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PLANNING OPTIMAL IRRIGATION DISTRIBUTION AND APPLICATION
SYSTEMS: TETON FLOOD DAMAGED LANDSa

Errata 1|

(Corrections to computer programs)

In SPNKLER subroutine, page B-19:
replace lines 1560-1561 with the following lines:

c COMPUTE APPLICATION RATE (IN/HR) AND FLOW RATE PER LATERAL (GPM)

I F(KODE.EQ.5) GO TO 40
AR = TRAMC(L) / ((TSET(KT) - TMOV / 60.) * OAEFF / 100.)
GPML = AR / 12. * LLEN * LSPA * 7.48 / 60.
GO TO 41
4o AR = TRAMC(L) / (FREQC(L) * 24. * OAEFF / 100.)
GPML = AR / 12. * TOTA * 43560. * 7.48 / 60.
L1 CONTINUE

In POWCST subroutine, page B-87:
insert between lines 907 and 908 the following lines:

o CALCULATE MONTHLY DEMANDS USING RATI0S OF WRQ TO WRQ(PEAK).
o LOWEST POSSIBLE PUMPING RATIO IS 0.L4*(PEAK DESIGN).
C DEMAND RATI0.. (TURBINE OR CENTRIFUGAL) 1S APPROXIMATED BY
c (QRATI0)**,33.
c NOTE:  ALL MONTHS ARE ASSUMED TO HAVE MAXIMUM DESIGN DEMANDS
o EXCEPT FOR BEGINNING AND ENDING MONTHS OF SEASONS LONGER THAN
Cc L4-5 MONTHS IN LENGTH.
o
TCDEM = 0.
HPM = HPW
DO 72 KZ = 1,NW
XRb = 1.

IF(NW.GT.3.AND.KZ.ED.1) XRD=(WRQ(1)/RAT*0.6+0.4)**%0.33
IF(NW.GT.4.AND.KZ.EQ.NW) XRD=(WRQ (NW) /RAT*0.6+0.4) **0.33
HPW = HPM * XRD

Richard G. Allen, C.E.Brockway, and John R. Busch, University of ldaho
(Res. Tech. Comp. Rep. 9-76/3-78)
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In POWCST subroutine, page B-17:
replace line 925 with
GO TO 71
replace line 932 with
GO TO 71
replace line 936 with
GO TO 71

replace line 939 with the following:
71 TCDEM = TCDEM + CDEM
72 CONTINUE

CDEM = TCDEM

HPW = HPM

GO TO 14
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ABSTRACT

A model used for obtaining least cost irrigation system specifications
was refined and applied. Irrigation systems consisted of application
system and distribution system components and did not include reservoirs
of any type.

Computer routines were used to estimate annual costs and system
efficiencies, and a two-stage dynamic and |inear-programming technique
was used to select and arrange system components for a least cost irri-
gation system subjected to physical and environmental constraints.

The model was applied to the Salem Irrigation District, located on
the flood-damaged Teton River flood plain in Fremont and Madison
Counties in eastern ldaho, to determine least cost rehabilitation schemes
for various constraining conditions. These conditions were minimum
allowable project efficiency, cost of water entering the system, and
charges for water lost to deep percolation and surface runoff. Applica-
tion systems considered were subirrigation, unimproved gravity, improved
gravity, and hand-move, side-roll, solid-set, and center pivot sprinkler
systems. Distribution system components were unlined channels, |ined
channels, gravity pipe systems, and a high-pressure pipe system supplied
by a large pumping station or a regional gravity-high pressure pipe
system.

Specified allowable system efficiency ranged from |3 percent to 70
percent. Results obtained indicate that the least cost rehabilitation

scheme necessary to achieve an overall system efficiency of 60 percent

XiV.



would be to apply concrete lining to most of the present unlined channel
distribution system and to convert on-farm systems to hand-move, side-roll,
and center pivot sprinkler systems. An increase in the cost of irrigation
water could justify an increase in the overall system efficiency and the
total cost of operating the system. Use of the present subirrigation
system is the most economical method of water application when no charge
for incoming water is assessed, and results in low losses of surface
runoff and leaching of soil nutrients. Project irrigation efficiency
for subirrigation is low (i3 percent).

The results obtained indicate that the analytical model used in
this study is a valid and useful tool for determining rapid, least cost

irrigation system specifications.
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CONCLUSIONS AND RECOMMENDAT IONS

An irrigation systems evaluation and optimization model was refined
and updated during this study to facilitate the selection of altfernative
irrigation systems for private or federal irrigation projects. The model
was developed so that multiple combinations of various system components
are generated with dynamic and Ifnear optimization routines to rapidly
evaluate alternative systems for constructing or rehabilitating district
irrigation projects.

The methodology used in the model was formulated by J. R. Busch
(1974) and includes costs estimating routines obtained from the United
States Bureau of Reélamafion (Galinato, 1977). Computer routines in the
mode| determine the capacity and cost of irrigation disftribution sysfeﬁ
and pumping plant components, and evaluate costs and efficiencies of on-
farm systems.

On-farm systems evaluated include furrow and border surface systems
and hand-move, side-roll (wheel-line), solid-set, and center pivot
sprinkler sysTems; Water application and distribution efficiencies of
surface systems are estimated for specific soil types, field lengths
and slopes, and crops grown by modelling the surface hydraulics of these
systems (Strelkoff, 1977; Vaziri, 1973). The number of laterals and
operating schedules required for sprinkler irrigation of farms on various
soil types are also computed.

Possible distribution systems evaluated by this model include |ined

and unlined canals and gravity and high pressure pipe. All earthwork

XVi.



quantities and costs and sizes of required system structures are itemized
in the computer output. Combinations of |ined and unlined canal and
gravity pipe systems are formulated by a dynamic programming routine to
determine efficient and optimal conveyance system configurations.

Subroutines in the model estimate the césT of wells, pumping plants,
and electrical powér if water is to be lifted fo the project from under-
ground or surface supplies or pressurized for sprinkler system operation.

Annual costs, water requirements, and irrigation efficiencies of the
alternative system components evaluated can be input tfo a linear-
programming routine to optimize combinations of distribution and appli-
cation systems at least cost when subjected to physical and environmental
constraints. These constraints can range from |imited water or energy
supplies and rates tospecified limits or charges for deep percolation,
seepage, or surface runoff losses within the project.

The model used in this study can be useful in predicting changes in
system configurations necessary for least cost operation at varying costs
for water, construction materials, labor, and power. Costs and sizes of
system components and quantities of earthwork and construction materials
estimated for the various systems can provide valuable information for
design phases of a project.

The model and methodology of this study have been designed for use
in rehabilitation of existing systems or for use in planning of new

irrigation systems in presently nonirrigated areas. Cost indices are
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input to the model for estimating many system components fto compensate
for differences in construction or operating costs of systems in various
geographical regions, or to increase the cost estimates due to inflation-
ary trends. However, careful planning and accurate data are required in
the economic and physical modelling of an irrigation system if realistic
and useful results are to be obtained. |If all data requirements are

met, the output generated by this model will provide valid and factual
information to be used for planning purposes.

Alternative irrigation systems have been optimized which could be
used in rehabilitation of irrigated areas flooded by the collapse of
the Teton Dam. Subirrigafioh and unlined canal systems presently used
in the area were evaluated, and combinations of surface and sprinkler
systems supplied by l|lined canals, gravity pipe or high pressure pipe
systems were identified as alternatives which could be used to irrigate
the area more efficiently at least cost.

The specific irrigation district analyzed during this study was the
Salem Irrigation District near Sugar City, ldaho. The unlined canal and
subirrigation system used in this district now operates at an estimated
overall irrigation efficiency of |3 percent and.af an annual cost of $30
per acre. By lining much of the présenf canal system and converting to
hand-move or side-roll sprinklgr systems, the district could operate at
an efficiency of 60 percent. Annual cost of this upgraded system was
estimated to be $70 per acre at 1977 prices. Specification of a district

irrigation efficiency of 70 percent would require the use of a gravity

Sa T [ 5



pipe-lined channel system combination to supply water to sprinkler systems
at an annual cost of $84 per acre. These costs include costs of con-
structing, operating, and maintaining the total system and the cost of
electrical power estimated over the life of the pumping system.

Optimal alternative systems were also determined at various charges
for water supplied to the Salem District using parametric programming
options in the linear-programming routine. Subirrigation systems supplied
by unlined channel are the least cost system when no charge is assessed
for water. However, if the price charged for water is allowed to approach
$15 per acre-foot, the least cost system configuration would require
lining of 50 percent of Tﬁe distribution system and the conversion of
application systems Tb sprinkler and graded border. The total annual
cost per acre including the charge for water would be $115, and the
system could be operated at aﬁ efficiency of 58 percent.

One effective method of increasing the irrigation efficiency of
the study area, in terms of efficiency increase per dollar spent, would
be to constrain the rate at which water is allowed to enter the system.
Charging irrigators for water used in order to achieve an increase in
the system efficiency would be more costly fo the user. Although the
water assessment could result in a net flow of money from the farm, this
charge could be used for improved management and upgrading of the pre-
sent distribution system.

The annual operaTioﬁ and construction costs and water-use efficien-

cies of the various systems evaluated for the Salem Irrigation District



were felt to be representative of the costs and efficiencies of most of
the irrigated areas along the lower Teton River and Henry's Fork of the
Snake River in eastern Idahb. %his area uses low cost, but inefficient
systems and would require a major rehabilitation, including consolidation
of canals and districts, if larger portions of the area's river flow were

to be allocated for beneficial uses other than irrigation.

Recommendations

Several refinements and additions to this systems optimization
model could increase the accuracy and range of fthe model application.
The recommendations presented are from observations made in applying the
model to the Teton study area.

On-farm application systems were optimized during this study for
specific soil-crop combinations. Formulating the |inear-programming
matrix described in Chapter VI to specify similar systems for all crops
on a major soil type would model a district more realistically by
avoiding, for example, specification of graded-border and sprinkler
system combinations for farms utilizing annual crop rotation patterns.
This refinement is discussed in Chapter VII.

The APSYS subroutines BORDER and FURROW which evaluate efficiencies
of surface systems for soil-crop combinations should be edited to more
accurately define specific soil intake characteristics. These sub-
routines presently utilize Soil Conservation Service intake family
classifications, which tend to cover very broad ranges of soil types

(USDA-SCS, 1974).
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Detailed cost data concerning construction, operation, and mainte-
nance of large pumping stations could be helpful in calibrating the
Bureau of Reclamation (USBR) subroutines used in the PUMP routine, so
that accurate pumping costs for small, nonfederal projects could be
estimated.

The methodology used in this model currently optimizes the costs
of owning and operating irrigation systems. The inclusion of crop
growth functions in the linear-programming matrix fo describe crop
responses to improved application systems and management practices
would be valuable in evaluating cost/benefit ratios of various system
configuations. Research is needed to evaluate the interactions of
various crop-application system combinations and to accumulate existing
data.

The authors recommend the consideration and possible use of this
model for planning rehabilitation of inefficient irrigation districts
in the western United Sfafes and for consolidation of small irrigation
districts to improve system efficiencies and to decrease operation,
management, and maintenance costs and pfob!ems. This model can be uséd
to quantify optimal changes in system configurations in areas of in-
creasing competition for water supplies or changes in regional water
use plans.

The inclusion of energy requirements and constraints into the
optimization section of this model can provide systems planning on the

basis of energy supplies and demands. All input and output of the com-
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puter routines are currently dimensioned in English units. Conversion
to System International (S1) dimensional units will be useful fo future

model| applications.
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CHAPTER |

INTRODUCT ION

Although early irrigation systems in the western United States were
individually planned at the time of construction, little or no considera-
tion was given to the overall planning of the resultant complex of systems.
The result has often been two or more canals serving essentially the same
area, running parallel, or even crossing each other. Although such
systems were constructed years ago, many are still in use and often
contribute to inefficiency of land and water usage (Busch, 1974).

Preliminary development of irrigation systems in Idaho began in
the 1870's in the Upper Snake River Region on land areas covered with
dense sagebrush and native grass associations. Irrigated area has in-
creased to more than 2,500,000 acres in this region which reaches gen-
erally east and north upstream from Bliss, |daho, and includes irrigated
areas along the Teton River and Henry's Fork of the Snake River. The
gently sloping lands and fertile valleys of this region comprise one of
the richest irrigated agriculfural areas in the United States.

The early irrigators in the eastern portion of this region were
ofganized primarily into small independent ditch companies, and because
of the large labor requirements needed to bring river water onto each
acre of land, the majority of the early irrigation systems were not
large; generally less than 10,000 acres (Claiborn, 1975).

Since the early days of development, most irrigation systems in

Idaho have undergone many evolutionary changes. Most rock and timber



diversion dams have been replaced with concrete structures. Steel and
concrete diversion headgates have been added fo improve water regulation.
However, major over-all project renovation such as consolidation of
parallel canals, combination of smaller individual systems into larger
operation entities, and channel alignment have not been implemented to
any significant degree. Some smaller systems have been combined, but
many exist essentially as they did 90 years ago.

The Teton flood plain in southeastern ldaho consists of many
small, older irrigation districts, some of which are in need of systems
updating and rehabilitation. The Salem Irrigation District located on
the Teton flood plain has been selected as a study area for model

testing and application.

Purpose of Study

The failure of the Teton Dam in June 1976 and the need for rapid
rehabilitation of irrigation systems amplified the need for improved
methods to rapidly determine cost estimates and efficiencies of irriga-
tion systems for use in water resources systems planning. The methods
used in this estimation and evaluation process need to be simple to use,
general in application, yet must provide accurate answers related to
specific system designs and imposed constraints.

A computerized planning model and methodology has been developed
at the University of Idaho in 1973 (Busch, 1974) and updated by the
addition of USBR planning routines (Galinato, 1977). This procedure

enables systems planners to evaluate many irrigation systems alterna-



tives and combinations for use in initial design or rehabilitation
planning of federal or private irrigation districts. Linear and

dynamic optimization procedures and routines in the model provide the
ability to evaluate annual operation costs, alternative component inter-
actions, and water use efficiencies over a wide range of combinations

of application and distribution systems.

The major purpose of this study was to update, refine, and
simplify computer routines and procedures developed during previous
studies and to incorporate recently derived methods of evaluating on-farm
application system efficiencies.

These improved routines were applied to a study area on the Teton
River flood plain to verify their accuracy and reliability, determine
the best methods of application of the routines, and to evaluate costs
and efficiencies of various systems designs suitable for the Teton area.

A linear programming model was used with the output of the computer
routines to optimize alternative components of irrigation application
and distribution systems subject to minimum cost and physical,
environmental, and social constraints.

This report is intended as a guide for using the irrigation design
and optimization techniques. Examples of necessary input and output of

the routines have been included in the text and appendices.






