 10115/92 3.86 11106/92 1.09 11129/92 0.31 

09/23/92 5.32 10116192 4.74 11107/92 0.94 11130/92 0.33 

09/24/92 4.88 10117/92 2.82 11108/92 1.00 12/01192 0.32 

09/25/92 4.47 10/18/92 2.80 11109/92 0.61 12/02/92 0.44 

09/26/92 0.00 10/19/92 3.51 11110/92 0.00 12/03/92 0.32 

09/27/92 5.76 10/20/92 3.69 11111192 0.59 12/04/92 0.39 

09128/92 4.75 10/21192 3.65 11112/92 0.41 12/05/92 0.33 

09129192 4.04 10/22/92 3.58 11113/92 0.47 12/06/92 0.37 

09/30/92 5.09 10/23/92 2.99 11114/92 0.47 12/07/92 0.32 

10/01/92 5.32 10/24/92 3.16 11115/92 0.42 12/08/92 0.30 

10/02/92 5.44 10/25/92 0.00 11116/92 0.34 12/09/92 0.00 

10/03/92 5.25 10/26/92 3.79 11117/92 0.29 12110/92 0.41 

10/04/92 5.06 10/27/92 2.58 11118/92 0.30 12111192 0.47 

10/05192 5.04 10/28/92 2.68 11119/92 0.25 12/12/92 0.43 

10/06/92 4.74 10/29/92 2.66 11120/92 0.20 12/13/92 0.41 

10/07/92 4.37 10/30/92 1.55 11121192 0.26 12/14/92 0.44 

10/08/92 4.79 10/31192 1.42 11122/92 0.06 12115/92 0.47 

10/09/92 4.16 11101192 1.38 11123/92 0.24 12/16/92 0.96 

10110/92 4.11 11102/92 1.37 11124/92 0.00 12117/92 1.02 

10/11192 0.00 11103/92 1.02 11125/92 0.28 12/18/92 0.99 

10/12/92 4.33 11104/92 0.00 11126/92 0.27 12119/92 0.99 

10/13/92 4.02 11105/92 0.26 11127/92 0.32 12/20/92 0.98 
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Table D.2. Flows at Vijayapur Main Canal, chainage 0+149. Cont. 

I Date I Flow II Date I Flow II Date I Flow I 
12/21192 1.97 01130/93 0.54 02/23/93 0.71 

12/22/92 2.40 01131/93 0.54 02/24/93 0.59 

12/23/92 0.00 02/01/93 0.49 02/25/93 1.21 

12/24/92 2.36 02/02/93 0.44 02/26/93 1.63 

12/25/92 2.38 02/03/93 0.47 02/27/93 1.43 

12/26/92 2.40 02/04/93 0.44 02/28/93 1.45 

12/27/92 1.17 02/05/93 0.00 03/01193 1.26 

Missing data. 02/06/93 0.40 03/02/93 1.37 

01/14/93 0.87 02/07/93 0.41 03/03/93 0.48 

01/15/93 0.74 02/08/93 1.20 

01116/93 0.64 02/09/93 1.48 

01117/93 0.65 02/10/93 1.61 

01118/93 0.61 02/11193 1.42 

01119/93 0.65 02/12/93 1.32 

01120/93 1.06 02/13/93 1.48 

01121193 1.03 02/14/93 1.37 

01122/93 0.00 02/15/93 1.47 

01123/93 0.78 02116/93 1.00 

01124/93 0.64 02/17/93 0.74 

01125/93 1.48 02/18/93 0.41 

01126/93 1.09 02/19/93 1.11 

01127/93 0.64 02/20/93 0.00 

01/28/93 0.57 02/21193 0.84 

01129/93 0.60 02/22/93 0.74 
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Table D.3. Branch canal flows in m3/s during the 1991 monsoon. 

Date BC2, head BC3, head BC4, head BC1, head 

06/26/91 0.69 0.72 0.41 0.97 

06/27/91 0.41 0.00 0.00 0.00 

06/28/91 0.69 0.72 0.41 0.43 

06129191 0.69 0.72 0.65 0.25 

06/30/91 0.69 0.72 0.50 0.68 

07/01191 0.69 0.58 0.42 0.52 

07/02/91 0.69 0.72 0.32 0.97 

07/03/91 0.69 0.72 0.59 0.68 

07/04/91 0.69 0.72 0.50 0.68 

07/05/91 0.69 0.87 0.91 0.73 

07/06/91 0.69 0.87 0.80 0.97 

07/07/91 0.69 0.87 0.69 0.00 

07/08/91 0.69 0.87 0.00 2.66 

07/09/91 0.69 0.87 0.00 6.73 

07/10191 1.02 0.87 1.66 3.81 

07/11191 0.00 0.00 0.00 0.00 

07/12/91 1.02 0.58 1.39 2.66 

07/13191 0.85 0.87 1.39 0.97 

07/14/91 0.69 0.87 1.39 0.97 

07/15/91 0.85 0.58 1.14 1.71 

07/16/91 0.85 0.87 1.39 1.71 

07117191 0.69 0.87 1.39 1.71 

07118/91 0.85 0.87 1.14 1.71 
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Table D.3. Branch canal flows in m3/s during the 1991 monsoon. Cont. 

