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ABSTRACT 

The objective of this study was to determine how border irrigation performance is affected 

by inflow hydrograph shape. Sloping borders with open end boundary condition were 

selected for the study. A computer program called SRFR was used for simulations with 

the choice of zero inertia model as the mathematical model describing the movement of 

water along the border run. 

Five inflow hydrograph shapes were chosen from over fifteen shapes for evaluation. They 

are named as follows: constant (CON), cutback (CB), cablegation (CG), modified cutback 

(MCB), and modified cablegation (MCG). Different ranges of the input parameters were 

used to cover a wide spectrum of field conditions. Input parameters ranges and values are 

four infiltration families, 0.25, 0.5, 1.0, and 2.0; three slopes, 0.001, 0.0025, and 0.005; 

two field lengths, 650 ft and 1300 ft; three Manning's roughnesses, 0.04, 0.15, and 0.25; 

and three volumes, low, med., and high, which reflect 2, 4, and 6 inches of required depth. 

It has been found that the inflow hydrograph shape has a substantial influence on the 

maximum application efficiency, maximum Ea. Values of maximum Ea range from 61 

percent to 80 percent. While CG gives the lowest average value of maximum Ea, 61 

percent, CB and MCB give the highest average maximum Ea at 80 percent. CON gives 

an average value equal to 71 percent. MCG has an average value close to those given by 

CB and MCB and equal to 78 percent. 

The maximum Ea values range from low of zero to as high as 95 percent. Fortunately, 

more than 90 percent of the 216 values for each inflow hydro graph are above 70 percent 
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for all shapes except CG. Most values fall between 70 to 80 percent for CON, 75 to 90 

percent for CB, 80 to 95 for MCB, and 75 to 85 for MCG. CG has a much wider range 

with most maximum Ea values falling between 40 and 85 percent. CB and MCB are more 

sensitive to changes in the input parameters than CON and MCG, but far less than CG, 

which is the most sensitive. 
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CHAPTER 1 

INTRODUCTION 

Irrigation is an artificial way to replenish the potential soil-root zone with water so that 

the water required by the growing crop is met. The frequency of irrigation depends on the 

soil water holding capacity, the evapotranspiration rate, and the growth stage and species 

of the growing crop. Different methods have been used to accomplish the irrigation. 

Surface irrigation, primarily borders, furrows, and basins, is the oldest and the most 

practical method because of its simplicity and low cost. Although a rapid increase in using 

sprinkle irrigation systems has been noticed, "surface irrigation is still undoubtedly the 

most important method of applying water to crops accounting for more than 90 percent of 

the 250 million hectares of land irrigated worldwide" (Kay 1990). In California, USA, for 

example, more than 80 percent of irrigated land is still surface irrigated though much 

emphasis is given to overhead systems. Presumably, in other areas where shortage of 

equipment and skilled labor exists, this percent would be higher. 

Surface irrigation is the method with which water is introduced at the upper end of the 

land and then flows under the influence of gravity, over the soil surface in the direction of 

longitudinal slope toward the outlet end. Ideally, the best surface irrigation is the one that 

delivers an identical amount of water equal to the desired application depth at any point 

along the irrigated field, i.e., the opportunity time to infiltrate the application depth at any 

point along the field is the same, assuming that the field has uniform soil and infiltration. 

This kind of system, however, is impractical. 

In the past, irrigation was practiced with limited knowledge of both input and output 

parameters. Input parameters include inflow discharge (Qo), time of cut off or application 
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time (Torrl), soil surface roughness (n), field geometry such as length (L) and slope (So), 

and the soil infiltration characteristics. These have a great influence on the irrigation 

performance which would be the output parameters such as irrigation efficiencies and 

uniformity. These, in turn, will reflect the merits of irrigation. Understanding the 

hydraulics of irrigation is an important matter in order to improve irrigation system 

performance and hence, to have a stable agricultural product. Until we understand the 

hydraulics of irrigation water application, we have little hope of making agriculture 

permanent (Hansen 1958). Nowadays, with the development of science, the understanding 

of irrigation hydraulics, surface irrigation in particular, has reached a high level. Numerous 

models have been developed in the last two or three decades ranging from simple to 

sophisticated. The exploration of these models made a significant improvement of state-of

the-art of irrigation. This improvement could eventually lead to the more efficient use of 

water and water conservation (Strelkoff 1985). The evaluation of earlier surface irrigation 

systems designed and operated on past experience was difficult because of the time and 

expense required to collect data from the field. Moreover, the use of these data cannot be 

applied to any field. Rather, they can be applied only to the field from which the data were 

collected. In contrast, the use of these models has made the evaluation of the surface 

irrigation performance easier and much less expensive. 

Proper operation and/or alternative management of an existing surface irrigation system is 

essential in places where water supplies are limited. Saudi Arabia is a good example. In 

some cases where surface irrigation is a must, operating the system properly is not enough 

to improve the irrigation performance, but modifYing or redesigning the system is cardinal. 

A knowledge of the effects of the independent variables which are the infiltration 

characteristics, Manning's roughness, field length and slope, and depth of application on 
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the irrigation performances, however, such as application efficiency and uniformity, IS 

imperative to managing any surface irrigation system properly and efficiently. 

STUDY NEED 

Irrigation water demands have increased dramatically in recent years. This issue ultimately 

leads to some concerns with regard to the reliability of the natural water resources. With 

the continuous increase in the world population, decreasing the water demands is 

essential. And, since about three-fourth of the water is being used for irrigation, improved 

management of the use of this water is a way to help reduce the demands, especially when 

it is known that the lack of proper management of the irrigation water is a real problem. 

This can be visualized by what Merriam (1977) suggested when he stated that IIlow 

efficiencies are not the fault of the method but of management. II He indicated that some 

farms in California could improve their efficiency 60-80 percent by improved water 

management without the need for any technological innovation. 

Distribution of the irrigation water by surface schemes is the most widely used method 

from inception to date. The surface method of irrigation is known to have poor efficiency 

and uniformity compared to other methods (i.e., pressurized systems). It follows that 

different management strategies have to be tried and examined to assure that surface 

irrigation systems in general and borders in particular operate efficiently. Sloping open-end 

borders will be the method of surface irrigation under study. 

Thus far, constant inflow rate has been the only inflow hydrograph shape applied for 

border irrigation systems. Nevertheless, it is believed that constant inflow hydrograph will 
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not give the optimum irrigation performance. This may be seen from the use of cutback, 

surge, and cablegation inflow hydro graphs with furrow irrigation systems. Perhaps the 

ideal situation would be to reduce the discharge rate continuously during the surface 

storage phase so that no tail water runoff occurs (Walker and Skogerboe 1987). 

In general, there are significant water issues that are creating worldwide demand for 

alternative water management solutions. CAST, Council for Agricultural Science and 

Technology (1988), has identified these issues as: 

1- Limited water supplies accompanied by increasing water demand. 

2- Increasing water quality degradation. 

3- Changing price structures for water. 

4- Uncertain international markets for farm commodities. 

5- Increasing water right transfers. 

6- Changing institutional systems for managing water resources. 

OBJECTIVE 

For an existing surface irrigation system, the most important. parameter that can be 

controlled is the inflow rate. The availability of surface irrigation models such as volume 

balance model (VBM), kinematic wave model (KWM), zero inertia model (ZIM), and full 

hydrodynamic model (FHM) makes the simulation of surface irrigation flows possible. 

ZIM has been proven to be the best in terms of accuracy compared to both VBM and 

KWM and in terms of cost compared to FHM. 
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With the use of SRFR, developed by Strelkoff (1990), one can analyze surface irrigation 

flows easily. The SRFR program is a useful tool for analyzing sloping border irrigation 

flow, as well as other surface irrigation systems. Different flow and management strategies 

can be tried and comparison of these regimes can be accomplished. 

The objective of this study is to evaluate different management strategies and their effects 

on the irrigation performance. This is accomplished by using different inflow hydrograph 

shapes and comparison of results. Different sets of input parameters such as length, slope, 

infiltration characteristics, and Manning's roughness coefficient, will be applied for each 

inflow hydrograph shape. 
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CHAPTER 2 

LITERATURE REVIEW 

HISTORY OF IRRIGATION 

Irrigation done by any scheme, probably, is as old as the existence of human beings. It 

surely has been practiced by ancient civilizations for thousands of years to provide stable, 

secure, and prosperous life. The earliest societies to rely successfully on irrigation 

occurred in four major river basins: the Nile in Egypt around 6,000 B.C.; the Tigris and 

Euphrates in Mesopotamia about 4,000 B.c.; the Yellow River in China around 3,000 

B.C.; and the Indus in India approximately 2,500 B.c. ( Hoffman et aI., 1990). In the past, 

application of water to irrigated lands commenced with some type of surface method. In 

recent decades, new technologies and more energy have become available over the whole 

world so that other irrigation systems such as sprinkle and microirrigation systems have 

been developed and applied. 

SURFACE IRRIGATION WATER PATHWAYS 

During irrigation, a portion of the irrigation water flows above the soil surface and some 

penetrates into the soil. Irrigation water, therefore, can be classified according to its 

pathways to three components. These components are: (I) surface flow, (2) infiltration, 

and (3) runoff These three components may occur simultaneously depending r,.l the field 

conditions, soil characteristics, and flow rate. 
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Surface flow is the movement of water above the soil surface in the direction of 

longitudinal slope. This movement of flow starts as soon as water enters the field at its 

upper end. Surface flow continues until water is completely depleted and disappeared from 

the soil surface. Infiltration can be defined as the entrance or penetration of water into the 

soil through its surface. Infiltration is an important parameter in studying surface 

irrigation hydraulics. This parameter has the largest effect on the discharge along the 

surface flow profile (Oweis, 1983). Infiltration, one of the most difficult parameters to 

measure accurately in the field, occurs as soon as water is introduced at the inlet end of 

the irrigated field and ends when there is no water on the soil surface. Part of the 

infiltrated water is stored in the potential root zone and becomes available for the growing 

crop. The infiltrated water that moves through the root zone soil is called deep percolation 

and can be defined as the portion of the infiltrated water that exceeds the required depth. 

The last component is the excess water that runs off the field. Runoff, too, ends when 

water disappears from the soil surface. It should be noted that runoff may not occur, 

depending on whether the field has a blocked or open outlet. Moreover, even with an open 

outlet, water may halt before reaching the end of the field resulting in no runoff. This, 

however, is uncommon and usually means poor practices. 