CHAPTER 11

NEED FOR SYSTEMS PLANNING PROCEDURES

Thorough and well defined planning procedures are essential to the
design, allocation, and consumption of renewable natural resources.
Many water resources systems in use foday operate well below efficiencies
which could be attained by use of current or new technology. As new
irrigation systems are planned, or as older systems are rehabilitated
or modernized to reduce operational water losses or to improve the
manageability of the system, modern technical concepts should be
considered. These concepts can include automation of water control
devices, use of underground pipe systems or impermeable barriers to
reduce seepage losses and improve safety conditions, use of water
pressure supplied by gravity rather than by elecfrical or thermal
power, and use of technological advances in sprinkler design to de-
crease the pressure required for efficient operation. It is imperative
that the systems planner employ in this planning procedure those
technically and economically feasible design forms and methods which
will contribute to more efficient use of energy, minerals, and water,
and which will result in minimal degradation of environmental quality.

Irrigation presently uses a significant share of agriculture's
energy requirement and most of this energy is used on the 25 percent
of the irrigated land that is watered with sprinkler systems (Kruse
et al 1977). As supplies of petroleum fuels diminish and competing

demands increase, irrigation systems requiring such energy must operate



at peak efficiencies.

Environmental implications of resources systems must be considered
in systems planning. Inefficient irrigation systems lose water through
surface runoff, evaporation, deep percolation, or seepage from fthe farm
distribution systems. Surface runoff often carries large amounts of
sediment which may restrict the uses fthat can be made of water in
receiving sfreams. Deep percolation and seepage from farm ditches can
raise water tables, sometimes removing land from agricultural production,
although deep percolation in some fields irrigated with surface water
may be beneficial as an important source of recharge to groundwater
(U. S. Department of Interior, 1977).

Proper management of a water resources system is important if it
is to function at efficient levels. For surface irrigation systems,
increases in labor can frequently increase water use application
efficiency by a substantial degree. Although application efficiencies
of simple surface irrigation systems may range from |0 to 70 percent,
Soil Conservation Service (SCS) irrigation guides indicate that
application efficiencies of 55 to.75 percent can be obtained with
furrows, and that graded-border systems can normally be operated at
application efficiencies between 60 and 75 percent (USDA-SCS, 1960).

Although surface irrigation systems normally operate at lower
water-use efficiencies than sprinkler systems, this lower water-use
efficiency can in many cases be justified by lower energy requirements.

The availability and total supply of energy forms and water in the



geographical area of use will offen dictate the choice between the use
of surface irrigation systems and sprinkler irrigation systems.

Sprinkler irrigation efficiencies vary nearly as much as those
of surface systems. Batty et al. (1975) reported sprinkler application
efficiencies ranging from 60 to 90 percent with an average of 70 per-
cent. Highest efficiencies are obtainable with relatively large
applications of water per irrigation under conditions of low wind on
soils with high intake rates.

The efficiencies of most irrigation systems can be improved
measurably by using physical systems capable of applying water uniformly
when needed and without waste, and by using methods of determining the
timing and optimum amount of irrigation water to be applied (Jensen
et al. 1970). These parameters can be determined if an irrigator knows
the water-holding capacity of the soil, the al lowable water depletion,
and the soil water content at all times during the irrigation season.

The cost of water often influences management practices. In many
irrigated areas in the western United States, the only cost assessed
water users is for the maintenance of the storage and delivery systems.
This situation provides little incentive for improving efficiency, as
the irrigator cannot justify investments in additional management or
physical improvements in the system to save water.

Water rights laws may also affect efficiencies. An irrigation
water right entitles the user to divert a fixed volume or flow of

water. This diversion is based on beneficial use for the type of



irrigation used and can include transmission losses. |f the irrigator
could sell the water saved by reducing transmission losses or improving
the application system, there would be an economic incentive fo invest
in system improvement or .increased labor. However, most western water
laws do not allow the sale of this excess water (Hammond, 1978).

There are irrigation systems in which gravity flo@ provides adequate
water, and surface and subsurface return flow is of good quality. In
these cases uses of water over an entire project or river basin is a
more important consideration than irrigation efficiencies on individual
farms.

Although any planning procedure encompassing the broad spectrum of
irrigation systems design and operation is invaluable in allocating
the use of water and energy resources, a planning procedure utilizing
a systems optimization approach can give additional freedom in com-
paring numerous system designs and plans with one another. |f properly
formulated, an optimization procedure can identify those components of
multiple system plans which prove to be most beneficial in meeting
physical, legal, environmental, and economic constraints. Use of
these planning techniques with high speed digital computers can pro-
vide rapid and accurate cost estimations and system evaluations for
hundreds of system designs.

When properly Qsed with accurate economic and physical systems
data, the systems optimization planning procedure can be a very useful

tool in providing systems planners, owners, and operators with guide-



lines for use in the decision making process regarding resource

allocation and use.






CHAPTER 111
IRRIGATION SYSTEMS AND PLANNING PARAMETERS

Water resources systems planning is a prerequisite to the actual
design and construction phases of a project. |t is in the planning
phase that alternative systems are reviewed and evaluated for potential
use. System costs and initial designs are necessary for proper
systems evaluation, although intricate and detailed designs are not
normally required in selection of altfernative systems.

Design of new irrigation systems or rehabilitation planning of
existing systems requires the consideration of many facets not con-
sidered when older systems were designed. In addition to the
environmental impacts of a proposed project, the safety, esthetics,
and projected future growth patterns of urban areas must be considered.
Any system which meets these requirements should also have a favorable
benefit-cost ratio. To evaluate a proposed system economically it is
necessary to estimate the annual costs of the system, including
construction and repayment costs, water charges, energy costs, opera-

tion and maintenance (0O & M) costs, and other social costs.

Irrigation Systems Description

Most irrigation systems are normally divided into two distinct
subsystems concerning ownership and management. Distribution (convey-
ance) systems are often owned and operated by groups of individuals,
whereas application (on-farm) systems are normally privately owned

by a single investor. Distribution systems are used for conveyance



and delivery of water to farms from reservoirs or rivers in amounts
sufficient for optimum crop growth. They can be of many types, sizes,

and shapes.

Irrigation distribution systems

The most widely used irrigation conveyance system uses unlined
open channels. Water is transported from the source and distributed
through the irrigation project by a network of unlined canals and
laterals. The water passes from the canals and laterals to farm
lands through turnout gates. Unlined systems can be improved by
lining canals and laterals with concrete, shotcrete, clay membranes,
or other means to reduce seepage.

Another type of distribution system is the closed conduit
system. A low pressure gravity pipe system delivers water through
a network of pipes due to the force of gravity, at pressure less than
20 feet of head.

In a fully pressurized pipe system, water is delivered at
pressures necessary for the operation of sprinklers. Pressure is
usually provided by pumps, although some locations may have a topo-
graphic feature that will provide sufficient pressure by gravity.

I+ is possible to have a mixture of open channel and closed
conduit or pipe systems existing together within a particular irri-
gation district. Often the large canals are open channels while the
laterals are pipe, although open channel systems may have closed

conduit sections for purposes of efficiency or safety, or due to topo-
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surface methods, the total amount of water required and the system

capacity are reduced.

Irrigation application systems

On-farm application systems are normally grouped into gravity and
pressurized systems. Gravity sysfems encompass surface and subirriga-
tion systems and include conventional methods of furrow and border
irrigation, gated pipe, and buried lateral sets. Water is delivered
to the farm turnouts via nonpressurized conveyance systems, and remains
nonpressurized during The_irrigéfion process. Gravity systems normal ly
have lower irrigation efficiencies than most properly designed and
operated sprinkler systems, although some well designed border systems
may achiéve application efficiencies of over 80 percent (SCS, 1974;
Jensen and Howe, 1965).

Pressurized application systems include all sprinkler system de-
signs and also pressurized frickle or spray nozzles. Water may be
delivered to the farm under pressure, or may be pressurized from a
gravity conveyance system or groundwater well through the use of an
on-farm pumping station. In some types of low pressure trickle
systems, elevation differentials on the farm are sufficient for proper

operation.

Model ing Procedures

Four major cost routines are used in the optimization procedure
to determine capacities of conveyance and application systems, evaluate

system efficiencies, and estimate the annual cost of owning, operating
2
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and maintaining each system evaluated. These routines provide system
statistics for lined and unlined canals, pressurized and gravity pipe,
on-farm application systems, and pumping plants and power costs. Annual
system costs are used so that valid comparisons among alternative system
components can be made regardless of individual serVice |ife expectancies.
Costs are adjusted to a common point in tTime to compensate for inflation-

ary trends.

Irrigation efficiencies

Application, distribution, and conveyance efficiencies are used in
this model ling procedure to describe the adequacy of system components
in the utilization of irrigation water. An irrigation systems's
efficiency is a measure of the effectiveness of the system in supplying
the water requirements of irrigated crops. Israelsen and Hansen (1962)
have described water-related efficiencies that are useful for irrigation
systems planning. These efficiencies listed in equation form are:

I. Water-conveyance efficiency, Ec
Wo
EC: IOOTI PR
where Wo = water delivered by a distribution system,

and Wi = water input to a distribution system.

2. Water-application efficiency, Ea

W

x s
Ea = 100 W (3.2)
o

where WS = water stored in the root zone during irrigation,

and WO = water delivered to the farm.



3. Water-distribution efficiency, Ed

= ot e
By E oo {I — %} (3.3)
where y = average numerical deviation in depth of water

stored from average depth stored during irrigation, and

d = average depth of water stored during irrigation.

I+ may be noted that the value for E, in Equation 3.3 is the same

d
as the uniformity coefficient developed by Christiansen (1942).

The ability of a distribution system to deliver a certain proportion
of the water that enters the system is described by Equation 3.1. Once
the water is delivered to the farm, the water-application efficiency is
used to describe the quantity of delivered water which ends up in the
root zone of the crop being irrigated. While a high precentage of the
water delivered may reside in the crop root zone, enabling a high Ea
value, the distribution of water within the area of a field may be very
poor, resulting in a low-water-distribution efficiency. Variations in
application and distribution-efficiencies are illustrated in Figure I.

I+ is most often desirable that irrigation systems be designed so that

high values of both Ea and E, are attained thus assuring uniform

d
application with minimal waste, although in some instances, leaching
requirements or groundwater recharge are considered as beneficial uses
of water even though this water is not used consumptively by plants.
The "project irrigation efficiency" of a system is defined in this

study as the amount of water consumptively used by irrigated crops

divided by the amount of water diverted into the system. This term



is set equal to (EC X Ea)/IOO.
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Figure |. Illustrations of water-application and distribution
efficiencies.

System configuration

To more readily and accurately design irrigation systems within a
predefined study area, it is advantageous to divide the area of study
into smal| land areas depicting system conveyance service areas. Service
area selection should be based on geographic location, farm and field
sizes, and cropping practices. The conveyance system serving the entire
study area should be subsectioned to account for the dendritic nature
of the conveyance system and also to enable the planner greater freedom
in applying alternative design techniques to those subsections en-
compassing varying terrain, difficult soil types or rock outcroppings,
or passing near population centers.

In the optimization procedure, service areas and conveyance sec-

Tions are normally chosen and sized so that each component section or



reach of the conveyance system will supply irrigation water to one ser-
vice area and fto any adjacénf downsTream conveyance section(s). Figure
2 is a schematic diagram of an irrigation system in which conveyance
system sections and service areas are shown. Wafer is supplied to each
area from the conveyance section having the same number.

Because each conveyance section is designed independent of other
sections, the estimated cost range of a section is unique and accurate
for that section only. Lengths of planning sections should be chosen
so that a reduction in channel or pipe size along the section due to
diminishing flow is unnecessary.

The sizes and shapes of service areas are determined primarily
by the length and number of conveyance system sections and by the over-
all system size. In a gravity system, farm land constituting a service
area must lie at a lower elevation than the conveyance section supplying
irrigation water and should lie adjacent to the conveyance section. If a
service area is separated from the main conveyance system by other l|and
areas, an additional conveyance section should be added to the system
planning configuration to supply the service area. As most irrigation
distribution systems are dendritic in nature, lateral sections which
branch from the main conveyance route are often required to model

accurately the overall system design (Figure 2).



Figure 2.
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IRRIGATION CONVEYANCE SYSTEM

Schematic of an irrigation conveyance system including
selected service areas.




Cost functions

Annual ownership costs of systems are calculated using attainable
interest rates, component |ife expectancies, and initial costs at a common
point in time. Annual costs for on-farm systems are computed on a per
acre basis for selected farm sizes, soil types, and cropping patterns.
Pumping plants are sized and plant and power costs are estimated for
the specific area(s) serviced and for required flow rates. Annual
costs for on-farm pumping stations and Their,corresponding power re-
quirements are then divided by the size of area served to provide an
annual cost on a per acre basis.

The determination of cost functions for individual system compo-
nents includes many factors dealing with system costs of many Types.
These factors must include data describing net costs of the many
physical aspects of each component, along with any social costs. Once
determined, all individual costs for each system component must be
combined to adequately describe the frue cost of that component.

Annual costs of irrigation system components should be defined
in ferms of system parameters that are common to all component parts.
For distribution system components such as conduit sections and struc-
tures, the system parameter of greatest importance is the flow rate of
water that the component can convey or control. System components must
have equal capacity at all points where water is transmitted from one
component to another. Thus, the necessary size and cost of each

control or conveyance structure can often be expressed as a function



of the maximum design flow rate of the conveyance section.

There is often a minimum specified cost associated with distribution
system components. This cost may result from fixed operation and main-
tenance cost or from minimum construction costs. Allowing for fixed
costs regardless of the component size, the cost function for a conveyance

or pumping system component in equation form may be expressed as:

Annual cost = a + b Q (3.4)
Where:
a annual fixed cost

b
Q

The annual cost for an application system is best expressed on a

annual cost per unit flow rate, and
maximum flow rate

per acre basis due to factors other than system capacity that affect the
cost of applying water. Some of the factors include variations in crops
irrigated, soil types, hours ofboperaTion per day, and other cultural
practices. |f the annual cost per acre, c, is known for an application
system supplying water to N acres, then
Annual cost = cN £5.9)

Costs associated with irrigation systems must have common
characteristics so that various alternative components can be compared.
For a given interest réfe, future sums of money can be expressed in an

equivalent series of uniform payments by using the proper uniform-series

sinking-fund factor, and a present amount of money can |ikewise be ex-

pressed as a similar uniform series by using the proper capital-recovery

factor. The two factors mentioned allow capital investment costs



associated with systems to be expressed on the basis of equivalent annual
costs, and these equivalent annual costs can therefore be added directly
to the various other annual costs associated with the system.

System labor and energy demands such as irrigator wages and pumping
plant electrical charges are normally purchased within a specific time
of actual use within the system, and are thus continuously paid through-
out a system's service life. To enable system planners or owners to
estimate overall system annual costs, labor and energy costs should be
escalated to a value representing an equivalent annualized cost of the
purchased services over the system life. The equivalent annualizing
cost factor is based upon current interest rates, the current or pro-
jected escalation rate of the particular service, and total system life
(Pearson, 1974; Keller, 1976).