Date BC2, head BC3, head BC4, head BC1,:J1 

07/19/91 0.85 0.87 1.19 1.63 

07/20/91 0.20 0.25 0.25 0.25 

07/21191 0.85 0.87 0.32 0.25 

07/22/91 0.85 0.87 0.91 0.43 

07/23/91 0.69 0.87 0.86 0.43 

07/24/91 0.85 0.87 0.86 0.43 

07/25/91 0.85 0.87 0.91 0.35 

07/26/91 0.00 0.00 0.00 0.00 

07/27/91 0.69 0.87 0.69 0.68 

07/28/91 0.69 0.72 0.53 0.68 

07/29/91 0.69 0.72 0.91 0.25 

07/30/91 0.85 0.87 0.91 0.25 

07/31/91 0.69 0.87 0.91 0.25 

08/01/91 0.85 0.87 0.75 0.25 

08/02/91 0.85 0.87 0.65 0.19 

08/03/91 0.85 0.87 1.14 0.16 

08/04/91 0.85 0.87 0.80 0.25 

08/05/91 0.69 1.03 0.95 0.25 

08/06/91 0.85 1.03 0.91 0.43 

08/07/91 0.85 1.03 1.00 0.35 

08/08/91 0.85 1.03 0.95 0.25 

08/09/91 0.85 1.03 0.91 0.25 

08110191 0.00 0.00 0.00 0.00 
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Table D.3. Branch canal flows in m3/s during the 1991 monsoon. Cont. 

I~ BC2, head BC3, head BC4, head BCl, head 

08/11/91 0.85 1.21 0.91 0.25 

08/12/91 0.85 1.03 1.00 0.43 

08/13/91 0.85 1.03 0.73 0.25 

08/14/91 0.41 0.25 0.91 0.25 

08/15/91 0.85 1.03 1.02 0.25 

08/16/91 0.85 1.03 0.91 0.25 

08/17/91 0.85 1.03 0.91 0.25 

08118/91 0.85 1.03 0.91 0.16 

08/19/91 0.85 1.03 1.14 0.52 

08/20/91 0.85 1.03 1.14 0.68 

08/21/91 0.85 1.03 0.91 0.68 

08/22/91 0.85 1.03 1.02 0.68 

08/23/91 0.85 1.03 0.86 0.25 

08/24/91 0.85 1.03 0.91 0.25 

08/25/91 0.00 0.00 0.00 0.00 

08/26/91 0.85 1.03 0.98 0.43 

08/27/91 0.85 1.03 0.91 0.43 

08/28/91 0.85 1.03 0.91 0.35 

08/29/91 0.85 1.03 0.91 0.35 

08/30/91 0.85 1.03 0.95 0.28 

08/31191 0.85 1.03 1.02 0.68 

09/01191 0.85 1.03 1.02 0.68 

09/02/91 0.85 1.03 1.14 0.68 
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Table D.3. Branch canal flows in m3/s during the 1991 monsoon. Cont. 

I~ BC2, head BC3, head BC4, head BC1, head 

09/03/91 0.85 0.87 1.14 0.68 

09/04/91 0.85 1.03 0.91 0.68 

09/05/91 0.85 1.03 1.14 0.68 

09/06/91 0.85 1.03 1.14 0.68 

09/07/91 0.85 1.03 1.09 0.68 

09/08/91 0.00 0.00 0.00 0.00 

09/09/91 0.85 1.03 1.02 0.68 

09/10/91 0.85 1.03 1.02 0.84 

09111191 0.85 1.03 1.02 0.97 

09112/91 0.69 0.72 1.14 0.97 

09/13/91 0.85 1.03 1.14 0.97 

09/14/91 0.85 1.03 0.69 0.43 

09115/91 0.85 1.03 0.80 0.43 

09116/91 0.85 1.03 0.80 0.68 

09/17/91 0.85 1.03 0.80 0.43 

09/18/91 1.02 1.21 1.26 0.97 

09/19/91 0.88 1.03 1.02 0.68 

09/20/91 0.88 1.14 1.02 0.68 

09/21/91 0.85 1.03 1.26 0.97 

09/22/91 0.85 1.03 1.14 0.43 

09/23/91 0.00 0.00 0.00 0.00 

09/24/91 0.85 1.03 1.02 0.43 

09/25/91 0.69 0.87 0.91 0.43 

09/26/91 0.85 1.03 0.91 0.43 
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Table D.3. Branch canal flows in m3/s during the 1991 monsoon. Cont. 

Date BC2, head BC3, head BC4, head BC1'~1 
09/27/91 0.85 1.03 1.02 0.43 

09/28/91 0.85 1.03 0.91 0.43 

09/29/91 0.85 1.03 1.02 0.43 

09/30/91 0.85 1.03 0.91 0.25 

10/01/91 0.85 1.03 0.91 0.25 

10/02/91 0.85 1.03 0.91 0.28 

10/03/91 0.85 1.03 0.84 0.25 

10/04/91 0.69 0.87 0.69 0.25 

10/05/91 0.85 1.03 0.91 0.25 

10/06/91 0.69 0.87 0.91 0.43 

10/07/91 0.00 0.00 0.00 0.00 

10/08/91 0.69 0.87 1.02 0.97 

10/09/91 0.69 0.87 1.02 0.97 

10/10/91 0.69 0.87 1.02 0.97 

10/11191 0.69 0.87 0.91 0.97 

10/12/91 0.69 0.87 0.91 1.31 

10/13/91 0.69 0.87 0.93 1.17 

10/14/91 0.41 0.46 0.50 0.43 

10115/91 0.41 0.46 0.50 0.43 

10116/91 0.41 0.46 0.41 0.43 

10/17/91 0.41 0.46 0.41 0.43 

10118191 0.41 0.46 0.32 0.25 

10/19/91 0.41 0.46 0.32 0.25 

10/20/91 0.41 0.46 0.32 0.25 
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Table D.4. Branch canal flows in m3/s during the 1992 monsoon. 