SURFACE IRRIGATION PHASES 

During an irrigation event, a complete irrigation process consists of four different phases. 

These are: (I) advance, (2) wetting or ponding, (3) depletion, and (4) recession. 

The advance phase starts as soon as water is introduced at the upper head of the irrigated 

field. This will continue until the water front either reaches the field outlet or halts at some 
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distance along the field. This phase can be observed by constructing the advance curve by 

measuring the rate with which the water front moves in the direction of the longitudinal 

slope. This measurement is done by placing stakes along the length and width, if needed, 

of the field. Then the time is recorded when water arrives at each stake. A common 

spacing of these stakes is 30 m, except for small fields «2ha), where the spacing would be 

reduced to one-sixth to one-tenth of the field in order to provide a sufficient number of 

measuring points (six or more) (Walker and Skogerboe, 1987). 

The wetting or ponding phase begins when the advance phase ends and ends at the time of 

cutoff The wetting phase is when the end of the field is not blocked (free out flow) like 

the case of furrow and border, and the ponding phase is for basins where there is no 

runoff. The depletion phase begins when the water surface starts declining usually at the 

time flow is shut off. Depletion phase continues until the soil surface at the head of the 

field is visible (Cuenca, 1989). 

The recession phase starts when the depletion phase ends, i.e., when the water depth goes 

to zero. This is, in fact, the time of propagation of the trailing edge formed normally on 

the water upstream and moves down slope. When the trailing edge travels down slope, 

water recedes from the soil surface and recession begins. By and large, the recession phase 

ends when the trailing edge reaches the end of the field, and by that time water has 

completely disappeared from the surface. Figure 2. I illustrates the aforementioned phases. 

Advance and recession curves need to be constructed to determine the ultimate 

distribution of the subsurface profile for known soil infiltration characteristics. This yields 

information essential to evaluate the irrigation performance. While the advance curve 
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depicts arrival of water front across the field, the recessIOn curve displays the 

disappearance of the water. Figure 2.2 depicts the typical post-irrigation subsurface 

distribution of infiltrated depth along the field at the end of the irrigation phases. 

BORDER IRRIGATION DESCRIPTION 

In border irrigation, the irrigated land is divided by constructing parallel dikes 

longitudinally into rectangular strips of uniform or equal widths. The lenbrth of the border 

strip is usually long compared to its width. These strips are either level or graded from 

inflow to outflow end (James, 1988). In either type of border strip, the slope normal to the 

flow direction is zero. Whereas graded borders are usually open at the outlet end, level 

borders are usually blocked at the end to allow no runoff. 

SURFACE IRRIGATION HYDRAULICS 

FLOW DESCRIPTION 

After water is introduced at the upper end of the field, it moves down slope under the 

effect of gravity and simultaneously penetrates the soil surface, downward. The flow of 

water is considered shallow, unsteady, and non uniform. The depth of water in border 

irrigation is small compared to the stream width, so that the shear effects along the side 

boundaries are small and, consequently, negligible. Moreover, this leads to a simple 

expression of the hydraulic radius, R, i.e., hydraulics radius is equal to the flow depth. The 

hydraulic radius equals the ratio of the area of the flow (A) which is equal to depth (y) 

times width (B) divided by the wetted perimeter of the flow (P) which is equal to 2y + B, 
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R = !! = yB . Where B tends to be large as in the case with border irrigation systems, 
P 2y+B 

2y becomes small and negligible and deleted. As a result, P is equal to B andR == y. 

Infiltration along the run of flow depletes the water quantity in the direction of the 

longitudinal slope causing the flow to be non uniform, spatially varied. Unsteadiness is 

caused by the fact that the infiltration rate at a given point is decreasing continuously with 

time. 

GOVERNING FLOW EQUATIONS ••••• CONTINUITY AND MOMENTUM 

It is well known that flow over porous media is governed by the so-called continuity and 

momentum equations known as Saint-Venant equations. The physical principles behind 

the equations governing the flow of water over a permeable soil surface of an irrigated 

field are the conservation of mass and momentum. The resulting equations, continuity and 

momentum, are discussed and derived in many references and by many authors, e.g., 

Chow (1959), Henderson (1966) and Strelkoff (1969). The continuity equation is an 

expression of mass conservation. And, the momentum or motion equation is an expression 

of Newton's second law which states that force is equal to mass times acceleration and 

satisfies the law of conservation of linear momentum. The expressions of continuity and 

momentum comprise a pair of first order nonlinear partial differential equations known as 

the Saint-Venant equations. The continuity equation takes the following form: 

/30 CIA 
---+ --+ /'1 = 0 (I) ox 01 

Since V, average velocity, equals Q, flow rate, divided by A, cross sectional area, equation 

of continuity can be written as: 
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A OV + V oA + oA + J v = 0 (2) 
ox ox 01 

Moreover, equation 2 can be written for a unit width of border (wide open channel) as 

follows: 

oq oy 
-- + -- + J x = 0 (3) ox 0 I 

Where: 

1 z = 
oZ 
01 

and the equation of motion is expressed as follows: 

(4) 

I OV V oV oy J,J' 
---+ ---+ -= So - Sf + (5) 
g 01 g ox ox 2 gA 

In which: 

x is the distance from the upper end of the field in length (L), 

t is time in convenient unit of time (1'), 

Q is the inflow rate expressed in dimensions of (L3 IT), 

q is the inflow rate per unit width (8), (L2/T), 

A is the flow Cross sectional area (L2), 

V is the mean velocity parallel to channel (LIT), 

y is water depth normal to the channel bottom (L), 

1'\1 is the volumetric rate of infiltration per unit length of the field (L2/T), 



IX is the volumetric rate of infiltration per unit length per unit width of the field (LIT), 

Z is the volume of water infiltrated per unit area (L3/L2), 

g is the weight to mass ratio, acceleration of gravity, (LlT2), and 

So is the channel bottom slope (LlL), 

Sf is the friction slope (LlL). 

The assumptions used in deriving Eqs. 1 and 5 are as follows: 
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1- The slope of the channel (field) is small so that the vertical depth is approximately the 

same as the perpendicular depth, i.e., measurement of vertical depth is equivalent to that 

normal to the flow bed, 

2- Velocity distribution coefficients are unity, 

3- Pressure in the vertical direction is hydrostatically distributed, 

4- The energy gradient is the same as that of a uniform flow having the same depth and 

average velocity, and 

5- Vertical forces are negligible and all forces act in the direction parallel to the bottom. 

A surface irrigation model, like any other model, should be accurate and simple. It must be 

accurate so that results obtained from it are close to those measured directly from the field 

and must be simple so that costs required for simulation are low. Since these two matters 

are rarely met, more than one model has been explored and developed. 

Surface irrigation models, in general, fall into one of two components. These are (1) 

volume balance with some assumptions made with regard to the surface depth, and (2) 

dynamic relationships are coupled with the continuity equation. Therefore, the irrigation 

model consists of the continuity equation alone or the continuity equation and some form 
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of the motion equation, depending on the choice of terms retained in the motion equation. 

These models range from simple and less accurate to sophisticated and more accurate. 

Available models, discussed next, are (1) volume balance model (VBM) , (2) kinematic 

wave model (KWM), (3) zero inertia model (ZIM), and (4) full hydrodynamic model 

(FHM). 

SURFACE IRRIGATION MODELS 

VOLUME BALANCE MODEL 

Volume balance model is the simplest but least accurate method to describe the motion of 

water during its progress down the irrigated field. In spite of its simplicity, VBM is the 

basis for the early design and evaluation of the surface irrigation systems. Moreover, VBM 

is also the basis for the development of and understanding of other surface irrigation 

models. Mainly, VBM has been used to determine the wetting front of the stream during 

the advance process. The general form of VBM stems from the fact that volume delivered 

to the field should equal those of surface and subsurface volumes during the advance 

phase. That is mathematically expressed as: 

Vm ( t) = ~'"" ( , ) + ~\'IIh ( ,) (6) 

in which, Yin, Vsur, and Vsub are volumes of inflow, subsurface, and subsurface flow, 

respectively. The quantity of each volume can be obtained mathematically as follows: 

v,,, = i:Q(t)d' (7) 



and 

Where: 

Q is the inflow rate, 

A is the area of flow, 

~<IIr = i~(s,t)d\' 

~'I/h = 1:Z(s,l)d\' 

Z is the subsurface volume per unit length, 

t is time, 

x is distance, and 

s is the integrand of x. 

(8) 

(9) 

Combining Eqs. 7, 8, and 9, Eq. 10 can be obtained in an integral form as follows: 

r'O(t)dl = f'A(s,t)ds+ r'Z(s,/)ds (10) Jo- Jo Jo 
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independent of the water depth and function only of the intake opportunity time, t-ts, 

where ts is the time at which advance reaches the s distance, the following is obtained: 

0,/ = Ax + 1:'2 (t - IJd\' ( 11 ) 
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Equation II, known as the Lewis-Milne (1938) equation, can be written in terms of shape 

factors for both surface and subsurface profiles as follows: 

in which An is the inlet area and assumed as a function of normal depth Yn, Z" is the 

infiltrated depth at distance zero, and Oy and Oz are surface and subsurface shape factors, 

respectively, and expressed as follows: 

l·Z(1 -I) 
a = () ., (14) 

= Z()x 

Oy is usually considered to be 0.8 which is an average value of its range, 0.7 - 0.9, as 

shown by a dimensionless study done by Hart et al. (1968). On the other hand, Oz is 

simplified to be a function of the exponent term in the Kostiakov infiltration equation, 

Z = kt U
, assuming uniform advance rate and expressed as follows: 

I 
a =- (15) 

: I +a 

Values of Oz range from 1.0 to 0.5 for magnitudes of a equal to zero and one, 

respectively. These values are associated with zero and constant infiltration rates, 

respectively. 
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FULL HYDRODYNAMIC MODEL 

FHM is the most complete, the most accurate, and the most difficult model to solve 

mathematically. It is considered to be the reference for other surface irrigation models, i.e., 

the accuracy of VBM, KWM, or ZIM is tested by FHM. FHM is comprised from the 

continuity equation and the momentum equation in its complete form (Eq. 5). Border 

irrigation flow is considered a wide open channel, thus, the flow rate per unit width, q, is 

considered in lieu of the total flow, Q. Then, the equation of continuity (Eq. 3) is re-

written as: 

oq + oy + oZ = 0 (16) 
ox 01 iJl 

and the equation of motion is: 

(' (') + ~ oZ y(3tJ-~}f 
2 g 01 

(17) 

in which all symbols have previously been identified. 