If each analytical component cost function in an irrigation
system can be expressed as a linear equation, then the individual |inear
cost functions can be added to form a composite |inear cost function for
the entire system. Simple linear functions are used to describe total
annual system costs of conveyance sections and application systems in
this model for systems optimization. Since technical relationships of
systems are defined by a set of linear constraint equations, linear
programming is used to determine the minimum cost of the complete
system. Linear programming, in essence, is a mathematical routine used
to solve simultaneous equations of the first degree, where the number

of unknown variables exceeds the number of equations. Solution of the
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system variables is complete subject to minimization of some objective
function (cost equation) describing the costs associated with system
variables. |t is normally hecessary to use a non-sequential decision
process such as linear programming to optimize an irrigation system
design for minimum cost because of the numerous interactions of all
possible components and the possible recycling of surface runoff and

deep percolation within the system.

Data requirements

To successfully model any irrigation or water resources system,
a planner must have physical and economic data representative of the
planning area available to him. Available data must include descrip-
tions and characteristics of area soil types including profiles, geo-
graphic locations, and water interaction characteristics. Topographical
features of the area are necessary for conveyance system routing,
service area selection, and application system design and evaluation.
Local energy availability and rate schedules as well as labor supplies
and costs must be known to select feasible and reasonable system al-
ternatives for the specific area. Political boundaries depicting land
ownership and field and farm sizes are useful in sprinkler system and
pumping plant design and selection, and may serve as aids in determining
feasible surface system run lengths. Also necessary in systems planning
are the magnitude and type of water rights pertaining to the planning
area, and knowledge of the availability and dependability of the water

source.

2



The systems planner must have access to fairly detailed geological
and hydrologic information concerning the planning region to estimate
quantities of rock excavation, suitability of soils for embankment and
foundation design, groundwater elevations and soil drainage character-
istics, and flood information to be used in design of structures.

Materials and construction costs should be available for the local
area of study to evaluate regional cost differences due to variable

transportation costs of labor, machinery, and materials.

Data collection

The quantity and quality of data required for accurate systems
modeling and planning are rarely available to a systems planner from
one source. Data are normally assimilated from multiple local and
regional sources and many times require some type of manipulative pro-
cedure to transform them into a format useable by the planner.

County soil maps and soils descriptions published by the United
States Department of Agriculfure-Soil Conservation Service (SCS) and
state universities can serve as good sources of soil type locations and
areas, and offen contain needed information on soil profiles and water
retention and conveyance characteristics. The SCS maps also give notice
as to existing canal routes and locations, as well as field sizes and
shapes. Additional soils and political information can be made available
from county atlases and plat books published by county soil and water
conservation districts and also from aerial photographs produced by

private or governmental agencies. Crop survey and potential yield in-

22,
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formation can also be obtained from university and SCS sources.
Topographical features and land slopes are available from topo-
graphical maps furnished by the U. S. Geological Survey, or, in some
areas, by the U. S. Bureau of Reclamation. Local surveys may be valua-
ble in checking topographical maps or for supplying missing details.
Accurate information on irrigation application system efficiencies
and runoff and deep percolation rates is often difficult to obtain,
necessitating the use of field efficiency ftests and soil sampling.
Flow rate measurements on local canals or sampling of bed substrate and
groundwater table elevations often can give information on channel
seepage rates and operational losses. Knowledge of consumptive water
use requirements of local crops and historical district water diversion
records can be used to estimate present system operation efficiencies.
The quality of the irrigation water supply can bé obtained
through consultation with local users and by samp!ing of the water
source. Data on well depths and drilling costs are normally available
from local drillers or from well logs maintained by state agencies.
Information on water rights and dependability of the water source
can be obtained from the state agency in charge of water rights regis-
tration and administration and by consultation with local area users.
Unit costs and local availability of required system components
should be verified by area supply companies and dealers, and construc-
tion costs can be found by contacting area construction companies and

from bid abstracts for similar system designs. Prices obtained from
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past bid abstracts should be updated to compensate for inflation or
differences in location, topography, and quality of materials by

consulting with area companies or by using construction cost indices
published by the United States Bureau of Reclamation and Engineering

News Record (see reference).

Required accuracy of planning data

All data used in the planning procedure must be valid and accurate.
Accurate topographical characteristics of the planning area are
essential in determining feasible canal and pipeline routes, as well
as in measuring field slopes. Existing systems, soils, and cropping
patterns should be accurately inventoried to provide the planner with
a good data base.

Total accuracy of data concerning soil boundaries and properties
is rarely achieved by a planner due fo limitations on time and finances.
In many planning situations, small areas of varying soil types and
mixtures must be grouped intfo larger families of soils having similar
characteristics, profiles, and locations. Soil infiltration rates,
profile depths, water holding characteristics, and field slopes are
generalized for similar soils having slight variations in properties
caused by farming practices, crop rotations, and varying terrain. The
resultant properties associated with these generalized soil families
should, however, describe each individual soil type such that the
systems planner can produce accurate application system designs and

evaluations.
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Knowledge of current construction and materials costs is important
in the estimation of the total field cost of the irrigation system.
Total system costs must be conservafipe to insure adequate funding of
the system if it should be constructed, and yé+ must be accurate enough
to provide the owner(s) with realistic costs of alternative systems,

including construction and operation costs.

25,






CHAPTER |V

STUDY AREA DESCRIPTION

The lower Teton River flood plain begins at the confluence of the
Henry's Fork of the Snake River with the North and South Forks of the
Teton River and extends 16 miles northeast, upstream to the mouth of
the Teton River Canyon 5 miles northeast of Teton (Figure 3). The
Teton flood plain averages 4 miles in widfh)and was first brought
under irrigation in the early 1880's. Roughly 25,000 acres of the
fe+on flood plain are irrigated with water from the Teton River. The
northern areas along the flood plain receive water via canals from the
Henry's Fork of the Snake River. As of 1974, water rights appropriated
from the lower Teton River totaled 2038 cfs.

The topography of the Teton flood plain is markedly flat, with an
average slope of .002 ft+/ft. The soils are mostly thin layers of well
developed sand and silt loams overlying coarse sand and gravel.

Major cfops raised in the region are potatoes, grain, alfalfa hay,

and pasture for forage and grazing.

Present Regional Irrigation System

Currently all major water distribution in the Teton area is
accomp | ished through the use of unlined canals, most of which were
constructed before the turn of the century. Early water control and
diversion structures along the canals were constructed of timber.

More recent improvements of the canal systems in the Teton flood

plain area have resulted in concrete and steel structures replacing
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Figure 3. Location map of Teton River flood plain and study area.
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many major timber structures. However, a large percentage of wooden
water control structures and diversion turnouts remain in service today.

Traditionally, about 20,000 acres of farmland lying in the western
half of the Teton flood plain have been irrigated by subirrigation,
where the perched groundwater in the area is elevated toward the
bottom of the crop root zone by artificial groundwater recharge.

(U. S. Department of Interior, 1977).

Although This'mefhod of irrigation may annually require over 12
acre feet of water per acre tfo mainfain the groundwater level at
optimal levels for crop use, it generally works well in areas of even,
gently-sloping terrain having naturally-occurring perched water bodies
within 10-40 feet of the ground surface. Land areas lying in the
eastern, higher portion of the Teton flood plain have traditionally

been irrigated with surface systems or high pressure sprinkler systems.

Effects of the Teton Dam flood

In 1972 construction began on the Teton Dam located in the Teton
River Canyon 5 miles upstream from the lower Teton flood plain. The
resulting reservoir was planned mainly for the purpose of irrigation
water supply with additional benefits of flood control, power gen-
eration and recreation.

On June 5, 1976, the collapse of the newly constructed Teton Dam
resulted in a major, catastrophic flood of the Teton flood plain, the
lower portion of the Henry's Fork of the Snake River flood plain, and

low lying areas along the upper Snake River above the American Falls
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Reservoir. Livestock, crops, machinery, and real estate losses were
great, and much of the area's farmland was critically disturbed or
destroyed by the flooding water. Canals were either deeply scoured or
completely filled in by deposited sand and gravel and other debris.
Damage to, and dislocation of, irrigation flow control and diversion
structures along the canals was severe.

Resforafion of the damaged canal systems and structures was imme-
diately undertaken by the United States Bureau of Reclamation to renew
the distribution of irrigation water fo areas of the valley which had
escaped extensive crop destruction. The restoration policy of the
Bureau was to reshape the canals to their original dimensions and to
rebuild or replace all canél structures with structures of size and
type similar to those existing before the flood. This parTiculaf
policy-did succeed in restoring the irrigation distribution systems
of the Teton flood area to their preflood status, thus insuring
adequate functioning of all canal systems. The restoration resulted
in little improvement, however, in canal routes, duplication of canal
service areas, or types of flow control structures. Most preflood
timber structures were replaced with timber, often costing as much
or more than concrete or metal equivalents having a much longer or
more dependable service life.

Many of the previously subirrigated fields in the Teton flood
area received extensive soil displacement due to the flood, and in some

areas large quantities of topsoil were eroded from the soil profile.
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This unevenness of Thevground surface has inhibited continued sub-
irrigation on some fields, due to drowning out of crops lying in the
low areas. Thus, without extensive Iand'leveling operations, these
fields can be irrigated only with sprinkler systems.

Most sprinkler systems installed in the Teton flood area have been
designed or reviewed by the USDA Soil Conservation Service, and partial
funding of the systems has been appropriated through the USDA Agricul-
tural Stabilization and Conservation Service. One major conflict
realized between the continued use of subirrigation systems and the use
of new sprinkler systems in the Teton area is that of inadequate ground-
water recharge by the sprinkler systems in areas lying adjacent to sub-
irrigated fields (U. S. Department of Interior, 1977). A lowered
water table below sprinkler irrigated fields has resulted, in many
instances, in a lowering of the elevated water table in adjacent sub-
irrigated fields, due to an increased gradienf'afong the water table
surface. In some cases, subirrigators have been unable to offset the
increased groundwater deficit below their fields with an increased
water supply and, as a result, have realized partial or total crop
failures. Due to the complexity involved in manipulating groundwater
elevations beneath sprinkler irrigated fields, irrigated farms in the
previously subirrigated areaé may be forced either to switch entirely
to a combination of surface systems and pressurized sprinkler irrigation
systems, or the entire area previously subirrigated may have to revert

to ftotal subirrigation.

30,



A thorough evaluation of existing irrigation structures and canal
systems and alternative system designs and requirements by governmental
agencies prior to the flood restoration activity could possibly have
resulted in much more efficient and economical irrigation systems
throughout the Teton flood area, and may have been able to resolve
some of the postflood conflicts between the various on-farm application
systems. An evaluation of this type was not possible, however, because
of lack of adequate planning time and lack of a rapid and accurate

method of planning for irrigation systems rehabilitation.

Salem Irrigation District

The irrigation district selected for evaluation and modeling is
the land area served by the Salem Island Canal Company. This area is
located in Madison County, ldaho, 3 miles north of the city of Rexburg
and is approximately |.5 miles wide and 3 miles long (Figure 4). A
total of 3170 acres of the district is irrigated. The characteristics
of the Salem Irrigation District are representative of the majority

of irrigation districts located on the Teton flood plain.

Irrigation conveyance system

The Salem Canal, supplied with water from the Teton River by the
Teton Island Feeder, conveys water at an average flow rate of 240 cfs
to the study area during the peak irrigation season from June through
September. The water right of 240 cfs owned by the Salem Island Canal
Company is dated June |, 1885. A schematic showing the location of the

Salem Canal and Salem lIrrigation District is listed in Figure 4.
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The main distribution canal and laterals of the study afea were
originally constructed along property lines and natural contours to
minimize excavation as all work was done by men and animals. Improve-
ments as well as postflood restoration have been made on the system,
but the main canal follows basically the original established route.
Approximately half of the diversion structures along the system are con-
crete and steel circular gates with the other half being made of wood.
Nine of the ten functional checks situated along the canal system as of
1978 are of timber construction.

No water measuring devices are employed in the conveyance system,
although a concrete diversion structure located at the source of the
Salem Canal could function as a weir. Most of the maintenance work on
the canal is accomplished with farm equipment by the water users.
Periodically, a small bulldozer is used to clean and reshape sections
of the main canal. |

The soils in the Salem I[rrigation District are usually shallow,
and are underlain by sands and coarse gravels. Low conveyance
efficiencies for canals in the area are common, as the bottoms of the
canals offten penetrate intfo highly pervious soil profiles. 1f the
sediment |oad of conveyed water is light, deposition of a semipervious
barrier of silt along the canal bottom does not occur, and substantial
volumes of water may seep intfo the gravelly and sandy subsoils.
Conveyance efficiency of the unlined canal system operated in the

Salem Irrigation District was estimated to be 83 percent.
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Canal seepage in some areas may be beneficial if subirrigation
adjacent fo the canal is practiced. However, seepage can cause water
logging of soils and flooding in low lying areas. Canal seepage
constitutues an economic loss if the conveyed water has been pumped
from lower elevations, or if the total volume of the water supply

to an area is necessary to fulfill crop consumptive use requirements.

Soil types

The major soil types of the study area are Annis silty clay loam,
Withers clay loam, Blackfoot and Bannock loams, Labenzo silt loam,
Hayesfon Variant coarse sandy loam, and Haplaﬁuolls miscel laneous.

The Blackfoot and Bannock soils have been studied as one soil type
and the Labenzo, Hayeston, and Haplaquolls soils have also been com-
bined for study purposes. A general soils map depicting the location
of these soil types is shown in Figure 5. Descriptions of these

soil types are listed ih Appendix A.

Most of the soiI§ of the study area are medium to coarse textured
with relatively high water intake rates. Surface irrigation of some
of these soils can result in extremely low distribution and application
efficiencies when run lengths are long. Galinato (1974) has reported
field efficiencies in the 20-50 percent range for furrow and border

systems operated on some soils of the upper Snake Region.

Farm characteristics

Crops presently grown in the study area are potatoes, grain,

alfalfa for hay, and pasture. The irrigation system used to apply
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water to these crops historically has been subirrigation, although hand-
move and siderol!| sprinkler systems have been introduced recently on some
farms.

Field shapes and dimensions and cropping patterns for the study
area have been obtained from reconnaissance observations and from large
scale aerial photographs of the Salem and Sugar City areas.

Field lengths and farm sizes are variable in the Salem Irrigation
District. Many small acreages exist in the Salem area and small tracts
of land owned by absentee owners are common. Field lengths range from
240 feet to 2640 feet with a mean length of 900 feet. The number of
land owners in the study area, aside from owners of small acreages
(less than 10 acres), is 30. Irrigable fieldé total 140 in number.

The topography of the study area is uniform, with an average
slope of 0.002 ft/ft, aIThough direction of the slope is variable.