I~ BC2, head BC3, head BC4, head BCl, head 

06/26/92 0.88 1.03 0.41 0.43 

06/27/92 0.46 0.72 0.41 0.25 

06/28/92 0.85 1.03 0.50 0.43 

06/29/92 1.02 1.21 0.50 0.43 

06/30/92 0.00 0.00 0.00 0.00 

07/01/92 0.85 1.03 0.41 0.25 

07/02/92 0.46 0.72 0.18 0.11 

07/03/92 0.85 0.72 0.13 0.11 . 

07/04/92 0.85 0.87 0.18 0.25 

07/05/92 0.69 0.75 0.18 0.25 

07/06/92 0.85 1.03 0.25 0.43 

07/07/92 0.85 0.87 0.32 0.43 

07/08/92 1.13 1.21 0.36 0.48 

07/09/92 1.21 1.21 0.50 0.43 

07/10/92 1.41 1.28 0.91 1.71 

07/11192 1.21 1.21 0.80 0.97 

07/12/92 1.21 1.03 0.80 1.31 

07113192 1.02 1.03 0.59 0.43 

07/14/92 0.00 0.00 0.00 0.00 

07/15/92 1.02 1.03 0.65 0.43 

07/16/92 1.21 1.21 0.50 0.11 

07117192 1.21 1.03 0.69 0.25 

07118/92 1.13 1.51 1.14 0.97 

07119/92 1.21 1.40 1.19 0.97 
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Table D.4. Branch canal flows in m3/s during the 1992 monsoon. Cont. 

Date BC2, head BC3, head BC4, head BC1, head 

07/20/92 1.09 1.40 1.14 0.68 

07/21192 0.85 0.87 1.09 0.62 

07/22/92 0.85 1.03 0.80 0.43 

07/23/92 0.85 0.87 0.91 0.43 

07/24/92 0.85 1.03 0.84 0.35 

07/25/92 0.69 0.72 0.80 0.25 

07/26/92 1.13 1.40 0.91 0.35 

07/27/92 1.41 1.03 0.69 0.35 

07/28/92 0.85 1.21 0.69 0.35 

07/29/92 0.00 0.00 0.00 0.00 

07/30/92 0.85 1.21 0.59 0.35 

07/31/92 0.69 0.72 0.41 0.11 

08/01/92 0.54 0.72 0.50 0.25 

08/02/92 1.02 1.59 0.59 0.25 

08/03/92 0.69 1.03 0.91 0.35 

08/04/92 0.85 1.40 0.91 0.43 

08/05/92 1.02 1.51 0.82 0.43 

08/06/92 1.21 1.40 1.14 0.35 

08/07/92 1.41 1.59 1.26 0.68 

08/08/92 1.21 1.40 0.80 0.43 

08/09/92 1.29 1.59 1.14 0.62 

08110/92 0.69 1.40 1.02 0.25 

08111192 0.85 1.72 1.14 0.39 

08/12/92 0.85 1.03 0.91 0.43 
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Table D.4. Branch canal flows in m3/s during the 1992 monsoon. Cont. 

Date BC2, head BC3, head BC4, head BC1, he~1 
08/13/92 0.00 0.00 0.00 0.00 

08/14/92 1.02 1.59 1.02 0.43 

08/15/92 1.02 1.64 1.14 0.43 

08/16/92 0.85 1.40 0.91 0.43 

08/17/92 1.33 1.59 1.09 0.39 

08/18/92 1.02 1.59 0.69 0.43 

08/19/92 1.21 1.51 1.02 0.31 

08/20/92 1.02 0.87 0.69 0.43 

08/21192 0.85 1.59 1.09 0.39 

08/22/92 0.85 1.59 1.14 0.43 

08/23/92 0.85 1.03 1.02 0.43 

08/24/92 0.85 1.21 1.02 0.35 

08/25/92 0.69 1.21 1.02 0.68 

08/26/92 0.85 1.40 1.14 0.39 

08/27/92 1.02 1.51 1.02 0.39 

08/28/92 0.00 0.00 0.00 0.00 

08/29/92 0.69 0.87 0.80 0.43 

08/30/92 0.95 1.40 1.02 0.39 

08/31192 0.69 0.58 0.59 0.25 

09/01/92 0.85 1.72 1.21 0.48 

09/02/92 0.69 0.87 0.91 0.43 

09/03/92 0.69 0.72 0.69 0.25 

09/04/92 1.02 1.51 0.98 0.31 

09/05/92 1.02 1.59 0.95 0.28 
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Table D.4. Branch canal flows in m3/s during the 1992 monsoon. Cont. 

Date BC2, head BC3, head BC4,head BC1,head 

09/06/92 1.02 1.80 1.02 0.43 

09/07/92 0.95 1.68 1.02 0.25 

09/08/92 0.69 0.58 1.14 0.25 

09/09/92 1.02 1.72 1.02 0.25 

09/10/92 0.85 0.87 0.80 0.43 

09111192 0.00 0.00 0.00 0.00 

09/12/92 1.02 1.80 1.14 0.25 

09/13/92 0.85 1.80 1.26 0.25 

09/14/92 1.02 1.80 1.09 0.31 

09115/92 1.63 2.03 1.39 0.43 

09/16/92 1.13 1.72 1.09 0.35 

09/17/92 0.85 1.40 1.14 0.43 

09/18/92 0.85 1.21 1.02 0.43 

09/19/92 1.02 1.40 1.02 0.25 

09/20/92 1.02 1.21 0.91 0.25 

09/21/92 0.85 1.21 0.80 0.25 

09/22/92 0.69 1.21 0.80 0.25 

09/23/92 0.54 1.03 0.69 0.l1 

09/24/92 0.54 0.87 0.69 0.l1 

09/25/92 0.69 1.36 0.65 0.16 

09/26/92 0.00 0.00 0.00 0.00 

09/27/92 1.21 1.40 0.80 0.25 

09/28/92 1.02 1.21 0.80 0.25 

09/29/92 0.69 0.87 0.91 0.43 
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Table D.4. Branch canal flows in m3/s during the 1992 monsoon. Cont. 