KINEMATIC WAVE MODEL 

The primary assumption of KWM is thai a unique relationship exists between flow rate 

and depth. And, because one of the uniform flow equations (Manning, Chezy, or Darcy

Weisbach) usually provides the basis of the necessary stage-discharge relation, these 

models are often referred to as uniform depth or uniform flow models (Walker and 
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Skogerboe, 1987). This assumption, in turn, requires that the bed slope of the flow path is 

steep enough to sustain uniform flow, : = So - Sf = O. Therefore, KWM consists of 

the continuity equation and a simplified form of the momentum equation. The equation of 

continuity is: 

oq oy oZ 
-+ -+ -= 0 (18) 
~~x ~71 ~71 

and the momentum equation is written: 

oy 
ox So - Sf o __ '_if ~ S ... () ( 19) 

KWM has been known to be more accurate than VBM but more expensive. On the other 

hand, KWM is less accurate than ZIM and FHM especially for small slopes, but lower in 

terms of computational cost per run. 

ZERO INERTIA MODEL 

The name of this model, ZIM, reflects the assumption made to introduce this valuable 

model. This assumption states that the forces acting on flow are in balance, L F = O. In 

other words, the velocity change in the stream during an irrigation event is small enough 

so that the inertia force is negligible. This balance in forces has been shown (Katopodes 

and Strelkoff, 1977b) to be associated with Froude numbers below about 0.3, which is 

usually encountered in surface irrigation flows. Consequently, ZIM is comprised of the 

continuity equation, recalled here: 



oq oy oZ 
-+ -+ = 0 (20) ax at 01 

and the momentum equation with all acceleration terms neglected or deleted as follows: 

oy 
ox So - S f (21 ) 
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From the above equation it can be realized that y is a function of both time and distance. 

Thus, the symbol of partial derivatives remains in equation 21. 

At this time, ZIM model seems to be the most appropriate for simulating surface irrigation 

flows. It has significant advantages over both simple and complicated models. Complexity 

of ZIM is much less compared to FHM. At the same time, accuracy and applicability of 

ZIM are better when compared to both KWM and VBM. In fact, ZIM has been proven to 

be as accurate as FHM, especially with low Froude numbers (Katopodes and Strelkoff, 

1977b). Accordingly, ZIM is used to simulate sloping open-end borders in this study. 

SOLUTIONS TO SURFACE IRRIGATION MODELS 

Different approaches have been proposed to solve the preceding models. Efforts started 

early in the 20th century. Because analytical solution of the governing flow equations, 

Saint-Venant equations, is difficult, almost all of these efforts are concentrated and 

devoted to using numerical procedures to achieve acceptable solutions of surface 

irrigation models. Since each surface irrigation model varies in degree of complexity, 

solutions of the Saint-Venant equations vary in degree of accuracy and in computation 
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costs accordingly. Nevertheless, a certain model can give different results depending on 

the choice of the numerical solutions and assumptions made. 

VBM SOLUTIONS 

Lewis-Milne integral volume balance equation (Eq. II) is believed to be the earliest 

promising method to determine the advance in surface irrigation. In general, the 

assumption of a constant average surface depth incorporated in the Lewis-Milne equation 

through the use of a surface flow shape factor, cry simplifies the solution of this approach. 

In spite of this gross assumption, it has been found that this model gives a reasonable 

approximation of actual advance. The term that introduces difficulties in solving this 

equation is the integral of subsurface volume, a convolution integral, second of the right 

side of equation I I. This complexity of the convolution integral precluded its use with 

general empirical relationships of infiltration. These difficulties have been overcome by 

solving this equation for certain infiltration functions (Phillip and Farrell, 1964). Based on 

the continuity equation, Fok and Bishop (1965) developed an equation for the wetting 

front advance as a function of inflow rate, time of cutoff, depth of flow at normal, and 

width of the flow, along with a logarithmic infiltration function. 

Hall (1956) presented a technique to solve the advance in border irrigation using the 

volume balance approach. Hall's technique allows determination of advance in increment 

basis for equal intervals of time, 8t = constant. This technique has an advantage over the 

Lewis-Milne equation in that infiltration data need not be fitted in any predetermined 

functional relationship. It should be noticed that the Hall technique is in effect a numerical 

solution of Eq. II. Phillip and Farrell (1965) solved Eq. II, Lewis-Milne, for specific 
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infiltration functions. Strelkoff (1977) first introduced algebraic equations to simulate the 

flow in border irrigation including all phases of the irrigation event. 

Conventionally, the upstream depth has been assumed constant and normal. This means 

that a high field slope is presumed so that normal depth or thereabouts is obtained 

instantly and errors stemming from such assumption are small and negligible. This also 

means that VBM is applicable for high slopes only (i.e., the assumption of normal depth at 

the upstream end limits its use to large slopes). Recently, the assumption of constant 

upstream depth is avoided by combining Eq. 21 and Eq. 12 and solving them 

simultaneously. This was introduced by Valiantzas in 1993. Therefore, upstream depth is 

no longer constant nor at normal. Nevertheless, small slopes or even zero slope can now 

be used with this improvement of VBM. 

KWM SOLUTIONS 

Kinematic wave theory has been given little effort, mainly because of its limited 

applications. Woolhiser (1969) used the kinematic wave theory to study overland flow, 

surface runoff in watershed hydrology. The utilization of KWM was extended to surface 

irrigation. Chen (1970) presented a model based on the assumption of uniform flow, 

kinematic wave approach, that describes flow over the soil surface, sloping open-end 

borders. Walker and Lee (1981) and Walker and Humpherys (1983) used KWM to predict 

advance in furrow irrigation. 
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DYNAMIC MODELS SOLUTIONS 

Full hydrodynamic and zero inertia models have been studied and solved using ditferent 

numerical, semi-analytical, and analytical solutions, of which numerical solutions received 

most of the effort. Moreover, the method of characteristics has been found to be the most 

suitable over a wide range of conditions and has great speed, accuracy, and stability 

(Liggett and Woolhiser, 1967). Some of those investigators are: Strelkoff (1970), Kincaid 

et al. (1972), Basset (1972), Sakkas and Strelkoff (I974), and Katopodes and Strelkoff 

(1977a). 

Kruger and Basset (1965) used an implicit finite difference technique to calculate the 

advancing front of stream over a porous layer. They used a rectangular grid in their 

computations and assumed constant infiltration, i.e., infiltration is not a function of time 

nor distance. Bassett (1972) presented a complete model simulating water advance over a 

dry porous bed. This mathematical model was derived using both equations of continuity 

and momentum. Kincaid et al. (1972) developed a mathematical model using all terms in 

the Saint-Venant equations, full hydrodynamic approach, to simulate border irrigation 

flow. 

A simplified hydrodynamic model was introduced in simulating border irrigation first by 

Strelkoff and Katopodes in 1977b. This model is called zero inertia model, ZIM, as 

previously defined. ZIM has been applied to furrow irrigation by Souza (1981) and Elliott 

et al. (1982). Oweis (I983) also used the ZIM to present a linearized model for both 

continuous flow and surge flow for simulated furrow irrigation. 
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All of the preceding solutions used to solve ZIM have been done numerically. An 

analytical approach to solve ZIM has been introduced first by Schmitz and Seus (1990). 

They claimed that three models are introduced. Two models are developed to treat 

separately irrigation advance and recession. The other model is developed to consider all 

four phases of the irrigation cycle; namely, advance, storage, depletion, and recession. 

They pointed out that there is no need to impose any restrictions or simplifications upon 

the description of infiltration functions. All of the proposed models can be used to 

simulate flow in level and sloping borders and furrows. Ram (1982) used a semi-analytical 

approach to solve both KWM and ZIM in dimensional and dimensionless forms. 

DIMENSIONLESS ApPROACHES 

The use of dimensionless solutions to surface irrigation models helps reduce the input 

parameters required as input variables to these models. Strelkoff and Clemmens (1981) 

note that transforming the equations of motion into a dimensionless form reduces the 

number of independent parameters, and thereby places the problem of discerning general 

model behavior at a tra.ctable level (Walker and Skogerboe, 1987). The idea behind this 

technique is to select non-zero characteristic variables first. Then the non-dimensionalized 

variables involved in the equations are obtained by dividing these variables in their 

dimensional forms by the preselected characteristic variables. Finally, relationships 

between the characteristic variables and the physical variables in the Saint -Venant 

equations are determined. 

Hart et al. (1968) utilized dimensionless variables to predict the advance phase through the 

use of the Lewis-Milne equation (Eq. 11). Katopodes and Strelkoff (1977b) and Strelkoff 



37 

and Clemmens (1981), also used dimensional analysis to study the advance phase only in 

sloping borers. Dimensionless advance for level basins has been presented by Clemmens 

and Strelkoff (1979). Clemmens et al. (1981) developed a design procedure for level 

basins in dimensionless form. Shatanawi (1980) developed an expression for the ultimate 

distribution of the infiltrated water, the point of interest for the design engineer, using ZIM 

in dimenionless form. Yitayew (1982) and Yitayew and Fangmeier (1984, 1985) 

developed a series of runoff curves for borders using dimensionless variables. 

COMPUTER USES 

The use of computers enhanced the application of the more sophisticated models and 

allowed quick use of the less sophisticated ones. It is felt that with better soil parameter 

determination methods and increased application of the computerized analysis on a routine 

basis, hydraulic methods will see increased application in the future (Cuenca, 1989). 

Strelkoff (1985) developed a computer program calJed BRDRFL W to simulate the flow of 

water over the surface of irrigation borders. This program will provide a useful tool for 

analyzing border irrigation flow (Clemmens in his introduction to BRDRFLW manuscript, 

1985). To simulate the flow of water over the surface of basins and furrows, as well as 

borders, Strelkoff (1990) developed the SRFR program. This program is used for the 

simulations in this study. 

SRFR PROGRAM 

SRFR is a predictive tool utilized to analyze surface irrigation systems, basins, borders, 

and furrows. SRFR cannot be used for synthesis or design outputs. It does not give the 
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user appropriate design values like length of run, inflow, or cutoff time (Strelkoff, 1990). 

The design parameters are obtained through iterative runs. The independent variables such 

as length, slope, roughness, infiltration, and inflow rate and its duration, are provided to 

the program so that the output of an irrigation, dependent variables such as depth and 

velocity offlow and advance and recession curves, is determined. 