Selection of System Planning Parameters

The soils of the study area were grouped into four major types, as
shown in Figure 5, for ease of study and plahningf Land areas in each
soi| type have similar average farm and field sizes, infiltration and
water retention characteristics, cropping patterns, and geographical
locations. A summary of farm and field sizes and infiltration rates
of the soil types is given in Table |. Crop acreages in each soil type
and evapotranspiration rates (ET') at the peak period of consumptive
use are listed in Table 2. ET requirements of crops in the study area

were selected from data in University of |daho Agricultural Experiment
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Station Bulletin 516 (Sutter and Corey, 1970) and SCS Irrigation Guide
for Southern and Southeastern ldaho (1970). Maximum ET rates of the
alfalfa and grain crops may be greater than fthose shown in Table 2
Pair etvale, 19735).

The farm and field areas in Table | represent average ownership
conditions of each soil type. Design field dimensions were chosen so
that system costs and efficiencies evaluated for these dimensions can
be used to represent all fields of the particular soil type in a suf-
ficiently accurate manner. Small acreages and tracts used for lawn or
garden purposes were not included in the process of field dimension
selection and system evaluation, as irrigation costs and efficiencies
related to these areas are highly variable and are dependent upon

management practices of the fract owner.

Conveyance system parameter selection

The water conveyance system route used for planning and evaluation
of gravity systems is shown in Figure 6. The.canal route shown is
that of the present unlined Salem Canal and fs considered as a possible
system alternative. Since this route follows property lines and roads
for much of its length and has fairly straight and uniformly sloped
sections, it was chosen to represent the proposed routes of |ined
channel and gravity pipe systems, also. The lined channel alternative
would entail reshaping and lining of the existing system and updating
of water control and diversion structures. Pipe would be lain along or

below the present unlined channel bottom for the gravity pipe alternative,
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Table |. Average farm and field sizes and infiltration rates of
major soil types within the Salem Irrigation District.

AnnisI Wh‘hers2 Bléckfoof3 HayesTon4
Average farm size
(acres) 80 120 100 160
(hectares) 32 48 40 64
Average field size
(acres) 23 30 23 28
(hectares) 9 12 9 I

Panned field lengths
(feet) 1100 1200 1400 1100
(meters) 335 365 425 335

Planned field widths

(feet) 900 100 700 1100
(meters) 215 335 215 555
Average infiltration
rate
(in/hr) 0651 5 0.6=1:5 0.6~1.0 2.0
(mm/hr) 15: =40. 15. =40, 12. =25 50,

I Annis silty clay loam
2 Withers clay loam
3 Bannock |oam and Blackfoot |oam

4 Hayeston Variant coarse sandy loam, Labenzo silt loam and
Hap laquol Is miscel laneous

<
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Table 2. A summary of crop percentages on each soil and maximum ET
rates within the Salem Irrigation District

Potatoes Grain Alfalfa Pasture
Acres 4 Acres % Acres % Acres §%

Annis 262 30 506 135 175 20 156 (.
Withers 413 30 482 35 276 20 207 15
Bannock and

Blackfoot 85 30 141 . 50 56 20
Hayeston,

Labenzo, and 126 20 252 40 126 20 126 20

Haplaquol Is

Maximum ET (in/day) .28 .20 dBN = .19

and the channel would be backfilled and leveled to The elevation

of the surrounding terrain. The unlined channel sections 5, 6, and 7,
as shown in Figure 6, follow topographical contours rather than

land boundaries. The lined channel and gravity pipe alternative
sections follow this same route, although these alternative systems
could be constructed with more direct and straight sections at

|ittle or no extra cost.

As can be seen in Figure 6, junctions of the various gravity
pipe and channel sections lie at essentially the same points. By
thus choosing the locations of section junctions, the possibility
exists for joining dissimilar but compatible components at various

points within the system.
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The pressure pipeline route shown in Figure 7 was chosen for minimum
length of both the main system and laterals and to supply high pressure
water to necessary locations. The high pressure route fol lows roads and
field boundaries whenever feasible, to keep disturbance of productive
fields at minimal levels. The fac# that the pressure pipe section
points shown in Figure 7 are located away from the gravity conveyance
system junction points is inconsequential as the pressure pipeline system
is not compatible with the other conveyance systems.

Section lengths and diversion areas (service areaé) of the gravity
conveyance systems are |isted in Table 3, and section lengths and corre-
sponding diversion areas of the high pressure system are shown in Table 4.
The method used in selection and layout of conveyance sections has been
discussed in Chapter |ll. The twelve conveyance sections chosen to
represent the gravity conveyance system in the Salem Irrigation District
are short enough that the assumption that the entire length of each
section is of a uniform size in The design procedure will result in
minimal error. Consideration was also given to selecting sections
having fairly constant cross-section characteristics so that earth
work costs involved in réhabilifafion of the unlined canal sections
could be defined more readily.

Section | for each alternative system, as shown in Figure 6 and 7,
is that section through which the entire flow is conveyed to the rest of
the system. Water is supplied to section | at the present point of

diversion located on the Teton Island Feeder. Section 12 of the gravity
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Table 3. Gravity conveyanée system planning section lengths and
diversion areas in the Salem Irrigation District.

Minimum Max imum
Length Service Other design design
Section (feet) area sections flow flow
(acres) served (cfs) (cfs)
I 6750 &7/ 258 40 120
% 6490 400 3.9, 10 30 ‘ 90
3 2700 24] 4 |5 45
4 1040 135 < 9 36
5 5700 316 6 9 30
6 2800 102 7 4 16
7 2600 265 4 |2
8 €750 402 5 |7
9 2300 141 2 6
10 5500 5il9 I 6 20
Il 3100 148 2 7
12 320 |
Total 45730 3166
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Table 4. High pressure conveyance system planning section lengths and
diversion areas in the Salem Irrigation District.

Minimum Max i mum
Length Service Other design design
Section (feet) area sections flow flow
(acres) served (cfs) (cfs)
| 5060 666 2 27 60
2 8300 538 Bisd 21 48
3 2725 343 4 10 24
4 2850 311 5 8 18
5 7150 504 6 5 |12
6 2465 |57 2 7
7 2725 205 8 6 12
8 5200 462 4 10

Total 36475 3166

conveyance system was selected to represent a section of the Teton Island
Feeder, as three furnouts on this section supply water to a small area of

the Salem Irrigation District.

Service area selection

Each selected conveyance system section in the study area supplies
water to a defined land area as well as to any conveyance sections located
directly downstream. The land areas served by the gravity conveyance

system can be seen in Figure 8, and the high pressure service areas are
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shown in Figure 9. Each service area in the gravity conveyance system
is supplied through turnouts located along the supplying section. One
requirement of a gravity service area is that all fields must lie at
elevations below that of the supplying conveyance section. Small head
ditches and laterals in a service area convey and distribute irrigation
water to individual fields.

Service areas can be chosen independently of soil types and land
uses. Their main purpose is to define the flow rates required in the
conveyance system sections so that water can be adequately distributed
throughout the irrigation system,

To accurately model the actual peak crop consumptive use and flow
rate requirements of each service area, the relative areas of each soil
type in a service area must be determined. Listed in Tables 5 and 6
is the areal distribution of each soil ftype in the service areas of the
gravity conveyance system and high pressure pipe system. Percentages
of each soil type lying in a particular service area are also |isted.

Utilization of the aforementioned method of service area layout
and soil type distribution fechnique will allow for application system
planning on the basis of soil and farming characteristics, and will
permit planning of distribution systems on the basis of topography,

geology, and relative areal locations.

45.



"9y

T

| MILE

AREAT (12)

AREAIIL (8) s

AREAT (1)

AREAX (9)

AREA J1Ir (1)

e i

J’SUGAR |
| | T CITY . 1

AREA IX (10) AREA XTI (3), AREAN: (2) !
]

o T
| SALEM |

Figure 8.

AREA XT (7)

numbers in parentheses identify the
supplying distribution section

AREA X (5)

Service areas for the gravity distribution system, Salem Irrigation District.



"Ly

L

| MILE

AREATIL (2)

AREAT (1)

AREA ¥IIT (8)

CITY

AREA YT
(6)

Figure 9.

numbers in parentheses identify the
supplying distribution section

AREA X (5)

Service areas for the proposed high pressure pipe system, Salem Irrigation District.



Table 5. Soil type distribution in service areas supplied by gravity
conveyance systems.

Service Total Annisl Wifhers2 Blackfoo‘r3 Hayes-ron4
Area Area Acres % Acres % Acres % Acres %
(acres)
I 320 124 |4.25 144 10.5 52 18.4 ¥
I 317 147 10.7 230 81.6
Il 402 62 241 340 24.7
v 400 110 12.6 290 21 .0
Vv 141 66 % 5 5.4
Vi 241 208 251 33 D
VIl 135 55 6.3 80 5.8
VI 148 148 16.9
IX 319 53 6.0 266 42.
X 316 50 S5sd 62 4.5 204 52
X1 265 240  17.4 25 4.
X 102 102 16.
Total 3166 876 100.0 1378 100.0 282 100.0 630 100.

| Annis silty clay loam
2 Withers clay loam
3 Bannock loam and Blackfoot |oam

4 Hayeston Variant coarse sandy loam, Labenzo silt loam and Haplaquolls
miscel laneous

5 Percentage of soil type in unit = (acreage of soil type in unit/total
acreage of soil type in Salem Irrigation District)

6 A blank indicates the absence of a soil type in a service area
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Table 6. Soil type distribution in service areas supplied by high
pressure types.

Service Toftal AnnisI Wifhers2 Blackfoo+3 Hayesfon4
Area Area Acres Acres % Acres % Acres %
(acres)
I 6665 184 2I.O5 200 4.6 282 100.0
I 538 87 09.9 45| 32.8
L1l 343 86 09.8 257 18.7
Y a1 210 258 101 07.4
v 504 226 6.5 278 45,
Vi 137 70 i 18 67 10.
VI 205 137 15.6 68 05.0
VI 462 |73 19.7 289 45,
Total 3166 877 100.0 1373 100.0 282 100.0 634 100.

| Annis sitly clay loam

2 Withers clay loam

3 Bannock loam and Blackfoot loam

4 Hayeston Variant coarse sandy loam, Labenzo silt loam and Haplaquolls

miscel laneous

5 Percentage of soil type in unit = (acreage of soil type in unit/total
acreage of soil type in Salem Irrigation District)
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CHAPTER V
SYSTEMS COST ESTIMATION AND EVALUATION ROUT INES
The representation of physical and economic features and values in
numerical terms can provide systems planners the capability of using
various systems optimization techniques. These techniques can be used
to fulfill all system requirements subject to any system constraints.
In evaluation and comparison of alfernative irrigation system plans,
annual system costs and overall and individual component water-use effi-
ciencies are normally used to rate each planning scheme. Although these
two terms appear in this particular model in simple numercial form, there

are many factors that must be included in their formulation.

Computer Programming Routines

Since many data forms and calculations are required to determine
annual costs and efficiencies for most system components, four digital
. computer routines written in FORTRAN |V computer language are used in
this model | ing procedure. fhese routines, called APSYS, CANAL, PIPE,
and PUMP, are used for the evaluation of application, open channel,
pipe, and pumping systems respectively. Each of these routines employs
subroutines designed to compute costs and efficiencies for different
types of system components. A synopsis of these routines is included
in Table 7. All data, program calculations, and program solutions
are currently expressed in English units of measurement.

All numerical data are input to the four cost routines with a

FORTRAN subroutine entitled INPUT. This subroutine allows for free
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formatting of all data and also enables the programmer to document the
input data listings with alphanumeric characters. Data need only be
separated by blank spaces or commas, and all alphanumeric comments

or labels are ignored. Continuation of data on multiple cards or card
images is facilitated by ending a continued card with a conma. Data are
passed from INPUT to the calling program via a one-dimensional array. A
documented |isting of subroutine INPUT is included in Appendix B.

Each of the systems cost estimation routines can be used with a
time-share computer terminal. Prompting or conversational statements
describing the type(s) of information and data to be entered for each
"input' statement can be directed to the operator when more data is
required. |If input data are to be read from cards or magnetic storage
devices, the output unit (09) onto which the conversational statements
are directed can be sypressed. These format statements also serve as

a good documentation of variable names used in the computer routines.

Determination of Application System Annual
Costs and Efficiencies

The computer routine APSYS is used to calculate the annual costs
and efficiencies of various types of irrigation application systems.
The APSYS subroutines and their respective relationships to one
another can be seen in Figure 10. Dashed lines within the figure depict
input and output flows of data, whereas solid lines represent the order
and flow paths of calculations ahd data within the routine. The sub-

routine SPNKLR is used to calculate annual costs for side-roll, hand-1line,

9.«



Table 7.

Synopsis of the computerized planning and cost estimation
routines used to determine annual costs of irrigation systems.

APSYS  This routine determines the annual costs of owning and operating
irrigation application systems including land forming costs.
Water application and distribution efficiencies are evaluated
for each system design and on-farm management practice. Specific
application methods evaluated are furrow and border surface
systems and hand-line, side-roll, solid-set, and center pivot
sprinkler systems.

CANAL  Annual ownership costs and conveyance efficiencies of open
channel conveyance systems are estimated in this routine. The
planned system may be lined or unlined and construction costs
may be estimated for new or rehabilitated systems. Procedures
used in this routine estimate costs of earthwork, canel lining
and shaping, lateral furn-outs, and flow control structures.

PIRPE This computer routine estimates costs of constructing a gravity
or high pressure pipeline system through undisturbed terrain or
along an unlined channel route for a rehabilitation project.
Pipe costs can be estimated for concrete, steel, or PVC pipe,
and turnout costs can be estimated for high or low pressure
operation.

PUMP Annual ownership, operation, and electrical power costs of
large pumping plants and small on-farm pumping units are es-
timated in this computerized procedure. Provision has been
made to estimate escalation of power costs over the system
life. On-farm units can be of centrifugal or turbine type,
and costs of deep or shallow wells can also be estimated. USBR
planning specifications and procedures are used in the estimation
of annual costs for large pumping systems.
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Figure 10. Flow chart of APSYS program used to calculate annual costs
and efficiencies of irrigation application systems.
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solid-set, and center pivot sprfnkler systems, excluding pump and power
requirements. Subroutine SURFACE is used to calculate annual costs and
water application efficiencies for furrow and border surface systems. A
documented lising of APSYS and associated subroutines is given in
Appendix B.

The list of input parameters necessary for execution of APSYS is
shown in Table 8. The main APSYS routine reads information for a
specific soil type, and subroutine CROP inputs soil-plant-water data
for each crop on that soil. Information concerning these parameters
is then utilized by subroutines SPNKLR and SURFACE to calculate the

desired information relating to sprinkler and surface systems,

Costs and efficiencies for sprinkler systems

Subroutine SPNKLR is designed to calculate the annual costs associated
with a hand-line, side-roll, solid-set, or center pivot sprinkler system
that may or may not be used in conjunction with a mainline supplying
water to the laterals. Data for the laterals are entered separately
from those pertaining to the mainline.