Date BC2, head BC3, head BC4,head D~1~1 ~~~,n' 

09/30/92 1.21 1.40 1.02 0.43 

10/01192 1.17 1.21 0.95 0.31 

10/02/92 1.21 1.51 1.07 0.39 

10/03/92 1.02 1.21 0.91 0.25 

10/04/92 0.85 0.58 0.80 0.25 

10/05/92 0.69 0.72 0.80 0.25 

10/06/92 0.69 0.87 0.80 0.25 

10/07/92 0.85 0.87 0.69 0.21 

10/08/92 0.85 1.03 0.69 0.16 

10/09/92 0.78 1.03 0.69 0.16 

10/10/92 0.78 1.03 0.69 0.16 

10/11/92 0.00 0.00 0.00 0.00 

10/12/92 0.85 1.07 0.69 0.19 

10/13/92 0.69 1.03 0.50 0.25 

10/14/92 0.54 0.87 0.50 0.25 

10/15/92 0.69 1.03 0.69 0.25 

10/16/92 0.85 1.03 0.80 0.25 

10/17/92 0.85 1.03 0.80 0.25 

10/18/92 0.69 0.58 0.69 0.16 

10119/92 0.41 0.35 0.50 0.11 

10/20/92 0.69 0.58 0.59 0.11 
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Table D.S. Flows in m3/s measured during the 1992 monsoon and post-monsoon. 

BC2, BC2, BC3, BC3, BC4, BC4, BC1, 
Date 0+0441 1+2181 0+1061 2+0521 0+0151 1+3781 0+0051 

06/03/92 0.28 

06/07/92 0.32 0.57 0.13 0.17 

06/08/92 0.16 0.04 0.45 0.25 0.05 

06/09/92 0.20 0.02 0.22 0.07 

06/11192 0.10 0.10 0.03 

06113/92 0.04 0.20 0.08 0.13 

06/21/92 1.02 0.32 1.23 0.53 0.12 0.16 

06/22/92 0.41 0.27 

06/25/92 0.72 0.09 0.98 0.43 0.03 0.18 

06/27/92 0.51 0.11 0.71 0.01 0.36 0.11 0.17 

06/29/92 0.98 0.20 1.28 0.11 0.52 0.14 0.11 

07/01192 0.60 0.04 1.07 0.26 0.28 0.06 0.03 

07/03/92 0.72 0.10 1.07 0.10 0.28 0.02 0.13 

07/16/92 1.09 0.24 1.47 0.25 0.53 0.12 0.28 

07/19/92 1.29 0.99 1.55 0.37 1.12 0.59 0.84 

07/20/92 1.09 1.40 1.14 0.68 

07/26/92 1.09 0.51 1.68 0.26 0.84 0.30 0.35 

08/10/92 1.13 0.22 2.12 0.41 1.07 0.46 0.43 

08/12/92 1.49 0.28 2.36 0.25 0.65 0.28 0.39 

08/16/92 1.06 0.22 1.85 0.25 0.75 0.34 0.39 

08/19/92 1.06 0.40 1.94 0.47 1.00 0.51 0.35 

08/21/92 0.98 0.17 2.12 0.45 1.34 0.36 0.43 

08/26/92 1.25 0.38 2.16 0.49 1.00 0.16 0.39 

Chama e In meters t om the mam canal to the measurement site. g 
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Table D.S. Flows in m3/s measured during the 1992 monsoon and post-monsoon. Cont. 

BC2, BC2, BC3, BC3, BC4, BC4, BCl, 
Date 0+0441 1+2181 0+1061 2+0521 0+0151 1+3781 0+0051 