In SRFR, the equations for zero inertia are converted to integral form for numerical 

solutions. Flow variables such as depth and discharge are assumed to have a straight line 

variation over the incremental length so that integration is done using the trapezoidal rule. 

The time and distance steps, (it and (ix, are determined automatically by the program. If 

the variables in the functions to be solved are highly nonlinear, cell size and the time steps 

are taken small. On the other hand, if the variables in the functions exhibit a regular 

change, the values of (it and the size of the cell are taken large. Fully nonlinear solutions of 

the algebraic equations are utilized in this study. This allows using larger time steps 

compared to that of locally linearized mode so that the time and computations will be less 

than with smaller steps. The program is capable of adjusting the magnitudes of the time 

steps depending on the prespecified high and low numbers of iterations required for 

convergence. The time step will be decreased by approximately 10 percent when the 

actual number of iterations exceeds the prespecified maximum value. In contrast, (it will be 

increased by approximately 5 percent if the actual number of iterations is less than the 

prespecified minimum value. This is mainly required for the full nonlinear scheme. 

In order to minimize the change in the flow variables, depth, velocity, etc., an oblique grid, 

rather than a rectangular one, has been used during the advance phase. Both oblique and 

rectangular grids are used if the time of cutoff is less than the time of advance. The 
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rectangular grid is used for the rest of the computations, (storage, depletion, and recession 

phases). 

PREVIOUS USES OF VARIABLE INFLOW HYDROGRAPH 

In border irrigation, water is introduced at the upper end of the field and is usually 

considered constant during the time of irrigation until the time of cutoff A variable inflow 

rate has not been considered in the analysis of border irrigation though it is believed that 

using a variable inflow rate will improve irrigation performance. Reddy and Clyma (1982) 

have analyzed basin irrigation performance with a fluctuating inflow rate. They considered 

three patterns of flow variation; namely, sinusoidal, initially low then high, and initially 

high then low. They also allowed the average of the variable flow to be equal to, less than, 

and greater than the design flow rates. Irrigation performance was then judged and found 

to be unaffected when the average flow rate was greater than or equal to that of the 

design. Significant reduction in irrigation performance, in contrast, was realized when the 

average flow rate was equal to 50 percent of the design rate. 

Since labor requirements are the major cost with surface irrigation, automating surface 

irrigation was started in the early 1960s. Automating the opening and closing of the gates 

of gated pipe was attempted before 1968 by the Engineering Department of the Hawaiian 

Sugar Planters Association by using outlets with a flexible rubber membrane (Reynolds, 

1968). Kemper et al. (1981) used perforated supply pipes for automatic furrow irrigation. 

Cablegation is another use of variable inflow hydrograph. Cablegation is a semi automated 

concept for achieving reduced flow in furrows systems (James, 1988). A plug controlled 
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by a cable moves through a single sloping pipe line. This single pipe line serves as both a 

conveyor and a distributor. Water is forced to flow through the openings in the pipe by 

the pressure behind the plug. The pressure is highest at outlets near the plug and lowest at 

those farther upstream from it. The decrease in pressure at the outlets causes the discharge 

to decrease also. 

The design and simulation of the moving plug was presented by Kincaid and Kemper 

(1982). Kincaid and Kemper (1984) proposed two techniques to improve the water 

distribution for furrows. These methods are the bypass and the cutoff outlets. The bypass 

method was proposed to eliminate the problem of end effects. They stated that this 

method nearly equalizes the inflow distribution to all furrows and allows the use of a 

constant outlet opening size. The cutoff outlets technique was used to avoid the problem 

of low inflow rates that occur at the end of the irrigation period. This technique was to 

stop the flow abruptly when a minimum pressure head was reached. Kincaid (1984) 

developed dimensionless design relationships. Field assessment has been made to evaluate 

the cablegation system performance (Goel et aI., 1982). They found that the runoff rate 

was relatively constant. Total runoff was 27 percent of the total water applied and 73 

percent was retained in the field. The cablegation system also provides more uniform 

water application than is normally achieved with other surface irrigation systems. On 

average, it was found that the water applications at the bottom of the field were equal to 

84 percent of those at the top end. 

Cutback flows in furrows are accomplished by reducing the initial flow by about half after 

advance water reaches the field end. One or more cutbacks can be used. However, more 

labor is associated with multiple cutbacks. Since automation is the aim of a newly 



41 

innovated system, different techniques have been made to achieve automated cutback. 

Garton (1966), along with others including Humpherys (1971), Nicolaescu and Kruse 

(1971), Hart and Borrelli (1972), and Evans (1977), proposed a cutback system known as 

the bays method. Bays have different elevations and each bay has outlets of equal 

elevation along its side. The differences in bay elevations are such that the water level is 

sufficient to flow into the furrows of only two bays simultaneously (Walker and 

Skogerboe, 1987). Another technique is to pump additional water from a reuse pond only 

during the initial or wetting phase of the irrigation (Fischbach, 1968). 

From the literature, it has been found that all of the previous uses of the variable inflow 

hydro graph were associated with surface irrigation systems other than borders. This, along 

with other aspects mentioned in Chapter 1, would make this study essential and valuable. 

SURFACE IRRIGATION PERFORMANCE 

How efficiently and uniformly water is applied to and distributed over an irrigated field is 

visualized by utilizing the concept of irrigation performance. Irrigation performance, in 

general, is used to study the merits of an irrigation. Moreover, irrigation performance is 

the concept which enables investigators and irrigators to compare different systems 

and/or different strategies of irrigation management. Nevertheless, irrigation performance 

parameters enable researchers to compare different surface irrigation models and their 

accuracy. Irrigation performance consists of different parameters. These parameters can be 

classified as irrigation efficiency, irrigation uniformity, and irrigation adequacy. 
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EFFICIENCIES 

Willardson (1972) stated that at least 20 definitions of irrigation efficiency existed (Walker 

and Skogerboe, 1987). In general, however, efficiency is defined as the ratio of input to 

that of output (Cuenca, 1989). Applying this definition to the irrigation systems, 

"irrigation efficiency is the percent of water supplied to the farm that is beneficially used 

for irrigation on the farm" (James, 1988). Different ways of quantifYing efficiency have 

been proposed, of which application efficiency, Ea, and storage efficiency, Es are the 

popular efficiencies. 

AI'I'L1CATION EFFICm~CY 

Application efficiency, Ea, is defined as the ratio of water volume stored in the root zone 

to the total volume of the water delivered to the field to be irrigated. Mathematically, E" 

can be expressed as follows: 

E = Volume Stored * 100 (22) 
a Volume Delivered 

Depth stored, volume per unit area, seems meaningless by itself Therefore, a prescribed 

depth, called a reference depth, must be defined. There are three different concepts of this 

reference depth. These are the required depth (drcq), a unique value and known in advance, 

the minimum depth (dmin), and the low quarter depth (d1q) concept. The latter two are not 

known before irrigation ends. 
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The concept of minimum depth, depth infiltrated at the end of the field, was used for 

basins by Clemmens et al. (1981). Further, they assumed that the minimum depth is equal 

to the depth required. Thus, Ea is equal to DU, distribution uniformity, expressed as: 

d 
E = D U = --'!!!!!... (23) 

<I i 
{. "I'l'l 

in which dappl is the depth applied to the field. 

In 1978, the On Farm Irrigation Committee of the Irrigation and Drainage Division 

suggested the low quarter concept and consequently the application efficiency is expressed 

as: 

E = Average Depth Stored in the Low Quarter * 100 (24) 
" Average Depth Applied 

in which Ea is expressed in percent. 

STORAGE EFIIICIENCY 

Storage efficiency, Es, is defined as the volume stored in the root zone to that needed or 

required by the crop (lsraelsen and Hansen 1963). Mathematically, it is expressed in 

percent as follows: 

E = Volume Stored * 100 (25) 
s Volume needed 
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For the concept of minimum depth Es is obviously equal to 100 percent assuming drc'l 

equal to dlllin . 

The expressions of Es with respect to both required and low quarter depths are, 

respectively: 

Es = Average of Infiltrated Depths equal to or less than the Required Depth * 100 (26) 
Depth Required 

Es = Average of Infiltrated Depths equal to or less than the Low Quarter Depth * 100 (27) 
Average Depth Infiltrated in the Low Quarter 

UNIFORMITY 

The parameter that describes how well the water is distributed over the entire field is 

called uniformity of application, Ua . If the field receives equal depths of water, uniformity 

is undoubtedly equal to 100 percent. Uniformity is quantified by different expressions such 

as distribution uniformity, DU, and uniformity coefficient, Uc. Different methods have 

been proposed for DU and uc. 

The On-Farm Committee (1978) defined DU as the ratio of the average low quarter depth 

of irrigation water infiltrated to the average depth of irrigation water infiltrated, expressed 

in percent as follows: 

DU = Average Depth Infiltrated in the Low Quatrer * 100 (28) 
Average Depth Infiltrated 
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The expression ofUC as proposed by Christiansen (1942) is: 

;-; 

z:IXi-XI 
UC = 1- d (29) 

NX 

in which X is the average infiltrated depth obtained from N observations, and Xi is ilh 

infiltrated depth. 

LOSSES 

Losses of irrigation water consist of runoff, deep percolation, and evaporation. 

Evaporation is considered small compared to both runoff, Ron; and deep percolation, Dpcr, 

and neglected in surface irrigation. 

RC;-iOFF RATIO 

Runoff is defined as the ratio of the average depth of water that runs off the field to the 

average depth applied and expressed as: 

R = Average Depth of Runoff (30) 
oil' A verage Depth of Application 
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DEEl' PERCOLATION RATIO 

Deep percolation is defined as the ratio of the average infiltrated depth of water that 

exceeds the depth required to the average depth applied and expressed as: 

D = Average Depth of Deep Percolation (3 I) 
per Average Depth of Application 
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CHAPTER 3 

SIMULATION OF SLOPING BORDER 

In this study, the flow in sloping open-end border systems will be simulated for certain 

ranges of input data. Input data include infiltration family (IF), Manning's roughness (n), 

field length (L) and slope (So), and depth of requirement, dr~q. Irrigation performance 

results from these input data are computed utilizing the low quarter concept. The aim is to 

achieve maximum irrigation performance in the low quarter of the field. Simulation is 

accomplished by using the SRFR computer program. The zero inertia model, ZIM, a 

mathematical model describing the flow of water over a permeable soil, is utilized to 

describe the movement of water down the border. 