Lateral input parameters include a physical description of the
system, related labor requirements, and costs associated with the sprinkler
system. The physical description includes the lateral length and spacing,
specified alternative set-length times, and the expected application
efficiency of the system. This information is used to compute the area
served by each lateral and the resulting schedule of operation. Knowledge

of system labor requirements and average water rates over the system life
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Table 8. Input parameters used to calculate annual costs and
efficiencies of irrigation application systems.

Input Parameters for APSYS and CROP

Soil type

Farm size

Field slope

Intake family (SCS classification)
Number of crops

Soi | water-holding capacity

Root zone depth

Percent of TAM usable as TRAM (total readily available moisture)
Total annual ET

Maximum ET rate incurred

Crop Pattern Percentage

Input Parameters for Subroutine SPNKLR

Lateral data:
Lateral length and spacing
Time required to move lateral
Alternative set-length times
Estimated system efficiency
Evaporation losses
Maximum al lowable water intake rate
System cost (laterals, heads, nozzles, etc.)
System |ife
Inferest rate
Salvage value, taxes, insurance, and maintenance costs
Contingency cost
Labor wage rate
Transport time between irrigations
Net value of water lost to deep percolation
Mainline data:
Mainline pipe sizes
Mainline pipe lengths
Unit pipe costs, including mainline appurtenances
Earthwork costs :
System life
Intferest rate
Salvage value, taxes, insurance, and maintenance costs
Value of land lost to production
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Table 8. Continued.

Input Parameters for Subroutine SURFCE

Manning's roughness coefficient for border-irrigated crops
Field lengths
Design flow rate
Furrow spacing or border width
Average set-length time
Labor requirements per irrigation
Additional labor requirements
Labor wage rate
Cost if Irrigation system equipment
Major land forming costs
System |ife expectancies
Salvage values
Intferest rate
Annual land preparation costs
Value of land cost to production
Annual maintenance cost
Taxes, insurance, and maintenance costs
Net value of water lost to surface runoff
Net value of water lost to deep percolation
Subsurface drainage requirements
FURROW subroutine options:
Fixed set-length time and flow rate
Computed set-length time with fixed flow rate
BORDER subroutine options:
Systems evaluated with available advance, recession, and
intake data
Fixed set-length time and fixed flow rate
Variable set-length time and fixed flow rate
Computed flow rate and set time for optimal efficiency
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is necessary for computing annual l|abor costs. The initial system cost,
|ife, and salvage value of system components are used along with the
interest rate in computing the annual cost of capital recovery for the
lateral. Other expenses include taxes and insurance which are computed
as a percentage of the average capital investment.

Mainline input parameters are similar to those for the sprinkler
lateral. The area supplied by the mainline, set equél To the planned
farm size, is neccesary for computing costs on a per-acre basis. Annual
capital recovery costs for the mainline are also computed.

Two additional parameters are used in the computation of total
annual costs for sprinkler systems. The first parameter is the net value
of land lost to production through the use of a particular system con-
figuration. The second is the net value of water lost to deep percolation,
and may be positive or negative depending upon -leaching requirements,
fertilizer losses, water table buildup, efcﬂ, by the sys%em. The value
of deep percolation losses is normally set equal to zero in this routine
if the program output is to be used in conjucTionvwiTh a |linear-pro-
gramming model, where deep percolation changes or benefits can be applied
with the parametric programming option.

The flexibility of subroutine SPNKLR permits computation of annual
costs for many different lateral-mainline combinations and farm sizes.
Center pivot systems should be planned only for farms wiTh.fieIds of
sufficient shape and size for adequate coverage and operational con-

venience. Estimation of sprinkler system efficiencies should be based on
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the level of operations management of the area farmers, prevalent wind
patterns and speeds, proposed lateral and nozzle sizes and spacings,
and estimated system operating pressures. These efficiency values are

supplied by the systems planner.

Costs and efficiencies for surface systems

Subroutine SURFCE utilizes soil-crop data passed to it from the
APSYS crop subroutine, in conjunction with the data listed in Table 8,
to compute efficiencies and annual costs for planned surface systems.
System dimensions and labor and equipment costs are utilized in much
the same manner as they are in the SPNKLR subroutine. Land-forming
costs are also required. These costs include initial leveling operations
and annual land-planing requirements. The amount of land lost to pro-
duction due to system components and values of water lost to surface
runoff and deep percolation are also used in computing the total surface
system cost. Runoff and deep percolation values should be set equal
to zero if output is to be used with parametric programming options in
the linear programming model. Multiple run lengths can be input to
subroutine SURFCE fto determine the most feasible or efficient field
length for the particular soil type and crop studied.

Costs of a drainage system for surface irrigated lands are estimated
in the SURFCE procedure by subroutine SDRAIN., This subroutine utilizes
tile drainage system estimation guidelines furnished by the United States
Bureau of Reclamation to size and space lateral drains. |Input data in-

clude drain depth, permissible water table heights, drain slopes, and
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soi| permeability, along with unit costs of drain pipes, excavation
quantities, and gravel envelopes.

Whereas the efficiency of a sprinkler can usually be adequately
estimated using knowledge of the system design, operation manacement and
local climatic conditions, the determination of system efficiencies
for a surface system is often difficult to compute. This difficulty
is due to the many variables that affect the hydraulics of surface
irrigation along with the high variability of system management.

Hydraulic characteristics of surface irrigation as applied to
essentially planar ftfwo-dimensional flow in a border or furrow are
currently well understood and can, in most instances, be represented
in equation form. Exponential equations and models describing
infiltration of water, irrigation advance frajectories, and border
recession rates can be used along with open channel hydraulic equations
such as Manning's equation to evaluate surface irrigation system per-
formances and efficiencies, and to also design feasible lengths of
border and furrow irrigated fields under knoWn management conditions.

Data passed to the subroutines BORDER and FURROW from subroutine
SURFCE for system evaluation include the SCS inftake family designation
of the soil type, representative field Ieng+ﬁs and furrow and border
widths, the desire volume of applied water per irrigation, field
slopes, Manning's roughness coefficient for the specified crop,

p lanned Border and furrow flow rates, and the number of irrigations

per season. Set-time lengths are optional input into both subroutines
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and coefficients of advance, recession, and infilfration equations may

be optionally input to subroutine BORDER.

Border evaluation

The main method of border irrigation system evaluation and design
used in the APSYS routine by the subroutine BORDER was obtained from a
recent report on border irrigation hydraulics by Strelkoff and
Katopodes (1977).

Border irrigation advance has been model led using equations and
graphs which provide dimensionless advance solutions. The methodology
used combines theories of zero inertia, open channel flow, continuity,
and mementum (Katopodes and Strelkoff, 1977). Graphical forms of
dimensionless advance trajectories of border irrigation for typical
agricultural soils have been described in a regression-equation form
for use in the BORDER subroutine.

Recession rates are calculated in subroutine BORDER by an
algebraic method also described by Strelkoff (1977). Intake opportunity
times of selected points along a border irrigated field are then es-
timated using advance and recession rates. These intake times are
used with an equation describing infiltration of water into the
particular soil to compute infilftration volumes, deep percolation
losses, and field efficiencies.

Four options of system evaluation and design used by subroutine
BORDER (table 8) provide a systems planner flexibility in system de-

sign and planning. Advance, recession, and intake data, if available,
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can be input to subroutine BORDER, and water distribution and application
efficiencies are evaluated on the basis of these data. The method of
dimensionless advance is not used in this option, and advance and re-
cession data must be supplied for the specific flow rate used. Infil-
tration of water is calculated through use of the Kostiakov-Lewis equation
(Wilke and Smerdon, 1968). |f the set-length time is not input into

the model, it will be computed by the program.

The last three BORDER options listed in Table 8 utilize the afore-
mentioned methods of dimensionless advance and algebraic recession to
estimate hydraulics of the irrigation water. Border systems can be
evaluated for constant set-length times and system flow rates, or for
times and flow rates calculated by the subroutine to provide optimal

distribution and application efficiencies.

Furrow evaluation

Subroutine FURROW utilizes coefficients of the Kostiakov-Lewis
infiltration equation in conjunction with infiltration equations de-
scribed by Vaziri et al (1973) to compute the advance, infiltration,
and efficiencies of furrow irrigated fields. As in the border
evaluation subroutine, parameters describing the water infiltration
coefficients are representative of standard SCS intake families
(USDA-SCS, 1974). The furrow flow rate size is required input for
subroutine FURROW. Set-time lengths can be calculated in the program

if unknown.
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APSYS output

A sample of APSYS program solutions for a sidé—roll sprinkler
system is shown in Table 9, and a sample oquu+ for a border irrigation
system is listed in Table 10. Program solutions include pertinent
system parameters read into the computer routines along with computed
annual costs, losses, and efficiencies. Pumping unit and annual power
costs are not included in the application system annual cost figures.

A sinking fund method of calculating depreciation and interest is used
in the APSYS routine for determining annual system ownership and

operation costs.

Program |imitations

The APSYS routine requires data that are known or that can be
readily obtained. Generalities in input and program computation are
necessary in order that program solutions may be representative of an
area larger than an individual farm. The routines used assume uniform
land slopes and uniform soil types with infiltration rates similar
to those of SCS classifications (USDA-SCS, 1974). Any non-uniform soil
types or soils with variable slopes should be subsectioned for refined
analyses.

One typical farm size is used to represent ownership conditions
of each soil type. Wide variations in farm and field sizes and shapes
may necessitate further division of a soil class.

This program does allow flexibility in selecting the type or

level of farm and irrigation management to be practiced by farmers in an
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Table 9. Sample APSYS computer routine output for a sprinkler
irrigation system, Salem Irrigation District.

Annual Cost of Irrigation -- Side Roll Wheel Line
Soil Type Number -- | (Annis)
Grain

Farm Data:
Lateral life, years |5,
Field Length Ft. 1300.
Farm size, acres 80.
No. of irrigations D
Frequency of irrigation, days 21
GPM/ lateral 207
Labor rate, $/hr. 5.
Number of laterals/farm Ly
Length of lateral, feet 1300.
Lateral spacing, feet 50.
Time to move lateral, min/set 30,
Time of setting, hrs. 12
Transport time per rotation, hrs. > | et
Area covered by each lateral, acres 40.
Cost per lateral line, $ 5940.
Salvage Value 17220
Al lowable intake rate, in/hr. 0.80
Total labor, hr/ac/yr b
Deep percolation, af/acre 0.256
Application efficiency, percent 75.00

Mainline Data:

Mainline life, years 205
Total area served by mainline, acres 80.
Total length of mainline, feet . 1300.

Diameter (in) Length (ft) Cost ($/f1)

8. 600. 3.65

6. SO0 2.30
Salvage value 376.20
Total cost of mainline, $ 4180.
Total investment ($/ac) 201,
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Table 9. Continued

Annual Cost: (9.5% interest) $/ac
Depreciation (sinking fund)

Laterals 4.38

Mainline 0.88
Interest on investment

Laterals ‘ 14.11

Mainline 4,96
Labor cost 4.5
Maintenance cost (3.0% initial investment) 6.02
Taxes and insurance (0.5% initial investment) .10

Total 35.176

Note: Total Annual Cost Does Not Include Pump Unit and Reservoirs
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Table 10. Sample APSYS computer routine output for a border irrigation

system, Salem Irrigation District.

65

- Annual Cost of Irrigation ---Gravity lrrigation System with Good

Management -- Soil Type Number -- | (Annis)
' i’
Grain
Farm Data:

' Field length, ft.| . 1000.
Labor required, hr/ac/irr 0.35
Additional labor, hr/ac/irr 0.0
Labor rate, $/hr 5.00
Cost of const. farm ditch, $/ft 0.40
Cost of irrigation structures $/ac 20.00
Cost of farm ditch lining, $/ft 250
Cost of misc, equip., $/ac 0.0
Cost of leveling, grading, $/ac 200.0
Cost of land preparation, $/ac 10.00
Cost of land lost to production, $/ac 250.00
Number of irrig./season 3,
Depleted RAM between irrigations, inches : 4.20
Frequency of irrigation at peak use, days Al
Farm size, acres - 80.
Field size for this crop, acres , 78,
System life, years ' © 50,
Salvage value i 0.0
Total investment, $/ac 346.

Ownership cost ($/ac)
Depreciation (sinking fund) 270
Interest on initial investment (9.5%) 32.90
Operation and Maintenance cost ($/ac)
Labor cost 5.25
Maintenance and repair (including annual land prep) 10.73
Taxes and insurance (0.5% initial investment) 0.37
SUbletailidal]l amiamureenn eSSl EES RS e 51.95
Cost of land lost to production 1+30



Table 10. Continued

Cost of water lost
Cost of sub-surface drain ($/ac)

Total annual cost ($/ac/yr)

Border Irrigation Efficiency Estimates Soil Type Number -- |

Length of irrigation run, f*t

Depth of water applied at field head, in
Depth of water applied at field end, in

Unit stream size, cfs/ft

Border width, ft

Field slope, ft/ft

Time of application, min
Application efficiency, percent
Distribution efficiency, percent
Volume of deep perc, ac-ft/ac/yr
Volume of runoff, ac-ft/ac/yr

30 I
=

59.45

1000.
4.20
3.6l
0.0516

40
0.0020
162.
67.
90
0.0
0.50
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irrigation district. The optimal efficiency options present in the
surface subroutines should be used only if area farmers are financially
and physically capable of maintaining high levels of operation and main-
tenance management. These options assume coordination with efficient
irrigation scheduling.

In all methods of application systems design used in this model,

a continuous supply of water is assumed during periods of peak consumptive
use. Sprinkler systems are designed for continuous operation during

this period, aside from required moving times. Surface irrigations

would require continuous scheduling among water users to provide

irrigated fields with the proper flow rate required for efficient
irrigation.

The APSYS routines do not evaluate benefits achieved from in-
creased crop growth uniformities or yields resulting from increased
irrigafion management or system design. Crop growth models coupled
with a multidisciplinary approach to systems evaluation will be
necessary for a complete understanding of an irrigation system's

impact on crop production levels.

Application of APSYS routine to the
Salem lrrigation Disfrict

Data obtained for the four crops considered for each of the
four general soil series combinations shown in Figure 5 are listed
in Table Il. The application systems considered for each soil type

along with their basic individual characteristics are listed in
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Table |l. Design Parameters for on-farm application systems, Salem Irrigation District.