08/27/92 1.02 0.60 1.85 0.43 1.21 0.24 0.39 

08/29/92 1.02 0.10 2.03 0.28 1.17 0.26 0.35 

08/31192 0.20 0.02 0.33 0.26 1.19 0.21 0.16 

09/02/92 1.09 0.30 1.85 0.26 0.73 0.24 0.31 

09/05/92 0.88 0.11 1.32 0.20 0.84 0.19 0.28 

09/07/92 0.91 0.10 1.45 0.19 0.87 0.23 0.14 

09/09/92 1.12 0.38 

09112/92 1.06 0.30 1.93 0.38 0.82 0.10 0.21 

09/16/92 1.09 0.35 1.85 0.28 0.95 0.16 0.28 

10/04/92 0.81 0.22 1.03 0.20 1.00 0.48 0.19 

10/30/92 0.07 0.04 0.39 0.23 0.36 0.26 0.09 

11101192 0.03 0.03 0.33 0.09 0.19 0.10 0.16 

11103/92 0.07 0.06 0.20 0.05 0.28 0.16 0.16 

11108/92 0.12 0.12 0.15 0.07 0.08 0.05 0.57 

11/17/92 0.02 0.02 0.18 0.05 0.06 0.02 0.02 

11/21192 0.02 0.00 0.14 0.04 0.03 0.01 0.05 

11126/92 0.13 0.05 0.29 0.20 0.06 0.00 0.00 

11129/92 0.03 0.01 0.03 0.00 0.06 0.09 0.11 

12114/92 0.04 0.00 0.06 0.01 0.09 0.04 0.04 

12116/92 0.22 0.07 0.08 0.01 0.13 0.01 0.09 

12/17/92 0.11 0.01 0.14 0.00 0.19 0.10 0.11 

12/19/92 0.13 0.08 0.25 0.00 0.04 0.00 0.03 

Chama e 10 meters trom the mam canal to the measurement slte. g 
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Table D.S. Flows in m3/s measured during the 1992 monsoon and post-monsoon. Cont. 

BC2, BC2, BC3, BC3, BC4, BC4, BC1, 
Date 0+0441 1+2181 0+1061 2+0521 0+0151 1+3781 0+0051 

12/25/92 0.46 0.38 0.22 0.06 0.14 0.10 0.25 

12/28/92 0.24 0.17 0.53 0.10 0.34 0.28 0.21 

12/31192 0.04 0.01 0.41 0.04 0.18 0.06 0.09 

02/03/93 0.05 0.00 0.10 0.04 0.05 0.02 0.19 

02/05/93 0.11 0.00 0.13 0.04 0.10 0.02 0.05 

02/07/93 0.04 0.00 0.07 0.00 0.12 0.01 0.09 

02117/93 0.13 0.00 0.35 0.09 0.25 0.15 0.25 
Chama e m meters from the mam canal to the measurement SIte. g 
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This appendix contains flow measurement data from each measurement site in 

Begnas irrigation system. Table E.l gives the capacities at and command areas below the 

points where flow was measured in each branch canal. Table E.2 contains flow data from 

the Begnas main canal, design capacity 4 m3/s, at CH 0+015. As discussed in the 

Methods and Procedures chapter, these flows were calculated from the orifice formula 

using the average of two daily depth measurements. Using these values, the crop water 

requirements from Appendix C, the actual rainfall from Table E.3, a main canal efficienc):, 

of 0.75, a combined branch canal and field channel efficiency of 0.6, a field application 

efficiency of 1.0 for rice and 0.7 for all other crops and defining 0.7 of crop water 

requirements as the requirement for water to be available; availabilities and adequacies 

can be calculated. Water was unavailable due to maintenance on July 17-21 and 26-29 

in 1988 and August 18 and September 3-5 in 1992. 

Table EA gives the data collected during the 1992 monsoon and post-monsoon 

seasons. As for the main canal, availabilities and adequacies can be calculated using the 

crop water requirements in Appendix C, efficiencies given above and the command area. 
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Table E.l. Main and branch canal (BC) measurement site information. 

Canal Chainage Design capacity, m3/s Command area, ha 

Main 0+015 4.00 580 

BC1 0+014 1.30 200 

BC1 1+458 --- ---
BC2 0+008 1.00 150 

BC3 0+008 1.25 200 

BC3 1+406 --- ---
Table E.2. Flows from the lake, in m3/s, during the monsoon. 

I Date 1 1988 11989 1 1990 1 1991 11992 I 
26-Jun 3.27 1.37 1.97 1.50 0.81 

27-Jun 3.66 2.16 0.96 0.95 0.81 

28-Jun 3.30 2.16 1.67 1.49 0.80 

29-Jun 3.29 2.17 1.67 1.99 2.22 

30-Jun 3.26 2.17 1.66 2.40 0.59 

01-Jul 3.25 2.11 1.66 2.49 1.94 

02-Jul 3.46 2.13 1.68 2.58 1.79 

03-Jul 3.51 1.44 1.95 2.57 2.05 

04-Jul 3.56 1.44 2.41 2.58 2.27 

OS-Jul 3.65 1.44 2.64 2.56 2.33 

06-Jul 3.72 1.S3 2.62 2.55 2.30 

07-Jul 3.78 I.S3 2.60 2.55 2.58 

OS-Jul 3.S3 1.S3 1.61 2.48 2.34 

09-Jul 4.03 I.S3 1.10 2.46 1.84 

10-Jul 2.S5 3.02 1.96 2.46 1.39 
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Table E.2. Flows from the lake, in m3/s, during the monsoon. Cont. 

Date 1988 1989 1990 1991 19~~ 

I1-Jul 3.61 2.99 2.68 1.90 1.33 

12-Jul 3.61 3.35 2.67 2.20 1.58 

13-Jul 3.68 3.59 2.68 2.92 1.86 

14-Jul 3.69 3.09 2.27 2.94 0.00 

15-Jul 2.99 1.93 2.28 0.60 0.00 

16-Jul 1.45 1.93 2.70 1.84 2.30 

17-Jul 0.52 1.93 2.70 2.12 2.31 

18-Jul 0.00 1.93 2.69 2.12 2.32 

19-Jul 0.00 1.94 1.67 2.13 2.34 

20-Jul 0.00 1.95 1.99 2.84 3.26 

21-Jul 0.00 1.95 2.74 3.37 3.16 

22-Jul 1.67 1.94 2.75 3.65 2.89 

23-Jul 3.10 1.94 2.72 2.17 3.21 

24-Jul 3.37 1.93 2.72 3.04 3.17 

25-Jul 3.61 1.91 2.71 3.01 3.18 

26-Jul 3.64 0.00 2.70 2.99 3.18 

27-Jul 3.61 0.00 2.69 2.98 3.43 

28-Jul 3.60 0.00 2.69 3.22 3.09 

29-Jul 3.56 0.73 2.69 3.17 3.05 

30-JuI 3.55 1.04 2.67 3.16 3.12 

31-Jul 3.56 2.27 3.14 3.25 3.26 

01-Aug 3.66 2.25 3.49 1.52 3.40 

02-Aug 3.65 3.14 3.48 1.56 3.37 
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Table E.2. Flows from the lake, in m3/s, during the monsoon. Cont. 