INPUT PARAMETERS 

The typical input parameters for the SRFR program are listed below: 

1- Field geometry--Iength (L), longitudinal slope (Sn), downstream boundary condition, 

open or blocked end. 

2- Soil characteristics--intiltration intake family (IF) and roughness (n) assuming one value 

for both soil and vegetation. 

3- Management parameters--inflow rate (qo), considered constant in usual cases, and time 

of application (T appl). 

4- Required depth (drcq). 
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In this study, a slight modification to the input parameters is required. For example, drcq is 

not used in a direct manner so that its value can be entered as zero. This is because the 

low quarter concept is used here. With this concept, therefore, the required depth is equal 

to the average c:epth infiltrated in the low quarter. This in turn is not a predetermined 

parameter, but rather, a predicted parameter. Also, variable inflow rate, in addition to 

constant, is used since variable inflow hydrographs are present. 

INPUT DATA RANGES 

LENGTH, SLOPE, AND ROUGHNESS COEFFICIENT 

Primarily, two values of length, 1300 ft and 650 ft, are used in this study. They in fact 

represent the most popular range of lengths. Three values of slope are used in this study, 

assuming a uniform slope in the direction of flow, SI), and zero slope perpendicular to the 

flow. The So values are 0.001, 0.0025, and 0.005. Manning's roughness coefficients, n, 

were taken as 0.04,0.15, and 0.25. 

INFILTRATION FAMILY 

Different infiltration functions have been proposed. The Kostiakov equation is the simplest 

and most practical method. The Kostiakov equation takes the following form: 

Z = ktG (32) 

in which Z is depth infiltrated, t is time, and a and k are empirical coefficients. 
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Four intake families, IF, have been considered, 0.25, 0.5, 1.0, and 2.0, in this study. For 

each IF, a and k parameters in the Kostiakov equation, Eq. 32, are provided. Table 3.1 

shows values for a and k associated with each intake family, IF. 

VOLUME ApPLIED 

Volume applied, Va, is used rather than depth. This is because of the difficulty 

encountered with using the low quarter concept to compute the irrigation performance, 

especially when realizing that the goal is to evaluate different management strategies by 

applying different inflow hydrograph shapes, but not to get certain depths in the low 

quarter. Nonetheless, several simulations have to be made to achieve the exact value of the 

average depth required to be stored in the low quarter, dill. This is in addition to varying 

the inflow hydrograph parameters required to obtain the maximum irrigation performance. 

Different values of dill, however, have to be prespecified. These values are 2, 4, and 6 

inches. Volume applied now is computed by mUltiplying dill by the field length. Since there 

will be losses caused by both runoff and deep percolation, a presumed average application 

efficiency, Ea, has to be made. E. is considered to be 80 percent in this study. The volume 

applied can now be computed as follows: 

-
Lx dill Y. = 

Ea 
(33) 

For a given dlq, it is evident from the above equation that Va relies upon the magnitude of 

length. Therefore, for a given dlq , the volume applied has different magnitude associated 

with each value oflength. Since two lengths, 1300 ft and 650 ft, and three values of dill 

are considered, there will be six values of volume applied. These values associated with 
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each diy, 2, 4, and 6 inches, are 290, 540, and 810 fe, respectively, where L equals 1300 

ft. Where L equals 650 ft, they are 145, 270, and 405 ft2, respectively. To avoid possible 

confusion resulting from this matter, the concept of low, med., and high volumes will be 

considered. Thus, low, med., and high volumes represent approximate depths of 2, 4, and 

6 inches regardless of the length. Table 3.2 summarizes the ranges of input data IF, n, So, 

and volume applied, Va, pertinent to each field length, 1300 and 650 ft, and each value of 

INFLOW HYDROGRAPHS 

INFLOW HYDROGRAPH SHAPES 

Different inflow hydro graph shapes are examined to see how they affect the irrigation 

performance. Initially, more than fifteen inflow hydrograph shapes (Appendix A), in 

addition to those commonly known such as constant, cutback, and cablegation, were 

evaluated. The first evaluations of these shapes were done for limited input data. Only five 

inflow hydrograph shapes were selected to be studied for the entire range of the input 

parameters. These are constant (CON), cutback (CB), cablegation (CG), modified cutback 

(MCB), and modified cablegation (MCG) hydrograph. Figures 3.2 to 3.6 illustrate these 

inflow hydrograph shapes. 

INFLOW HYDRO GRAPH PARAMETERS 

It should be noted that for a given dly and L, the volume applied will be the same for each 

inflow hydrograph. This volume is a function of different parameters depending on the 



Table 3. I, Infiltration Families and 
Coefficients (Jensen, 1983) 

1~5 
k(inlhr (I ) a 

I 0.6174 I 0.71 I 
0.5 I 1.007 I 0.748 

1.0 I 1.749 I 0.785 

2.0 2.963 0.808 

Table 3.2, Input Parameter Ranges 

Infiltration Volume Applied (Il l l Roughness 
Family L=1300 Il L=650 It Coefficient 

0.25 290 145 0.04 
0.5 540 270 0.15 
1.0 810 405 0.25 
2.0 
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Field 
Slope 

0.001 
0.0025 
0.005 
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Figure 3.1, Constant Inflow Hydrograph 
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Figure 3.2, Cutback Inflow Hydrograph 
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Figure 3.3, Cablegation Inflow Hydrograph 
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Figure 3.4, Modified Cutback Inflow Hydrograph 
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T 

appJ 

Figure 3.5, Modified Cablegation Inflow Hydrograph 
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inflow hydrograph shape. Since the maximum irrigation performance is to be determined 

for each inflow hydrograph for a given volume, varying these parameters is essential. 

Because the volume under each inflow hydro graph is known, one parameter can be 

obtained when other parameters are chosen. The time of application is the int10w 

hydrograph parameter to be computed. The expressions to compute the time of 

application for each int10w hydrograph are given next. 

CON inflow hydrograph has two parameters. These are the time of application, T appl, and 

the inflow rate, qo. The expression of Tap pi is: 

V T - ., 
appl --

qo 
(34) 

From the above equation, it is clear that qo is the only parameter associated with CON 

int10w hydrograph and this needs to be varied until the maximum Ea is obtained. For each 

value of qo, Tapp1 is obtained from Eq. 34. Initially, qo is taken as qmax or from experience 

from previous simulations. 

There are four parameters associated with CB inflow hydrograph. These are the time of 

application (T appl), the initial inflow rate (qo), the time of cutback (T cbk), and the cutback 

int10w rate (qchk). In fact, Tchk and qchk are replaced by ratios multiplied by Tappl and qo, 

respectively. T appl is expressed as follows: 

V 
T.,ppl = qJROT+ROQ'~ROT*ROQ) (35) 
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in which, ROT and ROQ are the time and discharge ratios, respectively, and expressed 

mathematically as follows: 

ROQ = qchk (36) 
q() 

ROT = T"hk (37) 
"I:,ppl 

where qo, and qcbk are initial and cutback inflow rates and T appl and T cbk are application and 

cutback times. 

Maximum Ea is obtained via iterative simulations. One parameter is varied while keeping 

the other two constant. Initial values for q", ROT, and ROQ are qmax, 0.5, and 0.5, 

respectively. Some times these magnitudes are based on the experience from previous 

simulations. 

CG inflow hydrograph, like CON, has only two inflow hydrograph parameters that need 

to be varied. These are qo and T appl. Again, since volume is fixed for a given dlq and L, qo 

is varied and Tappl is computed as follows: 

V T - ., 
app\ - -1- (38) 

2 qll 

It is clear from the above equation that qo decreases linearly with time for a given volume. 

However, this may not be the case for field cablegation systems since their hydrographs 

may not be smooth and linear. This can be also said for MCG. 
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The expression of Tap pI for MCB inflow hydrograph is as follows: 

V 
~,ppl = 1 .1 (39) 

2 ROT( qo - qmin) + qmm 

in which, qmin is the minimum inflow rate (i.e., cutback int10w rate). 

The process of achieving maximum Ea is the same mentioned for CB except that ROQ is 

replaced by qmin with the initial value equal to 50 percent of qmax. 

MCG inflow hydrograph has three parameters that can be varied between simulations, of 

which two, qo and qmin, are varied and the other one, time of application, is computed as 

follows: 

in which all symbols have been defined previously. 

The number of iterations required to obtain the maximum Ea for MCG is less than that 

required for CB and MCB but more than required for CON and CG. Initial values for qll 

and qmin are %nax and 0.5qmax, respectively. 

Table 3.3 shows inflow hydrograph parameters associated with each inflow hydrograph 

shape. It should be noted that in this table the parameter T appl is not shown. This is because 
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Table 3.3, Inflow Hydrograph Parameters 

Inflow Parameters Number of 

Hydrograph qo qmin ROT ROQ Parameters 

Constant ~ x x x 1 

Cutback ~ x ~ ~ 3 

Cablegation ~ x x x 1 

Modified Cutback ~ ~ ~ x 3 

Modified Cablegation ~ ~ x x 2 

~ : Parameter to be varied between simulations. 

x : Parameter not to be varied between simulations. 
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Tappl is to be calculated from equations, Eqs. 34, 35, 36, 37 and 38. 

CRITERIA 

For a given set of input data, L, n, So, IF, and Va maximum application efficiency, Ea, is 

the objective. As previously mentioned, each inflow hydro graph has at least one parameter 

which needs to be varied till maximum E" is achieved. The parameter that requires special 

consideration is the initial inflow rate, qo. Soil erodibility and border height impose certain 

restrictions or limitations on values of qo. Therefore, qo should not exceed the maximum 

inflow rate, qmax, so that soil erosion is avoided. At the same time, depth of flow, y, must 

not exceed the dike height, dh. In other words, a maximum depth of flow, Ymax which is 

equal to or less than d1h imposes another restriction on qo. In order to assure high 

uniformity and adequacy or storage efficiency, DU is 2:: 90 percent and Es is 2:: 95 percent. 

These values, however, may not be met when qo reaches its maximum. In this case, the 

application efficiency associated with this simulation is considered as maximum. 

The above discussion could be expressed mathematically as follows: 

E" is said to be maximized with the following constraints: 

1- Erodibility and dike height not imposing any restriction on qo, then 

Es 2:: 95 %. 

DU2::90%. 