Water Readi ly Norma | Daily Applica- s Number

Holding Rooting Available liFts Peak Crop Tion Freq. of

Cro Capacity Depth Moisture Require- Use Pattern depth (days) Irriga-
P (in/ft) (ft) (%) ment (in) (ipd) (%) (in) tions
Annis Soil Classl
e * =

Potatoes 2.4 2.5 40. 8.0 0.28 30 2.4 8 8
Grain 2.4 5.5 50. 2.3 0.20 354 4.2 21 3
Alfalfa e Ll 4.0 60. 19.0 0.23 20, 5.8 25 4
Pasture 2.4 25 50. 1770 019 1 54 3.0 |16 6
Withers Soi | Class2
Potatoes 2.2 245 40. 18.0 0.28 30. 22 8 9
Grain .9 3.0 50. 25 0.20 35, 2.9 14 7
Alfalfa 1.9 3.0 60. 19.0 Q.23 20. 3.4 15 6
Pasture 242 245 50. 170 0.19 |55 2.8 14 ¥
Blackfoot Soi | Class3
Potatoes 242 2:9 40. 18.0 0.28 30. 2 2 8 9
Grain 2.2 B2 505 k2.3 0:20 50, 3.9 19 4
Alfalfa 242 4.0 60. 19.0 0.23 20, 585 23 4
Hayeston Soi | Class4
Potatoes 1.6 235 40. 18.0 0.28 20. I 6 6 |2
Grain .4 3.0 50. 255 020 40. 2,1 |10 6
Alfalfa .4 3.0 60 19.0 0.23 20. 23D Il 8
Pasture {6 245 50. 17.0 0.19 20, 2.0 |10 9

Annis Silty Clay Loam

Withers Clay Loam

Blackfoot and Bannock Loam

Hayeston Variant Coarse Sandy Loam, Labenzo Silt Loam, Haplaquolls Misc.
Data obtained from output of APSYS routine
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Tables 12 and 13. Appendix C contains a complete listing of the computer
input used for application systems evaluation for the Salem Irrigation

B striet:

Data sefup. The following methodology was used fo obtain the cost
and efficiencies of specific application system types for each of the
soils groups in Figure 5. Farm and field sizes and crop distribution
for each soil group were obtained from large-scale aerial photos and the
Madison County Atlas and Plat Book (1977), and by visual observation.
Field slopes and slope directions were measured from topographical maps
and by discrete field surveys. Soil intake classifications were
selected from information gathered from local and regional SCS personnel,
and crop patterns of the various soil types were estimated from area
reconnaisance work and historical records. All applicafiqn systems cost
data used were col lected from sourées near Rexburg, ldaho. An interest
rate of 9.5 percent was used for all on-farm systems planning.

The farm sizes for each crop and soil type were grouped into fthe
size categories listed in Table |I. Multiple field lengths were analyzed
for gravity systems, and selection of field lengths to be used in the
| inear programming optimization procedure was based on current field
sizes, attainable irrigation efficiencies, and annual system costs.
Improved and unimproved furrow systems were evaluated for potatoes on
all soils and improved and unimproved border irrigation systems were
evaluated for grain, alfalfa and pasture crops. Descriptions of these

gravity systems are listed in Table |3,
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Table 12. Sprinkler application systems considered for the Salem Irrigation District

Mainline Area served Lateral
System type length by mainline length General description
(feet) (acres) (feet)
E3
Hand-1ine sprinkler 2600 |60 (Hayeston) 1300 The layout of this system consists of
2010 120 (Withers) 1300 hand-carried laterals supplied by a
1675 |00 (Blackfoot) 1300 semi-permanent mainline. Lateral
1300 80 (Annis) 1300 spacing is 50 feet.
Side-roll sprinkler 2600 160 1300 The layout of this system consists of
’ 2010 120 1300 mechanically moved laterals supplied
1675 100 1300 by a semi-permenant mainline. Lateral
1300 80 1300 spacing is 50 feet.
Solid-set sprinkler 2600 160 650 The layout of this system consists of
2010 120 650 a solid set of semi-permanent laterals
1675 100 650 on 50 feet spacings supplied by a semi-
1300 80 650 permanent mainline. This system is
used on potatoes only.
Center pivot sprinkler 1300 160 1298.5 This system consists of a mechanically

moved lateral which rotates about a
central pivot point. Water is supplied
by a permanent buried mainline. The
lateral includes an attached corner
system.

¥ Soil types are defined in Table | and Appendix A.
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Table 13. Surface application systems considered for the Salem Irrigation District.

Furrow
Field length width Border
System Type (feet) (feet) (feet) General Description
Unimproved gravity 1300 3 40 This system consists of poorly maintained
1000 earthen ditches with earthern and wooden
800 structures and portable canvas dams used
600 for water control. Maximum allowable
3 400 length of irrigation run is 300 feet.
Minimum al lowable set ftime length is 240
minutes.
Improved gravity 1300 & 40 This system consists of well maintained
1000 concrete-ditches with concrete and metal
800 structures used for water control. Max-
600 imum allowable length of irrigation run is
400 |300 feet. Extensive land leveling opera-
Tions and irrigation scheduling management
is required. Set time length is adjusted
for maximum efficiencies.
L J ® ® o . L *




For sprinkler systems, the representative farm size and layout on
each soil type were used in conjunction with crop acreage data to determine
the overall annual costs per acre. Hand-line and side-roll sprinkler
laterals were assumed to be 1300 feet in length. Center pivot systems
were evaluated for square fields 160 acres in area. Increased costs and
irrigated areas created by the use of corner systems on the center
pivots were included. Only one soil class (Hayeston) has field areas
large enough to accomodate a large pivot sprinkler system. Thus, this
system was not evaluated for the other three soil types.

Solid set systems were evaluated with 650-foot laterals and were
planned for potatoes 6n|y. Pumping costs were added to all sprinkler
system costs before inclusion in the linear-programming model for
systems not receiving wafer from a high pressure distribution system.

Program output. The annual costs per acre and efficiencies for

each type of application system considered are listed in Tables |4
through 17 for the four crops and soil series groups studied. The annual
costs computed for application systems include the costs of applying
water and conveying the water from a point of delivery to the point or
points of application. Also included in the annual costs of the
sprinkler systems are pumping and power costs computed by the PUMP
program discussed towards the end of this chapter. The volume of

energy demanded by the center pivot system (Table |7) is lower than
solid-set or hand-move and side-roll systems because continuous operation

of the center pivot system during peak wateruse is possible, facilitating
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Table 14. Application system parameters for Annis silty clay loam -- Salem Irrigation District.

Annual

Run or cost

lateral including Application  Maximum Energy
System length pumping cost efficiency required Demand
symbo]  System Crop (feet) ($/acre) (percent)  (cfs/acre) (kwh/acre)
SUBPI sub- Potatoes 100 - 20,50 I18. 0.0665
SUBG irrigation Grain I 100 20 S50 I5% 0.0657
SUBA | Alfalfa | 100 70.50 = il 0.0>22
SuBB| Pasture [ 100 20.50 17, 0.0475
UNGP | Unimproved Potatoes 000" 59.00 4l 0.0287
UNGG | gravity Grain 1000 57,50 39. 040215
UNGA | Alfalfa 1000 39.30 54. 0.0179
UNGBI Pasture 1000 42.80 26 0.0307
IMGP | Improved Potatoes 1000 74.30 43. 0.0274
IMGG | gravity Grain 1000 59.50 - 67. 0s 0425
IMGA I Alfalfa 1000 6] 20 58. 0.0166
IMGBI Pasture 1000 64.70 Bl 0.0157
HMPP | Hand-line  Potatoes 1300 76+90 1653 0.0168 846
HMPG | sprinkler  Grain 1300 65.50 70k 0.0120
HVPA | Alfalfa 1300 7150 70, 0.0138
HVPBI Pasture 1300 71.40 70 0.0114
SRPPI Side-rol | Potatoes 1300 78.90 70 0.0168 790
SRPG | sprinkler Grain 1300 74.30 70 0.0120
SRPA | Alfalfa 1300 76.70 70 0.0138
SRPBI Pasture 1300 76:70 70. 0.0114
SSBEPI Solid-set Potatoes 650 230650 15, 0.0157 636

sprinkler
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Table 15. Application system parameters for Withers clay loam -- Salem Irrigation System.
Annual
Run of cost
lateral including Application  Maximum Energy

System length pumping cost efficiency required Demand

symbol  System Crop (feet) ($/acre) (percent)  (cfs/acre) (kwh/acre)

SUBP2  sub- Potatoes 1200 20.60 /8. 0.0665

SUBG2 irrigation Grain 1200 20.60 I35 0.0657

SUBAZ Alfalfa 200 20.60 19. 0.0522

SUBB2 Pasture 1200 20.60 L 75 0.0475

UNGP2  Unimproved Potatoes 1300 46.60 44, 0.0268

UNGG2  gravity Grain 1300 29.30 27 003 |

UNGA2 Alfalfa 1300 30.60 34. 0.0284

UNGB2 Pasture 1300 50.40 48. 0.0307

IMPP2 Improved Potatoes 1300 58.30 46. 0.0256

IMPG2  gravity Grain 1300 47.70 58 0.0145

IMPA2 Alfalfa 1300 49.00 B 0.0169

IMPB2 Pasture 1300 50.40 48. 0.0166

HMPP2  Hand-line  Potatoes 1300 66.40 . 10 0.0168 132

HMPG2  sprinkler Grain 1300 58..50 70. 0.0120

HVPA2 Alfalfa 1300 61.80 10 0.0138

HMPB2 Pasture 1300 63,20 70, 0.0114

SRPP2  Side-rol | Potatoes 1300 69.40 70 0.0168 632

SRPG2  sprinkler Grain 1300 585410 70, 0.0120

SRPA2 Alfalfa 1300 60.50 o 0.0138

SRPB2 Pasture 1300 6l1.10 70. 0.0114

SSPP2  Solid-set  Potatoes 650 225.20 I 00157 486

sprinkler
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Table 16. Application system parameters for Blackfoot and Bannock loams -- Salem Irrigation

Bilisiirien.
Annua |
Run of cost
lateral including Application  Maximum Energy
System length pumping cost efficiency required Demand
symbo| System Crop (feet) ($/acre) (percent) (cfs/acre) (kwh/acre)
SUBP3 sub- Potatoes 1400 20.60 8. 0.0665
SUBG3 irrigation Grain 1400 20.60 15, 0.0657
SUBA3 Alfalfa 1400 20.60 9. * 0. 0522
UNGP3  Unimproved Potatoes 1300 46.60 34. 0.0346
UNGG3  gravity Grain 300 2990 50 0.0168
UNGA3 Alfalfa 1300 27.90 55. 0.0176
IMGP3 Improved Potatoes 300 58.30 36. 0.0327
IMGG3  gravity Grain 1300 46.30 61, 0.0125
IMGA3 Alfalfa 1300 46.30 54, 0.0169
HMPP3  Hand-line Potatoes 1300 63.10 0% 0.0168 622
HMPG3 sprinkler Grain 1300 54.40 10 0.0120
HVMPA3 Alfalfa 1300 56.40 70. 0.0138
SRPP3  Side-rol | Potatoes 1300 Y. 30 78, 0.0168 580
SRPG3  sprinkler Grain 1300 60.30 70, 0.0120
SRPA3 Alfalfa 1300 61.10 70. 0.0138
SSPP3  Solid-set  Potatoes 650 226.80 5. Q.0)57 580
Sprinkler
® ® ® ®
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Table 17. Application system parameters for Hayeston Variant coarse sandy loam, Labenzo silt
loam, and Haplaquolls misc. -- Salem Irrigation District. f
Annual
Run of cost
lateral including Application Max imum Energy
System length pumping cost efficiency required Demand
symbol System Crop (feet) ($/acre) (percent) (cfs/acre) (kwh/acre)
SUBP4  sub- Potatoes 200 20.80 18. 0.0665
SUBG4 irrigation Grain 1200 20.80 I35 0.0657
SUBA4 Alfalfa 1200 20.80 195 0.0522
SUBB4 Pasture 1200 20.80 I 7 0.0475
UNGP4 = Unimproved Potatoes 1000 61.00 46. 0.0274
UNGG4  gravity Grain 1000 34.80 6. 0. 1401
UNGA4 Alfalfa 1000 38.30 8. 0.1208
UNGB4 Pasture 1000 40.00 54 0.1597
IMGP4 Improved Potatoes 600 I11.00 47. 0.0251
IMGG4  gravity Grain 600 79.00 68. 0.0124
IMGA4 Alfalfa 600 85.00 70. 0.0138
IMGB4 Pasture 600 88.00 36. 0.0222
HMPP4  Hand-line Potatoes 1300 62.00 10 0.0168 664
HMPG4  sprinkler Grain - 1300 54.00 70 0.0120
HVPA4 Alfalfa 1300 58.80 70. 0.0138
HVPB4 Pasture 1300 59.30 70. 0.0114
SRPP4  Side-roll Potatoes 1300 71,30 70. 0.0168 566
SRPG4  sprinkler Grain 1300 57550 70 0.0120
SRPG4 Alfalfa 1300 59.30 704 0.0138
SRPB4 Pasture 1300 59.30 0. 0.0114
SSPP4  Solid-set  Potatoes 650 222.30 o 050157 469

sprinkler
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Table |17. Continued.

Annual
Run of cost
lateral including Application ~ Maximum Energy
System length pumping cost efficiency required Demand
symbol System Crop (feet) ($/acre) (percent) (cfs/acre) (kwh/acre)
GPRP4 Center Potatoes 1298.5 61.00 80. 0.0147 45|
CPPG4 Pivot Grain 1298.5 61.00 80. 0.0105
CPPA4 sprinkler Alfalfa I'298 5 61.00 80. QL0121
CPPB4 Pasture 1298.5 <161.00 80k _0.01l00
[ ] ® ® L L e ® L




a lower flow rate.
Listings of computer output from routine APSYS have been included in
Appendix D for the Annis silty clay loam soil type. Sample output is

shown in Tables 9 through 10.

Distribution System Annual Costs and Efficiencies

Distribution system costs are estimated for open channel and pipe
system components by the FORTRAN 1V computer routines entitled CANAL
and PIPE. Many of the design procedures used in these routines were
obtained from the United States Bureau of Reclamation. These procedures
were incorporated into this irrigation alternative optimization model
during a project support primarily by the USBR in 1977 (Galinato et al.
1977), and the XCANAL and XPIP routines written during that study
coincide with the routines CANAL and PIPE presently used in this model.

The XCANAL and XPIP routines were fewriTTen during this project
To provide for rehabilitation planning of existing unlined canal systems
and to estimate construction costs of privately financed irrigation
projects. The basic design procedures used in XCANAL and XPIP have
been retained in the present computer routines, although most of the
cost-estimating algorithms have been modified.

The computer model written for the USBR is described in detail in
a completion report published by the Water Resources Research Institute
at the University of Idaho (Galinato, et al. 1977), and is currently
supported on the USBR computer in Denver, Colorado. The Bureau model

provides good cost estimates for planning of federal irrigation projects,
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e 01d channel cross-section

~=e== egrthwork and excavation lines
of planned channel and pipeline
systems

Figure Il. Cross-section showing channel modification (a) or
installation of pipe during rehabilitation of an
irrigation distribution system (b).
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although these estimates may overestimate construction costs of smaller
projects or private irrigation systems where the service life of system
components may be shorter or the components may be designed for con-

struction out of lighter or less expensive materials.

Systems rehabilitation procedures.