Date 1988 1989 1990 1991 1992 

03-Aug 3.63 3.90 3.44 3.38 3.33 

04-Aug 3.61 3.87 3.40 3.36 3.31 

OS-Aug 3.58 3.86 3.37 3.34 3.30 

06-Aug 3.56 2.00 3.36 3.31 3.45 

07-Aug 3.63 3.28 3.33 3.33 1.12 

08-Aug 3.63 1.04 3.41 3.35 3.06 

09-Aug 4.29 0.27 3.54 3.35 3.15 

lO-Aug 0.45 0.28 3.54 3.33 3.13 

II-Aug 2.04 1.93 2.72 3.02 3.11 

12-Aug 3.62 1.51 0.95 3.33 3.06 

13-Aug 3.60 1.50 0.98 3.26 3.04 

14-Aug 3.57 1.50 0.98 3.29 3.00 

IS-Aug 3.56 2.12 1.51 3.38 1.86 

16-Aug 3.57 2.12 1.95 3.39 1.86 

17-Aug 3.55 0.14 1.96 3.42 1.89 

18-Aug 3.54 1.94 1.95 1.75 1.90 

19-Aug 3.53 2.43 0.97 1.76 1.92 

20-Aug 3.48 2.43 2.24 1.76 2.19 

21-Aug 3.45 2.15 2.37 1.75 2.20 

22-Aug 3.47 1.88 2.68 3.74 2.20 

23-Aug 3.61 2.36 2.65 3.61 2.20 

24-Aug 3.63 2.36 2.62 3.53 2.20 

25-Aug 3.65 1.85 1.61 3.43 2.20 
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Table E.2. Flows from the lake, in m3/s, during the monsoon. Cont. 

I Date 1988 1989 1990 1991 1992 

26-Aug 3.66 1.84 2.63 3.39 2.35 

27-Aug 3.64 1.83 1.92 3.38 2.36 

28-Aug 3.66 2.31 2.67 3.27 2.34 

29-Aug 3.67 2.33 3.28 3.24 2.34 

30-Aug 3.65 2.32 3.26 2.47 2.32 

31-Aug 3.64 2.31 3.23 1.71 2.28 

01-Sep 3.62 2.30 3.50 1.36 2.26 

02-Sep 3.60 2.29 3.76 1.40 2.20 

03-Sep 3.58 1.80 3.71 1.41 2.16 

04-Sep 3.57 1.83 3.67 1.53 2.13 

05-Sep 3.57 1.83 3.62 1.55 3.17 

06-Sep 3.57 2.09 3.56 1.88 3.11 

07-Sep 2.57 2.32 3.67 2.16 3.03 

08-Sep 1.68 2.32 3.77 2.18 3.12 

09-Sep 0.71 2.31 3.74 2.20 3.02 

10-Sep 0.71 2.30 0.95 2.21 3.45 

II-Sep 0.71 2.29 0.98 1.93 3.36 

12-Sep 0.70 2.31 1.17 1.93 3.30 

13-Sep 0.70 2.30 2.73 1.92 3.24 

14-Sep 0.39 2.31 2.72 1.93 3.17 

15-Sep 0.20 2.29 2.71 1.93 2.77 

16-Sep 1.60 2.29 2.68 1.93 2.46 

17-Sep 3.01 2.28 2.66 1.92 2.41 
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Table E.2. Flows from the lake, in m3/s, during the monsoon. Cont. 

I Date 1 1988 1 1989 11990 11991 11992 I 
18-Sep 2.99 2.27 2.63 1.92 2.31 

19-5ep 2.96 2.25 2.64 2.66 2.21 

20-Sep 2.93 2.24 2.63 3.25 2.11 

21-Sep 2.90 2.25 2.93 3.22 2.14 

22-Sep 2.88 2.25 3.21 3.20 2.08 

23-Sep 2.84 2.24 3.20 3.19 2.10 

24-Sep 2.81 2.22 3.18 3.20 1.72 

25-Sep 2.78 2.22 3.17 3.18 1.57 

26-Sep 2.94 2.20 3.15 3.16 

27-Sep 0.00 2.18 3.12 3.15 

28-Sep 0.00 2.17 3.10 3.11 

29-Sep 0.00 2.15 3.07 3.07 

30-Sep 0.00 2.13 3.04 3.03 

OI-Oct 0.00 2.13 3.03 3.00 

02-0ct 0.00 2.12 3.01 2.98 

03-0ct 0.00 2.12 2.99 2.92 

04-0ct 0.00 2.12 2.97 2.88 

05-0ct 0.00 2.11 2.93 2.86 

06-0ct 0.00 2.09 2.62 2.83 

07-0ct 0.00 2.08 2.34 2.83 

08-0ct 0.00 2.06 1.95 2.79 

09-0ct 0.00 1.62 1.68 2.76 

IO-Oct 0.00 1.17 1.68 2.74 
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Table E.2. Flows from the lake, in m3/s, during the monsoon. Cont. 