2- Erodibility or dike height imposing restrictions on qo, then 

qo = qmax if erodibility causes the restriction. 

qo = q (y :::; Ymax) if dike height causes the restriction. 
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The low quarter concept is being used to express the irrigation performance, presented by 

Ea, Es, and DU. These expressions are: 

-
E =~ (41) 

a d
apPI 

-

E = ~s (42) 
S dlq 

-

DU = ~Iq (43) 
dinf 

in which all symbols have previously been mentioned and ds is the average depth stored, 
-

relative to dlq , that is the average depth of infiltrated depths less than or equal to the 

average depth stored in the low quarter. Illustration of the low quarter concept is shown in 

Figure 3.6. 

Maximum allowable inflow rate, qmax, is obtained by using the empirical method proposed 

by SCS (1974). In this method, qmax is expressed as a function of slope of run, So, and type 

of crop, sod and non-sod. For sod, ql11ax is computed by using the following formula: 

C S -1175 
qrniLx = sod II (44) 

in which Csod is equal to 3.53 x 10-4 for qmax in m2/sec and 3.8 x 10-3 for qmax in fl?/sec. 

For non-sod, it is assumed to be less than that of sod by 50 percent, thus, qmax is computed 

as follows: 
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C S -0.75 
qrna,x = Non~snd 0 

(45) 

in which Cnon-sod is equal to 1.756 x 10-.t for qmax in m2/sec and 1.9 x 10-3 for qrnax in ft2/sec. 

Where n equals 0.04 and 0.15, non-sod condition is presumed. In contrast, sod condition 

is considered with n is equal to 0.25. 

Maximum allowable depth of flow, Ymax, is restricted by the dike height and taken here as 

0.5 ft. The depth of flow is considered to be normal depth and should not exceed 0.5 ft. 

Normal flow depth, Yn, is computed utilizing the Manning equation. Thus, 

(46) 

In which CII is a units conversIOn equal to 1.0 mlr~/sec in the metric system and 

approximately 1. 486 ft 1/2/ sec in the English system. Rearranging Eq. 46 and solving for 

_ S!. 53 l~ 
qm<LX - Y milX So- (47) 

n 

Thus, the actual value ofqmax is the lesser of Eqs. 44,45, and 47. Table 3.4 illustrates the 

maximum inflow rates resulting from these equations. 



Table 3.4, Maximum Allowable Inflow Rates 

----- ----- ------- -------

n So qrnax(cfs-ft) Computed Via Eq. 45 

0.0010 0.338 
0.04 0.0025 0.170 

0.0050 0.101 

0.0010 0.338 

o. IS 0.0025 0.170 

0.0050 0.101 

n So qrnax(cfs-ft) Computed Via Eq. 44 

0.0010 0.676 

0.25 0.0025 0.340 

0.0050 0.202 

*: Restriction made by erodibility. 
**: Restriction made by border height. 

qrnax(cfs-ft) Computed Via Eq. 47 

0.370 
0.585 

0.827 

0.099 

0.156 

0.221 

qrnax (cfs-ft) Computed Via Eq. 47 

0.059 

0.094 

0.132 

Actual qrnax (cfs-ft) 

0.338* 

0.170* 

0.101 * 

0.099** 

0.156** 

0.101 * 

Actual qrnax (cfs-ft) 

0.059** 

0.094** 

0.132** 

0\ 
N 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Numerous computer runs were performed to simulate the flow over sloping open-end 

borders with five different inflow hydrograph shapes. These shapes are namely constant 

(CON), cutback (CB), cablegation (CG), modified cutback (MCB), and modified 

cablegation (MCG). For each inflow hydrograph, maximum application efficiency in the 

low quarter (Appendix B) has been selected for each set or combination of input data, 

field geometry (length and slope), soil characteristics (infiltration family), Manning's 

roughness (n), and depth of water of application represented by volume applied, Va. Input 

parameter effects on maximum Ea will be discussed. Before that, the effect of inflow 

hydro graph shape on efficiency will be addressed followed by a comparison of the 

efficiencies obtained from these inflow hydrographs. 

INFLOW HVDROGRAPH SHAPE EFFECT ON MAXIMUM Ea 

Maximum application efficiency, Ea, was plotted versus the inflow hydrograph shape as 

depicted in Figure 4.1. This figure is divided into five main sections bordered by heavy 

vertical lines. Each main section is subdivided into four subsections for the four values 

chosen for the intake families, IF. Each subsection is further divided for the three values of 

roughness. The main sections represent the inflow hydrographs as shown below the 

horizontal axis. Each main section contains 216 points for maximum Ea resulting from the 

input parameter ranges considered, 4-IF, 3-So, 3-n, 3-Va, and 2-L. Since there are twelve 

sub-subsections in each main section, eighteen points are found in each sub-subsection. 
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These eighteen points of maximum Ea are the results of the three values of slope, 0.00 I , 

0.0025, and 0.005; the three values for volume, low, med., and high; and the two values of 

length, 650 and 1300 ft, respectively. 

It is clear from Figure 4.1 that inflow hydrograph has a substantial influence on maximum 

Ea with a variation of about 20 percent in average maximum Ea. In Table 4.1, the averages 

and variation coefficients of the performance parameters are shown. Values of average 

maximum Ea range from 61 percent for CG to 80 percent for both CB and MCB. CON 

has an average maximum Ea falls in the middle and equal to 71 percent. The average value 

of maximum Ea for MCG is equal to 78 percent, differing from both CB and MCB by only 

2 percent. C. values of maximum Ea are in the vicinity of 0.2 for all inflow hydrographs 

except CG, which is higher and equal to 0.27. The values of C" are 0.19 for CON and CB 

and 0.21 for MCB and MCG. 

Runoff average values range from as low as 7 percent for MCG to as high as 24 percent 

for CG. Nine percent of Ron' is associated with both CB and MCB. CON has a value of 16 

percent. The values of C" are 0.35, 0.57, 0.60, 0.64, and 0.50 for CON, CB, CG, MCB, 

and MCG, respectively. The deep percolation average values are in the vicinity of II 

percent for both CB and MCB to IS percent for CG and MCG. A middle value, 13 

percent, is associated with CON. MCB has the largest value of C", 1.8, contrasted with 

1.28 and 1.26 for CON and MCG, respectively. C" values for CB and CG are 1.59 and 

1.49, respectively. 

From Table 4.1, it is obvious that average DU values for all inflow hydrographs are up to 

5 percent less than 90 percent. DU, on the average, ranges from 84 p~rcent for CG to 89 



Table 4.1, Averages, Standard Deviations, and Variation Coefficients for the Performance Parameters 

Inflow Irrigation Performance parameters 

Hydro- Ea I Es II DU RafT Dpcr 

graph AVG STD c·1 AVG STD Cy AVG STD Cy AVG STD C\. AVG STD 

CON 71 13.2 0.19 97 13.6 0.14 86 16.6 0.19 16 5.6 0.35 13 17.0 

CB 80 15.5 0.19 97 15.1 0.16 89 17.3 0.20 9 5.3 0.57 11 17.8 

CG 61 16.8 0.27 95 18.0 0.19 84 20.8 0.25 24 14.6 0.60 15 2l.8 

MCB 80 16.5 0.21 97 15.1 0.16 89 18.9 0.21 9 5.9 0.64 11 18.5 

MCG 78 16.6 0.21 97 15.1 0.16 85 17.9 0.21 7 3.6 0.50 15 18.3 

OVERALL I 74 7.4 0.10 97 0.6 0.01 87 2.2 0.02 13 6.2 0.47 13 1.8 

C\. 

l.28 
l.59 
l.49 
1.80 
1.26 

0.14 

01 
01 
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percent for both CB and MCB. For CON and MCG, the values are 86 and 85 percent, 

respectively. Under some circumstances, values ofDU ~ 90 percent are not achieved. This 

is caused either by the physical restrictions made on inflow rate, qo, by both soil erodibility 

and border height, or by the input parameters. The use of high inflow rates, > qmax, leading 

to high DU is not possible due to the constraints made by the soil erodibility and the height 

of the border dike. Nonetheless, high values of DU may not be achieved even with the 

possibility of using inflow rates higher than qrnax. For example, high IF and n, small So, low 

Va, and long field limit the movement of the water stream advancing towards the end. 

Thus, more water is to be stored in the upper end of the field and this eventually gives low 

values ofDU. And, in some cases (extreme values of the input parameters such as IF=2.0, 

n=0.25, So=O.OOI, L=1300 ft, and low volume), DU may reach zero since advance halts 

before reaching the low quarter of the field. The values of C\, associated with DU are 0.19 

for CON, 0.20 for CB, 0.25 for CG, and 0.21 for both MCB and MCG. All inflow 

hydrographs have average values of Es equal to 97 percent except CG, which has an 

average of 95 percent. C\' values of Es range from 0.14 to 0.19. These values are 0.14 for 

CON, 0.16 for CB, MCB, and MCG, and 0.19 for CG. 

In short, maximum Ea and Ron' vary largely with the inflow hydrograph shape and the 

variation reaches 20 percent. This would suggest that Ea and Roll' are the irrigation 

performance parameters most affected by the inflow hydrograph shape. Deep percolation 

for the five inflow hydrograph are in a narrow domain, ranging from II percent to 15 

percent. Though the DU average values fall below the minimum prespecified value, 90 

percent, they were close to it and the maximum difference was about 5 percent. The 

average values of Es remain at or above the minimum prespecified value which is 95 

percent. 
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From the previous discussion, as well as from Figure 4.1 and Table 4.1, it is obvious that 

the cutbacks made on the inflow rate either abruptly, CB, or smoothly and linearly, MCB, 

can cause an increase in maximum E3 of 10 percent compared to the continuously constant 

inflow rate, CON. The contribution to this increase comes mostly from the decrease in 

R,(]". As can be seen from Table 4.1, the Rolf decreases from 16 percent as associated with 

CON to 9 percent as associated with CB and MCB. On the other hand, the deep 

percolation, Dpcr, decreases only by 2 percent. This is caused by using an initially high 

inflow rate, Figure 4.2, to push more water to the end of the field so that less Dpcr is 

obtained. At the same time, water is cut back at a proper time so that less water runs off 

the field. 