The routines CANAL and PIPE provide cost estimations for various
types of irrigation conveyahce systems and include subroutines which
estimate earthwork costs associated with construction of these systems.
Provision has been made in these subroutines to estimate various volumes
of earthwork which would be required in modernizing or rehabilitating
an existing unlined open channel system. Réhabilifafion would be ac-
complished either by reshaping and lining the channel with an impervious
membrane or by installing sections of high or low-head pipe along the
channel bottom (Figure I1).

Rehabilitation of a conveyance system is normally undertaken to
decrease high seepage losses and operational losses caused by poor
water control facilities and mismatched Sizes of system components, as
well as to rectify incompatabilities between conveyance and on-farm
systems. Utilization of an existing canal system in a rehabilitation
project can considerably reduce earthwork costs and the need for new
rights-of-way acquisitions required in new route selection. Often,
however, a common purpose of systems rehabilitation is to straighten
irrigation channels to reduce operation and maintenance costs as well

as seepage losses from the conveyance system. |In this case, an existing
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channel with many tortuous sections would most probably be abandoned and
leveled.

Estimated volumes of required earth fill are assumed to be borrowed
from land areas adjacent fto the channel. In the pipe rehabilitation
scheme, the existing channel is leveled affter the pipe is installed to

conform with the surrounding terrain.

Formulation of annual cost functions

Annual costs for conveyance systems are formulated in the CANAL and
PIPE programs as functions of the range of flow rates each section can
be expected to convey. The flow rate range of a section is dependent
upon the consumptive water requirements of crops grown, the expected
efficiencies of planned application systems, and the size of the land
area served by the conveyance se;fion including other downstream
sections and their corresponding seepage losses. Each conveyance is
sized in the l|inear-programming optimization procedure to obtain
minimum cost combinations of application and distribution systems
which sa+isfy all sysfem constraints. Thus, depending upon efficiencies
of application systems selected by the optimization procedure, a wide
range of design flow rates for each section is possible.

Annual section costs need to be determined for the case where the
least efficient application systems are operated in all service areas
in conjunction with distribution system types with the highest con-
veyance losses. |f annual costs are also computed for the case where

the most efficienct application and conveyance systems are incorporated

8



into the study area, then annual costs for the maximum and minimum
possible design flow rates of each section will be known.

Annual costs should be determined for 8 to |0 flow rate increments
between the minimum andbmaximum rates possible for each conveyance
section. A least-squares linear regression analysis is then used in
the distribution cost routines to determine the best fit linear relation-
ship between annual cost and design flow rates. This relationship, in
the form of Annual cost = a +.bQ, is discussed in Chapter |lIl. A linear
relationship between annual cost and section flow rates is necessary for
compatability with the linear programming model discussed in Chapter VI.

Although annual cost functions of distribution system components
may not be linear, they can usually be described accurately by a linear
function if only a shérf arc of the function is described. Figure 12
is a sketch of a function representing annual costs of a distribution
section. The endpoints of the arc A-B correspond with the minimum and

maximum design flow rates, Q, and QB, for that section. A correlation

A
coefficient, r, will indicate the accuracy of a linear function in
estimating the annual cost of a section. A high correlation coefficient
will normally be obtained if the minimum and maximum design flow rates,

and thus, the length of arc A-B, are chosen to represent a |imited range

of flow rates.

Open channel conveyance systems

Calculations of sizes and costs of flow control structures and

devices required for regulation and construction of most open channel

82.



OSPRRLTEONE 2
i %,

gl v & ULl

¥

oo s il

i % . B o u i umiaiediiad

trapezoidal systems have been included in the CANAL routine. All costs
and conveyance losses in this routine are computed in relation to the
flow rates conveyed. Figure |3 is a simple diagram of the subroutines
called by the CANAL program. Dashed lines in the figure represent input
and output flows of data, and solid lines depict the order and flow
paths of calculations and data within the routine. A documented listing

of the CANAL program is included in Appendix B.

ANNUAL COST

DESIGN FLOW RATE

Figure 12. Linearization of an annual cost function.
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CANAL

EARTH TUNNEL

SIPHON REGLIN REARTH

IAND ISHFT ROUND

Figure 13. Flow chart of CANAL program used to calculate annual
costs of open channel distribution systems.
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Data input, design, and cost estimation. Most of the data utilized

by CANAL is read with the free-form format subroutine INPUT, described at
the beginning of this chapter. Some alphanumefic data required by the
subroutines for IabelingApurposes require a sbecific format. Table I8
lists input parameters read intfo the CANAL routine.

Unit prices and cost indices for earthwork and canal structures
are entered into the main routine CANAL along with an indicator concerning
rehabilitation. The unit prices coincide with cost parameters used by
the Bureau of Reclamation on most federal projects and can normally be
obtained for the region of study. Cost indices can be computed for the
base year noted by utilizing cost index curves (USDI-USBR, 1977;
Enéineering News Record, 1977) or by contacting area construction companies.

Data input to CANAL are transferred to either subroutine DITCST or
RECHAN, depending upon the planning conditions. RECHAN is used if an
existing canal is to be included in the rehabilitation plan, and DITCST
is called if the planned conveyance system is to be constructed in un-
disturbed terrain. Both subroutines utilize essentially the same design
procedures. The main difference is in the estimation procedure used for
computing earthwork volumes.

Data are entered into subroutine DITCST or RECHAN concerning
economic and hydraulic data common to all conveyance sections in the
distribution system evaluated. The subroutine then reads data for each
specific conveyance section including the minimum and maximum possible

design flow rates.



For each Q (flow rate) considered, subroutine DITCST or RECHAN will
compute a channel base-height ratio, freeboard, bank height, totfal channel
depth, and height, thickness, and volume of the channel lining. Five
options are considered for lining materials, namely: (l) no lining,

(2) unreinforced Portland cement concrete, (3) reinforced Portland
cement concrete, (4) asphaltic concrete, and (5) shoftcrete. The canal
seepage rate is estimated using the MoriTz equation (Abbett, 1956), and
the volume of water lost during an irrigation season is based on the
number of days the canal would carry 75 percent of peak flow.

DITCST and RECHAN will also compute the cost of water control
structures iﬁ each section, including rectangular inclined drops,
concrete checks, modified Parshall flumes, county bridges, farm bridges,
drainage crossings, and farm turnouts. Estimating curves are used to
compute costs for the above structures with the exception of county and
farm bridges and drainage crossings. These estimating curves are in the
simple eponential from C = aQb where C = the installed cost of the
structure; Q = flow rate capacity of the sTrﬁcTure; a = the intercept
of the unit capacity of the cost curve; and b = the exponential slope
of the cost curve.

If a siphon is present in the system, subroutine SIPHON is called
to estimate construction costs. This routine is a modified version of
the -USBR program SIPHN. |f a tunnel within a section is required, sub-
routine TUNNEL is called to estimate the cost of drilling or blasting

the tunnel. Subroutine PIPER is utilized to estimate the cost per
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| inear foot of concrete pipe for given diameters and head classes,
if any siphons or drainage crossings are required in the channel
sections.

Channel earthwork volumes are required rights—-of-way are calculated
by subroutine EARTH in the DITCST option and by subroutine REARTH in
the RECHAN rehabilitation option. Subroutine EARTH is a modified
version of the USBR program BR0Z2|, and requires prismatic and terrain
data similar to USBR specifications. The types of parameters required
by EARTH and REARTH are included in Table 18, and a schematic of a
channel cross-section depicting the various prismatic and terrain
parameters required by EARTH is shown in Figure |4. Parameters B, D,
and HC in the figure are computed by subroutine DITCST. Prismatic
parameters used to describe the shape of an existing channel to be
rehabilitated are shown in Figure I5.

Subroutines DITCST and REHAB compute total construction and annual
equivalent costs for each specified flow rate within the specified
range. Subroutine REGLIN is then called to determine l|inear regression
coefficients of annual cost vs. flow rate. This procedure is répeaTed
for all canal sections to be evaluated by the program. The |inear
regression cost coefficients, conveyance efficiency, and canal seepage
computed for each canal section are used as data for the optimization
procedures.

CANAL output. A sample solution of the CANAL program for a

rehabi |l itated open-channel section is shown in Table 19. Program output
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Table 18. Input Parameters used to calculate annual costs and
efficiencies of open channel distribution systems.
Input Parameters for CANAL
Unit costs for excavation, backfill, and compaction:

Unit

Unit
Cost

Canals

Canal structures

Siphons

Pipe trenches

costs for concrete:

Canal lining

Canal structures

Siphons

costs for steel and cement

indices for estimation of pipeline construction

(USBR parameters):

Hourly wage rates
Equipment index
Area factor

Haul distances
Steel index
Cement index

Indicator for new or rehabilitation planning procedure

Cost

Input Parameters Common to DITCST and RECHAN

contingencies (percentages):
Canal and lateral structures
Earthwork

Rights of way

Canal lining

Canal structures cost index
"Lining material code
Channel hydraulics:

Side slope of trapezoidal channel
Manning's roughness coefficient
Maximum allowable velocity
Minimum channel depth

County bridge data

Project life

Annual interest rate

Salvage value (% of original cost)
Value of water lost from canal

88.



Table 8. Continued.

Number of days canal operates above 75% of capacity
Operational losses (% of flow)

Input Parameters for Each Specific Channel Section (DITCST and RECHAN)

Seepage coefficient, Moritz equation
Percent rock excavation
Additional right of way and value
Area and unit costs for severance payment
Elevations of section inlet and outlet
Number and sizes of turnouts
Number and sizes of drainage crossings
Number of canal structures:
Rectangular inclined drop < 3 feet
Rectangulat inclined drop > 3 feet
Concrete check w/o apron
Modified Parshall flume
County bridge
Farm bridge
Siphon
Tunnel ;
Siphon data (USBR specifications):
Head loss and velocity
Lengths of upstream, downstream, and bottom slopes
Transition loss coefficient
Slopes of upstream, downstream, and botton sections
Width of right of way
Tunnel data (USBR specifications):
Head loss and velocity
Elevation of job
Length
Number of headings
New channel earthwork option (DITCST):
Prismatic data (USBR specifications):
Rock cut slope
Upper cut bank slope
Fill cut slope
Upper bank width
Lower bank width
Compacted embankment width
Compactment factor
Percent rock in fill
Depth of cut adjustment
Compacted embankment code
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Table B. Continued.

Terrain data (multiple stations):
Station distance
Ground cross slope
Center line cut
Rock center line cut
Station code
Prism code
Rehabilitation earthwork option (RECHAN):
Existing channel section description:
Base width
Inside side slope
Height of channel sides
Top width of berms
Outside side slopes
Elevations of adjacent terrain at section inlet and outlet
Flow rate data:
Minimum flow rate
Maximum flow rate
Flow rate interval for evaluation and design
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Figure 14.

BOTTOM WIDTH (EXCAV WIDTH IF LINED)
TOTAL DEPTH (EXCAV DEPTH IF LINED)
HEIGHT OF CAMPACTED EMBACKMENT
INSIDE BANK SLOFE
ROCK CUT SLOPE
CRCUND CROSS-SLOPE

o

WL = WIDTH UPPER BANK
WR = WIDTH LOWER BANK

WC = WIDTH COMPACTED EMBANKMENT
7 = CENTFRLINF CUT

F_= ROCK CENTERLINE CUT

s5 = FILL BANK SLOPE

Terms relating to channel cross-section to be used with USBR planning

procedures in EARTH subroutine.
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OBW
OBMH
OBMWL
OBMWR
0ZBML
0ZBMR

OELI
OELO
ETLI
ETLO
ETRI
ETRO

~w_0BMWL
5 o)
) &

OELI/OELO

LI | | ([ {1 1 | IO

BOTTOM WIDTH
DEPTH (HEIGHT OF BERMS ABOVE BOTTOM)
TOP WIDTH OF LEFT BERM

TOP WIDTH OF RIGHT BERM

OUTSIDE LEFT BANK SLOPE

OUTSIDE RIGHT BANK SLOPE

INSIDE BANK SLOPE

ELEVATION
ELEVATION
ELEVATION
ELEVATION
ELEVATION
ELEVATION

CHANNEL BOTTOM AT INLET
CHANNEL BOTTOM AT OUTLET

LEFT ADJACENT TERRAIN, INLET
LEFT ADJACENT TERRAIN, OUTLET
RIGHT ADJACENT TERRAIN, INLET
RIGHT ADJACENT TERRAIN, OUTLET

Figure I5. Prismatic and Terrain parameters input to subroutine REARTH.
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Table 19.

Sample CANAL computer routine output for a lined distribution system section, Salem

Irrigation District

Lined Canal Reach Number One

*

Q Cost of Cost of Cost of Cost of Total const. Annual equiv. Convey.
(cfs) struct. earthwork lining right of way cost cost Bl .
40. 9555, | 7895. 341018, 0. 58568. 4243.9 97.6
45, 9923, 8755 32096. 0. 60774. 4403,7 97.6
50. 10279. 19549. 35260 0. 63088. 457155 97.6
594 10625. 20272, 34353, 0. 65250. 4728.0 97..7
60. 10963. 20955. 3587 . Qe 67304. 4876.9 97.7
65, 11293, 22560. 36369. 0. 10221 5088.2 7.7
70 [ 1616 22594, 31505 0. 71515, 5182.0 97T
75 155, 22670. 38200 0. 12803, 5275.3 97 <7
80. 12244, 22780, 39060. 0. 74083. 5368. | 95T
85, 12549, 22920. 39887. 2 HOB56, 5460.3 97.8
90. 12850. 23084. 40684. Ele 76619. 5551 .8 97.8
95. 13146. 237 i+ 41455, 0 18T 5642.5 97.8
100 13437, 23474 42201 . Qs TASH M1 57 52.5 978
105. | 3725 23695. 42924, O’ 80344. 5821.7 97.8
I10. 14009. 23927 43626 0. 81563. 5910.0 97.8
|15, 14289. 24572, 44309. @ 83170. 6026.5 97.8
120 14566 25148 44974 0 84688. 6136.5 97.8

¥ Annual equivalent cost is computed for a system life of 50 years and for an annual

of 7.0%.

interest rate




Table 19. Continued.

Summary of Earthwork for Rehabilitation of This Reach

Q
Common excavation total
Fill from channel excavation
Channel compacted backfill total
Compacted embankment total
Fill from adjacent excavation
Overhaul

Average minimum right of way

Old inlet and outlet elevation
Design inlet and outlet elevation

Design depth of channel
Design width of channel
Length of reach

Lined Canal Reach Number One

926./. cu.yd

B53. cu yd
9054. cu yd
7467. cu yd
8201. cu yd

0. cu vyd
23. feet

4907.4  4891.4
4907.4  4891.4

6750. feet

Estimated Cost of Structures

Q

Estimated cost of siphon
Estimated cost of tunnel
Estimated cost of drops
Estimated cost of concrete checks

Estimated cost of modified p. flume

Estimated cost of turnouts
Estimated cost of county bridge
Estimated cost of farm bridge

Estimated cost of drainage crossings

contingencies (10%)

Total cost of structures for this reach

Average canal seepage (AF-FT/CFS of flow)

Cost Function coefficients
a = 349],

b 22.6

e 0.99]

Inn i

O OO

8333,

4909.