I~ 1988 1989 1990 1991 1992 

II-Oct 0.00 1.17 1.67 2.71 

12-0ct 0.00 1.16 1.65 2.66 

13-0ct 0.00 1.16 1.65 2.63 0.51 

14-0ct 0.00 1.15 1.64 2.31 0.50 

IS-Oct 0.00 1.14 1.64 1.61 

16-0ct 0.00 1.13 1.64 1.58 

17-0ct 0.00 1.13 0.45 1.57 

18-0ct 0.00 1.13 0.42 1.55 

19-0ct 0.00 1.13 0.42 1.54 

20-0ct 0.00 0.69 0.42 0.79 
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Table E.3. Actual rainfall at the intake in mm. 

Date 1988 1989 1990 1991 1992 

26-Jun 3 60 4 17 

27-Jun 65 26 

28-Jun 22 16 6 3 7 

29-Jun 70 11 14 13 

30-Jun 12 16 17 

01-Jul 115 6 53 

02-Jul 173 5 46 

03-Jul 16 15 28 14 56 

04-Jul 11 27 4 63 52 

05-Jul 75 12 2 33 

06-Jul 52 4 66 

07-Jul 8 15 67 

08-Jul 45 123 32 

09-Jul 35 37 64 

10-Jul 10 21 

II-Jul 8 28 63 

12-Jul 36 11 

13-Jul 78 32 10 57 

14-Jul 3 41 64 22 

IS-Jul 3 24 176 30 

16-Jul 39 18 12 22 

17-Jul 7 38 

18-Jul 17 35 69 8 19 
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Table E.3. Actual rainfall at the intake in mm. Cont. 

Date 1988 1989 1990 1991 1992 

19-Jul 46 80 84 11 

20-Jul 2 18 

21-Jul 46 18 6 59 

22-Jul 13 67 4 17 

23-Jul 25 62 62 

24-Jul 13 2 21 

25-Jul 58 4 

26-Jul 38 8 24 

27-Jul 1 98 26 8 

28-Jul 5 3 14 

29-Jul 62 14 

30-Jul 30 27 12 10 52 

31-Jul 55 22 11 115 

01-Aug 104 46 67 4 

02-Aug 16 8 4 

03-Aug 8 44 

04-Aug 12 27 

OS-Aug 44 12 140 

06-Aug 3 16 6 32 97 

07-Aug 87 38 2 

08-Aug 1 88 2 48 

09-Aug 2 73 22 11 3 

to-Aug 6 98 8 
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Table E.3. Actual rainfall at the intake in mm. Cont. 

Date 1988 1989 1990 1991 1992 

II-Aug 19 18 27 9 

12-Aug 31 42 155 

13-Aug 20 60 

14-Aug 1 4 88 147 

IS-Aug 13 

16-Aug 42 6 14 60 

17-Aug 163 16 28 32 

18-Aug 12 27 8 42 

19-Aug 45 16 46 12 11 

20-Aug 9 56 17 38 

21-Aug 7 20 41 

22-Aug 51 33 6 17 

23-Aug 12 48 

24-Aug 26 15 36 14 

25-Aug 83 45 8 

26-Aug 20 10 13 50 

27-Aug 8 16 

28-Aug 78 4 

29-Aug 78 8 12 

30-Aug 45 7 49 

31-Aug 8 46 27 

01-Sep 48 

02-Sep 8 25 6 
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Table E.3. Actual rainfall at the intake in mm. Cont. 

1 Date I 1988 I 1989 I 1990 1 1991 11992 I 
03-Sep 3 101 

04-Sep 48 125 48 

05-Sep 35 6 28 

06-Sep 36 18 37 

07-Sep 105 30 

08-Sep 53 17 22 92 

09-Sep 34 52 

10-Sep 85 15 

11-Sep 70 94 42 

12-Sep 18 48 40 12 

13-Sep 3 66 29 

14-Sep 43 11 4 

15-Sep 36 12 17 22 

16-Sep 6 51 

17-Sep 8 22 23 

18-Sep 16 30 

19-5ep 3 14 12 

20-Sep 22 

21-Sep 42 26 

22-Sep 31 

23-Sep 5 6 

24-Sep 23 54 

25-Sep 28 4 

26-Sep 8 
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Table E.3. Actual rainfall at the intake in mm. Cont. 

Date 1988 1989 1990 1991 ~I 
27-Sep 5 

28-Sep 37 130 

29-Sep S 3 

30-Sep 95 24 10 

01-0ct 

02-0ct 

03-0ct 

04-0ct 

OS-Oct 16 

06-0ct 

07-0ct 

08-0ct 

09-0ct 60 

10-0ct 12 

II-Oct 18 

12-0ct 17 

13-0ct 

14-0ct 

IS-Oct 

16-0ct 

17-0ct 

18-0ct 

19-0ct 3 

20-0ct 
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Table E.4. Flows in m3/s measured during the 1992 monsoon and post-monsoon. 