On the average, the use of linear cutback, MCB, would make no difference in the 

irrigation performance compared to abrupt cutback, CB. Table 4.1 illustrates that the 

averages of the irrigation performance parameters are the same for both inflow 

hydrographs CB and MCB. There are, however, cases where MCB gives higher or lower 

values of maximum Ea as can be visualized from Figure 4.1. These cases are mostly related 

to the conditions where high or low rates are used. For instance, with low volumes, high 

inflow rate is usually used to spread water quickly over the entire field so that the 

predefined values of DU and Es are obtained. In this case, the linear change of qo, MeB, 

allows more water to run quickly to the end of the field. At the same time, a continuous 

decrease in the inflow rate ensures that more water is retained on the field. Consequently, 

more water is stored in the low quarter of the field and, hence, maximum Ea increases. 

Suffice it to say, increasing the initial inflow rate, qo, doesn't mean the maximum Ea will 

also increase. That is because the use of high initial inflow rates, qo, is followed by low 

values of the cutback or minimum inflow rates, qmin. This leads to recession at the water 
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front while water continues to enter the field, which means that more water continues to 

infiltrate at the upper end and no more water infiltrates at the lower end of the field. Thus, 

Roll' decreases but Dpcr increases which, in turn, leads to a decrease in maximum Ea. 

Moreover, the prescribed values of E" ;::: 95 percent, and DU, ~ 90 percent, will not be 

achieved. And, in order to bring Es and DU at least to the prescribed values, a higher ql1lin 

should be used. Though the use of a higher qmin followed by a smaller qo, can increase E, 

and DU to high levels, say 99 and 95, Rolf will increase to a point where maximum Eo 

becomes low. Thus, one should use inflow rates that produce values of Es and DU in the 

vicinity of 95 and 90 percent. On the other hand, MCB gives lower maximum Ea where 

low qo is used as in the case with high volumes. Applying high volumes usually requires 

low initial inflow rates, and the difference between the initial and final or cutback inflow 

becomes small so that MCB starts to behave like CON, i.e., ROQ and ROT tend to equal 

unity and zero, respectively. More Roll' is expected and maximum Ea declines. This can be 

seen from Figure 4.1, where MCB values of maximum Ea fall in a domain of 70 to 75 

percent like those obtained from CON. 

The continuous decreasing in the inflow rate and then stopping it at a proper minimum 

value, qmin, can cause almost 20 percent increase in the maximum Ea, compared to the 

continuous decreasing in the inflow rate until it gradually goes to zero, CG. The 

contribution to this increase completely comes from the decrease in Roll' as shown in Table 

4.1. Roll' decreases sharply from 24 percent to only 7 percent. In contrast, there is no 

change in the average values of Dpcr for both systems. 

The low values of maximum Ea given by CG are associated with conditions where high 

inflow rates are used. Unlike other systems, CG requires high inflow rates with high 
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volumes, i.e., qo should be high when a high volume is applied and vice versa. The use of 

high inflow rate increases the amount of water that runs off the field, Rolf, and, 

consequently, the maximum E" decreases. When using low inflow rates with high volumes 

of application, the time of application becomes too long, and recession starts at the water 

front while water continues to enter the field. This, in turn, allows a continuous 

penetration of the water at the upper end of the field and no water infiltrates at the lower 

end. The predefined values of DU and Es are not reached and, hence, higher inflow rates 

should be used to meet these values. This is usually the case with high volumes . Even 

with low volumes, CG still requires inflow rates higher than those required by other 

systems. This would imply that CG gives a high performance with high IF and n, small So, 

and long field. This discussion can be visualized more when making a slight modification 

on the CG hydrograph. Instead of allowing the inflow rate to completely and gradually go 

to zero, it is stopped at a value larger than zero, MCG. With this shape, and for given 

conditions of the input parameters, lower inflow rates are used in lieu of higher inflow 

rates, and time is longer since the volume under both hydrographs should be the same. 

Now the runoffwill decline leading to a high increase in the maximum Ea with no effect on 

the DU or the amount of deep percolation. On the average, it has been mentioned that the 

increase in maximum Ea comes completely from the decrease in Rolr when moving from 

CGtoMCG. 

The question that might be raised is why didn't MCG reach the level of MCB? A higher 

initial inflow rate, qo, is used with MCB for a given combination of the input parameters, 

Figure 4.2. This allows the water stream to advance quickly and reach the end of the field 

in a shorter time for MCB. Eventually, a decrease in the Dpcr is expected. On the average, 

the decrease in Dpcr was 4 percent, and it seems that not all of this goes to the maximum 
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Ea. About 50 percent of the decrease in Dpcr becomes R,IT. This means that both maximum 

Ea and Rull" have increased by only 2 percent. 

Previously, the averages and Cv's were used to compare between the inflow hydrographs 

and their effects on maximum Ea. To determine which shape of inflow hydrographs is most 

appropriate and, hence, to add more visualizations of the effect of inflow hydrograph 

shape on maximum Ea, another comparison of the inflow hydrographs was conducted. 

Regarding this, two main aspects were considered. These are: (1) which shape gives 

higher irrigation performance, and (2) how sensitive is a shape to the input parameters. 

This latter issue is very important because some input parameters change after the first 

irrigation, especially the soil characteristics such as infiltration and roughness. Logically, a 

shape that tolerates changes in the input parameters is preferred. Nevertheless, this, too, 

is very important in terms of a design point of view. If there were an error in the 

estimation of input parameters when designing an irrigation system, the performance of 

the system would change from what was expected. 

FREQUENCY ANALYSIS 

A frequency analysis was made considering an interval of 5 percent in maximum Ea_ 

assuming that 5 percent variation in the maximum Ea is acceptable. The cumulative 

frequency distributions for all inflow hydrographs are depicted in Figure 4.3. The relative 

frequency distributions of maximum Ea for the five inflow hydro graph shapes are 

graphically illustrated in Figures 4.4a to 4.4e. Values of maximum Ea range from a low of 

zero to as high as 95 percent. 
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To aid in analysis, the percentage of points that fall in a domain equal to or higher than a 

selected value was plotted as cumulative frequency in Figure 4.3. From this figure, it can 

be seen that more than 90 percent of points fall in the domain from 70 percent to 95 

percent of maximum Ea for all inflow hydrograph shapes except cablegation. CG has a 

different pattern compared to other inflow hydrographs, and nearly 75 percent of points of 

maximum Ea fall in a domain less than or equal to 70 percent. 

Regarding the sensitivity, the distributions of maximum Ea for all inflow hydrographs are 

shown in Figures 4.4a to 4.4e. For constant inflow hydrograph, more than 75 percent of 

values of maximum Ea are in the 70 to 75 percent range as depicted in Figure 4.4a. In 

fact, this is the domain in which the average maximum Ea of 71 percent lies, Table 4.1. In 

the domain of 80 to 85 percent, Figures 4.4b and 4.4e show that cutback and modified 

cablegation have 45 percent and 54 percent of the total points, respectively. Figure 4.4d 

shows that modified cutback has 50 percent of the total points in the range of 85 to 90 

percent. Regarding the cablegation system, it has been seen in Figure 4.1 that this system 

has the highest variations in maximum Ea. The maximum percentage of points fall in a 

domain ofa 5 percent interval, 65 to 70 percent of maximum Ea, is only 24, Figure 4.4c. 

The points which fall below 70 percent maximum E. are mostly associated with the high 

infiltration family, IF equal to 2.0, especially for inflow hydrographs other than CG. CG 

has values of maximum Ea less than 70 percent associated with all magnitudes of IF. 

Improvements of the maximum Ea, bringing low values to upper domains, could possibly 

be done with high inflow rates. There are, however, two physical factors restricting the 

use of high inflow rates as mentioned in chapter 3. These factors are the soil erodibility 

and the height of the border dike. Nonetheless, in some cases, no matter how high the 
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Figure 4.4b, Maximum Ea Frequency Distribution for CB 
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inflow rate, the water will not reach the low quarter of the field leading to values of 

maximum Ea equal to zero. This situation corresponds to the combination of extreme 

values of the input parameters, large values of IF, n, L, and small values of slope and 

volume. For example, a combination set of high infiltration family, IF = 2.0, high 

roughness, n = 0.25, small slope, So = 0.001, low volume applied-reflecting a depth of 

about 2.0 inches, and a length of 1300 ft will lead to a result of zero irrigation 

performance. With such conditions, the points that are close to or equal to zero are not of 

interest and surface irrigation should not be used. The points close to 70 percent are either 

accepted or alternative combinations of the input parameters, reducing the field length for 

example, are determined if possible. 

For these low values of maximum Ea, the shapes of CB, MCB, and MCG start to take the 

shape of CON. Accordingly, it can be detected that under certain conditions (high IF and 

n, small So, long field, and low volume), no matter what inflow hydrograph is being used, 

the merit of the irrigation is the same. Therefore, under such conditions, two sequences 

are obtained. One sequence is that CON inflow hydrograph is preferred over other inflow 

hydrographs because of its simplicity to apply. The second sequence is that under such 

conditions, an alternate set of parameters should be found, rather than looking for 

different inflow hydrograph shapes, so that a better performance is obtained. If the field 

length, for example, is too long, a shorter length is essential to sustain the preferred 

performance. 

It was believed that CG would increase the irrigation performance since Ron' would 

decrease and DU and Es would increase. Consequently, the application efficiency, Ea, 

could reach its optimum or maximum value. This is, however, not the case in the present 
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study. Table 4. 1 shows that CG has the lowest average values of maximum Ea, Es, and DU 

(61,95 and 84 percent respectively). In addition, CG has the highest average value of Ron', 

which is equal to 25 percent. 

CABLEGATION AND MODIFIED CABLEGATION 

CG and MCG have some similarity in inflow hydrograph shapes as seen in Figures 3.3 and 

3.5, but in terms of performance they are quite different. The similarity comes from the 

fact that MCG is initially a CG shape. Instead of allowing inflow to go completely to 

zero, it is stopped at a magnitude higher than zero, called minimum inflow, qmin. There is a 

17 percent difference in average maximum Ea between these shapes, 78 percent for MCG 

and 61 percent for CG. Figure 4.1 shows the wide range of variation in maximum Ea 

associated with CG. About 90 percent of data for CG falls in a wide spectrum, ~ 40 

percent to ~ 85 percent of maximum Ea, as Figure 4.3 shows. On the other hand, the 

same percentage of data for MCG falls only in a 10 percent interval of maximum Ea, 80 

percent to 90 percent. Therefore, one can detect that MCG is definitely preferred over 

CG. This is especially true when changes in input parameters would occur in the fields 

and/or errors in estimating or measuring the parameters are highly expected. In terms of 

application, however, difficulties may be encountered when applying the MCG system. 