1324,
14566.

0.6391

* Maximum design flow rate.
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includes costs of structures, earthwork, lining, and rights-of-way for
each flow rate interval, along with annual equivalent costs and convey-
ance efficiencies. Included also are estimated earthwork volumes and
structural cost itemizations for the maximum design flow rate. The
annual cost function coefficients and a correlation coefficient
describing the regression analysis are also listed in the computer

output.

Gravity and high pressure pipe systems

Annual ownership and operanon costs of gravity and high pressure
pipe system sections are calculated by computer routine PIPE over the
range of design flow rates specified for each pipe section. Power and
pumping requirements of high pressure systems are not estimated in this
routine.

A simple flow chart listing subroutines called by the PIPE program
is shown in Figure |6. Dashed lines in the figure represent input and
output flows of data, and solid lines depict the order and flow paths
of calculations and data within the routine. A documented listing of
the PIPE program is included in Appendix B.

Data input, design, and cost estimation. Most of the data utilized

by PIPE are read with the free-form format subroutine INPUT. Section
labels are read from alphanumerically formatted cards or card images.
Table 20 is a list of data required for execution of the PIPE routine.

A rehabilitation code concerning the placement of the pipe sections

is first entered into PIPE. PIPE sections can be layed in natural,
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PIPE

PIPCST

SPIPE

PPIPE

PIPER

REGLIN

IAND

ISHFT

ROUND

Figure 16. Flow chart for PIPE program used to calculate annual costs
of pipe distribution systems.

96«



Table 20. Input parameters used to calculate annual costs of gravity
and high-pressure pipe distribution systems.

Input Parameters for PIPE

Rehabilitation code
Unit costs for excavation, backfill, and compaction:
Canals
Structures
Siphons
Pipe trenches
Unit costs for concrete:
Canal lining
Structures
Siphons
Unit costs for steel

Input parameters for subroutine PIPCST

Cost indices for estimation of concrete pipe costs (USBR parameters):
Hourly wage rates
Equipment index
Area factor
Haul distances
Steel index
Cement index
Depth of backfill
Head class
Cost contingencies (percentages):
Earth work
Steel reservoir
Right of way
Cost contingencies for pipes, valves, efc. (percentages):
Concrete pipe
Steel pipe
Polyvinyl chloride pipe (PVC)
Head class of PVC pipe
Project life
Annual interest rate
Salvage value (% of original cost)

Input Parameters for PIPCST for Each Specific Pipe Section

Length of section
Hydraulic gradeline elevations at section inlet and outlet
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Table 20. Continued.

Elevations of pipe section at inlet and outlet
Pipe type:
Concrete
Coal-tar-enameled steel
PVC (4 to 14 inch diameters)
Water hammer factor
Width and values of easement for cropped and uncropped land
Rock excavation (%)
Turnout code
Miscel laneous turnout or pipeline items ($)
Number and sites of turnouts
Rehabilitation options:
Pipe trench data for natural terrain:
Station (feet)
Ground line elevation
Profile grade elevation
Existing channel description for rehabilitation:
Base width
Inside side slope
Height of channel sides
Top width of berms
Outside side slopes
Elevations of adjacent terrain at inlet and outlet
Flow rate data:
Minimum flow rate
Maximum flow rate
Flow rate interval for evaluation and design
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undisturbed terrain, or they can be placed above, on, or below the bottom
of an existing canal route. Unit prices and cost indices for earthwork

and system structures are also entered into this routine. These parameters
coincide with unit costs used by the USBR and can normally be obtained

for the region of study from tThe USBR or by contacting area construction
companies. These parameters compare with those required by the CANAL
routine.

Subroutine PIPCST is called to design and estimate costs for the
pipe sections. Engineering, economics, and hydraulic data common to all
pipe sections are read intfo this routine along with codes and cost in-
dices used to determine pipe costs. Three major pipe types can be
evaluated in this subroutine, namely concrete, coal-tar-enameled steel,
and polyvinyl chloride (PVC). Cost estimates can be made for a pre-
selected pipe type, or all fthree ftypes can be evaluated, with the least
cost type selected for study.

In addition tfo the length of the section under consideration and the
elevations at each end of a section, the hydraulic head at the section
inlet and outlet is also required to establish the allowable hydraulic
gradient along the pipe. Concrete and steel pipe diameters are cal-
culated by Scobey's equation, and PVC pipe is sized according to the
Hazen-William's formula. All pipe diameters estimated are inside dia-
meters and are sized in multiplies of 2 inches.

Subroutines SPIPE, PPIPE, and the modified USBR subroutine PIPER

are used fo estimate pipe costs for steel, PVC, and concrete pipe sec-
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tions. Costs for PVC pipe are estimated only for pipe diameters up to
14 inches since costs of larger PVC pipe do néT currently compare
economical ly with those of concrete and steel. Pipe costs include trans-
portation and laying costs of the pipe sections. Earthwork costs are
calculated separately. Turnout costs are estimated for high pressure or
for gravity pipe, and pressure regulating valves may be included.

Ground line and profile grade elevations for multiple stations
along each pipe section are necessary to determine earthwork volumes
and costs incurred by laying pipe along natural, undisturbed terrain.
If the pipe sections are to be placed along an existing open channel,
data listed in Table 20 describing old channel sections are required.
A modified USBR subroutine EARTHZ is called to calculafé all earthwork
costs.

Subroutine PIPCST computes total construction and annual equivalent

costs for intervals within the range of flow rates specified for a

particular section. Subroutine REGLIN is then called to determine the

“linear regression coefficients of the annual cost function. This

process is repeated for all sections of the pipe distribution system.

Subroutine PIPCST will also estimate construction costs for
elevated steel tanks or regulating reservoirs. The sizes and steel
requirements of the tanks and towers are computed using USBR sizing
curves over a specified range of system flow rates. These costs are
regressed into a separate annual cost function.

PIPE output. A sample of a PIPE program solution for evaluating
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the construction of a gravity pipe section along an existing open
channel section is shown in Table 21, and output for a high pressure
pipe section in natural terrain is listed in Table 22. Program output
includes costs of pipe, turnouts, rights-of-way and earthwork for each
flow rate interval evaluated. Included also are estimated earthwork
volumes and an engineering summary. The annual cost function co-

efficients and corresponding correlation coefficient for each conveyance

section are also included.

Limitations of CANAL and PIPE programs

The routines CANAL and PIPE have been written to be general in
application, yet fairly accurate in system cost and size evaluation.
Both routines are limited, however, in the ftypes of systems they can be
used to evaluate.

The CANAL routine is currently designed to analyze trapezoidal
channels only, although channel side slope can be allowed to approach
infinity. Each channel and pipe section is sized as though all turnouts
were placed at the section outlet, thus avoiding required reductions in
cross section along the section due to diminishing flow. [|f substantial
volumes of water are diverted near the inlet of é section, then that
section may require further subsectioning before input to the CANAL
routine to facilitate accurate sizing and cost estimation.

All conveyance sections are sized for periodsof peak consumptive
use. Inclusion of adjustable checks may be necessary in evaluating

open channel systems so that water may be elevated To levels required
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Table 21. Sample PIPE computer routine output for a gravity pipe system section in a
rehabilitation plan, Salem Irrigation District.

Gravity pipe reach -- Number |. Length = 6750 feet

Q Diam. Length Pipe Cos+| Turnou+s2 Right of Way Ear'rhwork3 Total Annual4 Pipe
(cfs) (in) (1) ($) (%) ($) ($) Cost ($) Cost ($) Type
40 40 6750 202500. 12749. 0. 47734, 262982. 19029. Concrete
45 42 6750 202500. 12749. 0. 47917. 263165, 19042. Concrete
50 44 6750 218700. 12749, 0. 49073. 280522. 20298. Concrete
55 46 6750 ‘ 243000. 12749. 0. 50265. 306014. 22142, Concrete
60 48 6750 243000. 12749. 0. 51558. 307306. 22236, Concrete
65 48 6750 243000. 12749. 0 51558 307306. 22236, Concrete
70 50 6750 267300. 12749. Os 52866. 332915, 24088. Concrete
75 52 6750 291600 12749. 0. 54191. 358540. 25942.  Concrete
80 52 6750 291600. 12749, 0s 54191, 358540. 25942, Concrete
85 54 6750 291600. 12749. 817 55532, 359881 . 26039. Concrete
90 56 6750 315900. 12749. 0. 56889. 385538. 27896. Concrete
95 56 6750 315900. 12749, OF 56889. 385538. 27896. Concrete
100 58 6750 340200. 12749. 0. 58614. 411563, 29778.  Concrete
105 58 6750 340200. 12749. 0. 58614. 411563. 29778. Concrete
110 60 6750 340200. 12749. 0. 60393. 413342, 29907. Concrete
115 60 6750 340200. 12749. 0. 60393. 413342, 29907. Concrete
120 62 €750 364500. 12749 0. 62207. 439455, 31796. Concrete



Table 2| Continued.

Note:

| Pipe cost includes cost of pipe, laying of pipe, cost of fittings,
valves, blocking, etc. :

2 Turnout cost includes gate valve, line meter, pressure reducing valve,
concrete pipe, steel pipe delivery, etfc.

3 Earthwork cost includes trenching, backfilling and compacting backfill.

4 Annual equivalent cost assuming interest at 7.0%, a system |ife of
50 years, and 5.0% salvage value.

Example of PIPE computer routine output for a gravity pipe system in a
rehabilitation plan. Salem Irrigation District

Pipe earthwork for gravity pipe -- Reach |

Rehabilitation plan -- laying pipe in old channel
Q = 120 cfs
Total excavation 9757 cubic yards
Total compacted backfill 5027 cubic yards
Total backfill (old channel) 0 cubic yards
Total overhaul 0 cubic yards
Adjacent excavation 14831 cubic yards
Total backfill 53 cubic yards

Summary for this reach:

Cost index for pipe system (B=1976) Ik

Length of reach in feet . 6750.
Elevation of pipe outlet, feet 4887.
Elevation of pipe inlet, feet 4904.
H.G.L. reqg. at pipe outlet, feet 4901 .
H.G.L. req. at pipe inlet, feet 4911 .
Width of easement, feet 45,
Value of easement for cropped land 0
Value of easement for other land 0.
Percent length of other easement 0.

Number of turnouts:

5 Size (in)
| Size (in)

Number
Number

non

n
N
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Table 21. Continued.

Check data for . . « » Q= 120 cfs

Capacity, cfs 120

Diameter, inches 62
(rounded)

Average head class, feet 25

Type of cover A¥

Pipe cost, $/ft 45,00

Miscel laneous cost 1275.00
(dol lars) '

Cost Function Coefficients

a = |2629.
b = 162
r = 0.986

*
Cover depth is less than 5 feet.
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Table 22. Sample PIPE computer routine output for a high-pressure pipe system section, Salem
Irrigation District.

High pressure pipe -- Reach I.
Q Diam. Length Pipe CosTI TurnouTs2 Right of Way Ear‘rhwork3 Total Annual4 Pipe
(cfs) (in) tFt2 ($) ($) ($) (%) Cost ($) Cost ($) Type
2% 34 5060 [ 17215, 31682. 0y 42077. 190974. 13820. Steel
30 36 5060 124240. 31682. 0 43447 . 199370. 14427, Steel
33 38 5060 221643. 31682. 0. 44819, 298144. 21572 Steel
36 38 5060 2216453, 31682. Q. 44819, 298144, 21502 Steel
39 40 5060 233298, 31682, s 46191, <11l 2251 5. Steel
42 40 5060 233298, 31682. s 46191 . 2 (I 22515, Steel
45 42 5060 245|154, 31682, 0. 47565. 324401 . 23472, Steel
48 42 5060 245154 31682. 0. 47565, 324401 . 23472. Steel
51 44 5060 2568009. 51682, e 48940. 33743]. 24415, " Steel
54 44 5060 256809. 31682, 05 48940, 3357431 . 24415, Steel
57 46 5060 268665. 31682. (68 50317 s 350664. 25372 Steel
60 46 5060 268665. 31682. ( 50387, = 350664, 25372 Steel
Note: | Pipe cost includes cost of pipe, laying of pipe, cost of fittings, valves, blocking, etc.

2 Turnout cost includes gate valve, line meter, pressure reducing valve, concrete pipe,
steel pipe delivery, etfc.

3 Earthwork cost includes trenching, backfilling and compacting backfill.

4 Same as Table 21.
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Table 22. Continued.

High pressure pipe -- Reach |.
Q = 60 cfs
Vol umes
Pipe Diameter + Trench
Station Dia. Excavation Backfill C. Backfill GLE-PGE Design Cover Width
0 46 4478.06 2983.00 640.17 8.20 7.83 7.46
2000 46 4478.06 2983.00 640,17 8.00 7.83 7.46
4000 46 2373.537 1580.99 339,29 8.00 7.83 7.46
5060 46 , 8.00 7's83 7.46
Total excavation [|1329 cubic yards
Total compacted
backfill 1620 cubic yards
Total overhaul 0 cubic yards
__________ Total backfill ____ 7547 cubic yards __________ e
Summary for this reach: Check data for . . . . Q=60 cfs
Cost index for pipe system (B=1976) I Capacity, cfs 60
Length of reach in feet 5060. Diameter, inches (rounded) 46
Elevation of pipe outlet, feet 4896. Average head class, feet 200
Elevation of pipe inlet, feet 4904. Type of cover A
H.G.L. req. at pipe outlet, feet 5036. Pipe cost, $/ft. 45,38
H.G.L. req. at pipe inlet, feet 5044. Miscel laneous cost, dollars 20900
Width of easement, feet 50,
Value of easement for cropped land 05
Value of easement for other land O
Percent of other easement (0]
Number of turnouts: Cost Function Coefficients
Number = | Size (in) = 12 a = 855|.
Number = | Size (in) = 14 b = 307. |

r 0.861




for adequate turnout operation over a wide range of canal flow rates.
Pressure buildups in pipe systems due to decreased friction losses which
result from reduced flow rates may also occur, necessitating pressure
éonfrol devices along the sections.

Most of the material quantities and cost curves used to describe
structures in CANAL and PIPE, as well as in the subroutines TUNNEL,
SIPHON, and PIPER, use design specifications formulated by the Bureau
of Reclamation. These specifications may overestimate costs of
structures planned for private irrigation systems unless appropriate
unit prices and cost indices are used.

Existing canal sections evaluated in the rehabilitation options
are assumed to be uniform in cross sectional area and channel slope,
and are assumed to have frapezoidal shapes. Large variations iﬁ these
parameters within a section may dictate further subsectioning. Channels
and pipe systems planned for new areas can have multiple breaks in
slope. Slope variations are accommodated using the terrain information
input fo the earthwork subroutines. All sections are sized, however,

with the assumption of uniform slope along each section.

Application of the CANAL and PIPE routines
to the Salem Irrigation District.

Four types of water conveyance (distribution) systems were
evaluated for the Salem Irrigation District. The<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>