BC1, BC1, BC2, BC3, BC3, 
Date 0+0141 1+4581 0+0081 0+0081 1+4061 

06/05/92 0.09 

06/06/92 0.28 0.03 0.20 

06/12/92 0.30 0.01 0.04 1.02 0.56 

06/19/92 0.56 0.09 0.34 0.26 

06/22/92 0.18 0.23 0.i4 

06/24/92 1.06 0.41 0.60 

06/28/92 0.74 0.13 0.57 0.28 

07/02/92 1.18 0.16 1.00 

07/04/92 1.11 0.25 0.67 0.67 0.42 

07/05/92 0.00 0.44 

07/17/92 0.25 0.53 

07/20/92 0.48 0.37 

07/24/92 0.50 

07/27/92 0.46 0.62 

08/09/92 0.14 0.75 0.41 

08/10/92 0.42 0.75 0.39 

08/12/92 0.66 0.34 

08/16/92 0.53 0.38 0.72 0.65 0.35 

08/20/92 0.57 0.30 0.60 0.63 0.27 

08/25/92 0.55 0.36 0.60 0.62 0.37 

08/30/92 0.62 0.29 0.60 0.62 0.26 
Chama e m meters from the mam canal to the measurement slte. g 
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Table E.4. Flows in m3/s measured during the 1992 monsoon and post-monsoon. Cont. 

BC1, BCl, BC2, BC3, BC3, 
Date 0+0141 1+4581 0+0081 0+0081 1+4061 

09/01192 0.66 0.34 0.61 0.62 0.26 

09/04/92 0.29 0.00 0.45 0.49 0.17 

09/06/92 0.80 0.25 0.60 0.65 0.24 

09/09/92 0.89 0.79 0.76 0.31 

09/14/92 1.00 0.41 0.65 0.67 0.27 

12/25/92 0.12 0.00 0.08 0.00 

I Chama e m meters from the mam canal to the measurement SIte. g 
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This appendix contains flow measurement data from each measurement site in Seti 

irrigation system. Table F.1 gives the capacities at and command areas below the points 

where flow was measured in each lateral. Table F.2 contains flow data from Seti lateral 

one and its sublaterals one, two, three, four, five and seven. As discussed in the Methods 

and Procedures chapter, these flows were calculated from the depths measured using the 

calibrations of August 1992. Using these values, the crop water requirements from 

Appendix C, a lateral efficiency of 0.65, a combined sublateral and field channel 

efficiency of 0.6, a field application efficiency of 1.0 for rice and 0.7 for all other crops 

and defining 0.7 of crop water requirements as the requirement for water to be available; 

availabilities and adequacies can be calculated. Water was unavailable throughout the 

system due to regular maintenance (sluicing of the sediment basins) every Thursday and 

periodic preventive maintenance at the acquisition system for 14 days in February 1993. 

Water was unavailable due to emergency maintenance at the head of lateral one for six 

days in January 1993. 
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Table F.l. Lateral one (Ll) and sublateral (SL) measurement site information. 

Canal Chainage Design capacity, m3/s Command area, ~I 
L1 0+778 1.74 264 

SLI 0+153 0.09 14 

SL2 0+011 0.14 24 

SL3 0+124 0.20 33 

SL4 0+010 0.13 21 

SL5 0+009 0.09 14 

SL5 0+306 --- ---
SL7 0+008 0.05 9 



Table F.2. Flows, in m3/s, in Seti during the monsoon. 

Date 

08/11/92 

Ll, 
7781 

SL1, 
1532 

SL3, SL4, 
1242 102 
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SL5, SL7, 
3062 82 

0.060 

08115192 1.01 0.083 0.19 0.053 0.23 0.070 0.098 

08/17/92 1.01 0.039 0.18 0.040 0.20 0.063 0.117 

08/19/92 0.95 0.031 0.18 0.032 0.22 0.053 0.020 

08/21/92 0.92 0.024 0.16 0.029 0.18 0.054 0.023 

08/22/92 0.89 0.018 0.16 0.027 0.18 0.057 0.091 

08/26/92 0.98 0.046 0.18 0.039 0.20 0.064 0.031 

08/29/92 0.95 0.046 0.18 0.038 0.14 0.062 0.037 

08/31192 0.95 0.037 0.17 0.029 0.17 0.051 0.095 

09/02/92 1.05 0.052 0.18 0.049 0.20 0.060 0.050 

09/05/92 0.97 0.043 0.18 0.19 0.058 

09/08/92 0.95 0.055 0.18 0.061 0.18 0.062 

09/11192 0.95 0.032 0.18 0.038 0.1 5 0.046 

09/13/92 0.95 0.030 0.18 0.038 0.19 0.058 

09115/92 0.95 0.032 0.18 0.061 0.15 0.078 

09117/92 0.70 0.000 0.16 0.13 0.049 

10/03/92 0.040 0.18 0.067 0.20 

10/05192 0.000 0.16 0.061 0.16 

10/07/92 0.000 0.18 0.061 0.15 

10/10192 0.061 0.18 0.074 0.22 

10/11/92 0.052 0.19 0.067 0.20 

10/13/92 0.065 0.19 0.067 0.23 

Chamage m meters rom the trunk cana to the measurement site. 
2Chainage in meters from lateral one to the measurement site. 

0.097 

0.078 

0.097 

0.097 

0.104 

0.066 

0.037 

0.040 

0.020 

0.035 

0.040 

0.040 
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Table F.3. Flows. in m3/s. in Seti lateral one during the post-monsoon. 

Ll. Ll. 
Date 7781 Date 7781 

11/14/92 0.38 12/18/92 0.45 

11116/92 0.36 12/19/92 0.45 

11/18/92 0.38 12/26/92 0.63 

11/19/92 12/29/92 

11122/92 0.38 02/17/93 0.86 

11123/92 0.38 02/18/93 

11125/92 0.38 02/22/93 0.92 

11130/92 0.49 02/23/93 0.83 

12/15/92 0.45 02/25/93 

12/17/92 03/02/93 0.83 

Chama e m meters g rom the trunk canal t o the measurement site. 
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