Briefly, CON gives fairly good irrigation performance and is less sensitive to the input 

parameters compared to CB, MCB, and CG. CB and MCB give high performance and 

have the same average values of the performance parameters. Both shapes are more 

sensitive to the input parameters than CON and MCG, but far less than CG. MCG gives as 

high a performance as CB and MCB and at the same time is less sensitive than both shapes 
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to changes in the input parameters. CG is the worst in terms of performance. CG, In 

addition, is much more sensitive to the input parameters than other inflow hydrographs. 

It could be stated that choosing one shape over another is not trivial since other 

considerations, other than performance, are involved. For example, the costs of labor and 

equipment required for automation and the flexibility of the delivery system should be 

considered before making decisions on which shape is most appropriate. Though this is 

beyond the scope of this study, a general view will be given. CON would be chosen over 

other shapes in terms of its application simplicity. On the other hand, and in terms of 

design, CB, MCB, and MCG are preferred since they give the highest performance, of 

which CB is the most appropriate shape since it is easier to apply than MCB and MCG. 

Though CG performs better with extreme conditions, high IF and n, small So, low volume, 

and long field, it is most sensitive to the input parameters and least efficient in general. 

Consequently, for applications where possible changes in the input parameters after the 

first irrigation and where errors in estimating or measuring the input parameters occur, this 

type of shape is not preferred and is not recommended. 

INPUT PARAMETERS EFFECTS ON MAXIMUM Ea 

Different statistical analyses were performed to assess the effect of the input parameters 

on the irrigation performance, primarily maximum Ea. The averages and variation 

coefficients of the input parameters were used to evaluate the effect of input parameters 

on maximum Ea, i.e., how the maximum Ea varies as each input parameter changes. The 

cross product method was used to determine which parameters are the most important for 

each inflow hydrograph. 
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INFILTRATION FAMILY 

From Table 4.2, it can be seen that when IF is equal to 0.25, 0.5, and 1.0, the average 

values of maximum Ea change by about 5 percent for all inflow hydrographs. In contrast, 

when IF increases form 1.0 to 2.0, there is a reduction in the averages of maximum Ea 

ranging from 9 percent for CG to 14 percent for both MCB and MeG. The average values 

of the variation coefficients are very small for inflow hydrographs except CG when IF 

equals 0.25, 0.5, and 1.0. For CG, these values are 0.18, 0.15, 0.20, respectively. When IF 

increases from 1.0 to 2.0, Cy values increase more than double for all inflow hydrographs. 

These values are in the vicinity of 0.40 for CON, CB, MCB, and MCG and close to 0.50 

for CG as shown in Table 4.2. 

FIELD SLOPE 

For the three values of slope, the averages and C/s of maximum Ea are shown in Table 

4.3. When the slope increases from 0.001 to 0.0025, average maximum Ea increases by I 

percent for CG to 7 percent for other inflow hydrographs. The change in the average 

maximum Ea is not noticeable, only I percent, for the doubling of the slope from 0.0025 to 

0.005. Where So equals 0.0025 and 0.005, the values ofCy are in the range of 0.09 to 0.15 

for CON, CB, and MCB and in the vicinity of 0.20 for both CG and MCG. When So is 

equal to 0.00 I, these values are in the vicinity of 0.3 for all inflow hydrographs. These 

values are 0.29, 0.30, 0.34, 0.31, and 0.30 for CON, CB, CG, MCB, and MCG, 

respectively. 



Table 4.2, Averages, Standard Deviations, and Variation Coefficients of Maximum 
Ea for each IF 

Inflow Infiltration Family, IF 
Hydro 0.25 0.50 1.0 

graph AVG STD Cv IAVGI STD I C· IIAVGI STD I CV IAVG 

CON 73 1.19 0.02 74 2.14 0.03 73 9.09 0.13 64 
CB 82 2.94 0.04 84 2.62 0.03 82 12.74 0.16 70 
CG 60 10.75 0.18 65 10.01 0.15 65 12.81 0.20 54 
MCB 84 5.52 0.07 86 3.13 0.04 83 12.69 0.15 69 
MCG 84 1.66 0.02 83 2.62 0.03 80 11.87 0.15 66 

Table 4.3, Averages, Standard Deviations, and Variation Coefficients of 
Maximum Ea for each So 

ntlow Slope, So 
Hydro- 0.001 0.0025 0.005 

graph AVO STD Cv IAVolsTDI CV IAVO STD Cv 

CON 67 19.39 0.29 72 9.50 0.13 73 6.54 0.09 

CB 75 22.34 0.30 81 11.63 0.14 82 7.87 0.10 

CO 61 20.49 0.34 62 15.01 0.24 60 14.48 0.24 

MCB 76 23.58 0.31 83 12.40 0.15 82 9.59 0.12 

MCO 73 22.11 0.30 80 15.02 0.19 82 10.62 0.13 

2.0 

STD 

23.42 
25.88 
26.10 
27.21 
27.59 

84 

Cv 

0.37 
0.37 
0.48 
0.39 
0.42 
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ROUGHNESS COEFFICIENT 

Table 4.4 shows the averages and the variation coefficients of maximum Ea for all inflow 

hydrographs. One can see that when n increases, the averages of maximum Ea decreases 

with all inflow hydrographs except with CG. With this system, the average value of 

maximum Ea increases from 59 to 64 percent. When n increases from 0.15 to 0.25 the 

average value of maximum Ea declines for all inflow hydrographs. The change is small 

with CG and larger with MCG, 3 percent and 7 percent, respectively. It seems that n has 

the reverse effect on maximum Ea that So has. In other words, when n increases and S" 

decreases, maximum Ea decreases and vice versa. 

VOLUME ApPLIED 

When the volume applied, Va, increases, the averages of maximum Ea increases as shown 

in Table 4.6. CG inflow hydrograph seems to behave differently, i.e., CG gives higher 

average maximum Ea for low Va. On the average, there is about a 6 percent increase in the 

average maximum Ea when moving from low to medium Va with CON, CB, MCB, and 

MCG. In contrast, with CG, the average maximum Ea decreases from 64 to 62 percent 

and from 62 to 58 percent when moving from low to medium Va and from medium to 

high, respectively. For other inflow hydrographs, there is little change in the average 

maximum Ea when moving from medium to high Va. This may suggest that using high 

volume, ~ 6 inches or more of the application depth, will not increase the irrigation 

performance. Therefore, applying medium volume would give optimum irrigation 

performance. 



Table 4.4, Averages, Standard Deviations, and Variation Coefficients of 
Maximum Ea for each n 

Inflow Roughness Coefficient, n 

Hydro- 0.04 0.15 I 0.25 

graph AVG STD Cy IAVGISTDI Cy I AVG STD Cy 

CON 74 1.99 0.03 71 10.08 0.14 67 19.85 0.30 

CB 82 3.12 0.04 81 12.58 0.16 75 23.04 0.31 

CG 59 9.99 0.17 64 15.26 0.24 61 22.61 0.37 

MCB 85 4.17 0.05 81 13.77 0.17 75 23.96 0.32 

MCG 84 2.55 0.03 79 12.69 0.16 72 24.22 0.34 

Table 4.5, Averages, Standard Deviations, and Variation Coefficients of 
Maximum Ea for each Va 

Inflow Volume, Va 
Hydro- Low Med. High 

graph AVG STD Cy IAVGISTDI Cy I AVG STD Cy 

CON 67 19.68 0.29 72 8.85 0.12 73 6.30 0.09 

CB 75 23.17 0.31 82 10.33 0.13 82 6.78 0.10 

CG 64 23.37 0.37 62 13.62 0.22 58 10.47 0.24 

MCB 77 24.11 0.32 83 11.32 0.14 82 9.71 0.12 

MCG 73 22.52 0.31 80 13.23 0.17 82 10.23 0.13 

86 
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FIELD LENGTH 

The last parameter to be addressed is the field length, L. Table 4.6 shows values of the 

average maximum Ea and variation coefficients for the two lengths, 650 and 1300 ft. For 

CG, L has little effect on the average maximum Ea compared to those with other inflow 

hydrographs. The average maximum Ea decreases by only 2 percent, 62 to 60 percent, 

when L increases from 650 to 1300 ft. MCB and MCG have the largest decrease in 

maximum Ea, 9 percent, when L increases. CON and CB have a 4 percent and a 3 percent 

increase in maximum Ea, respectively. C. values are in the vicinity of 0.10 and 0.25 for L 

equal to 650 and 1300 ft, respectively, for inflow hydrograph other than CG. C" values for 

CG are 0.21 and 0.33 for L equal to 650 and 1300 ft, respectively. 

In short, from the preceding discussion, it could be said that IF has a great influence on 

maximum Ea and probably the most important input parameter affecting irrigation 

performance. Manning's roughness, n, slope, So, and volume applied, Va, have less effect 

on maximum Ea compared to IF but more compared to L. And length, L, has the least 

effect on maximum Ea. In general, the average maximum Ea increases when L, n, and IF 

decrease and So and Va increase for all inflow hydrographs. For CG, however, the average 

maximum Ea increases when IF and n increase but declines with the continuous increase in 

these parameters. While improvement in the average maximum Ea is noticed when Va 

increases for CON, CB, MCB, and MCG, the average maximum Ea decreases when Va 

increases for CG inflow hydrograph. This would emphasize, as previously mentioned, that 



Table 4.6, Averages, Standard Deviations, and Variation 
Coefficients of Maximum Ea for each L 

Inflow Length, L 

Hydro- 650 1300 

gragh AVG SrD Cv AVG STD Cv 

CON 73 8.02 0.11 69 16.64 0.24 

CB 81 9.89 0.12 78 19.39 0.25 

CG 62 13.00 0.21 60 19.92 0.33 

MCB 85 9.99 0.12 76 20.32 0.27 

MCG 82 9.19 0.11 75 21.11 0.28 

88 
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CG gives high performance with conditions of high IF and n and low Va. 

CROSS PRODUCT ANALYSIS 

A cross product statistical analysis was accomplished to detect in general which input 

parameters are most important. Tables 4.7a to 4.7e show the results of the cross product 

for the five inflow hydrographs, CON, CB, CG, MCB, and MCG, respectively. The input 

parameters and their cross products are in column 1. The sum of squares of the variables 

are shown in column 2 and they were sorted descendingly, from large to small. The larger 

the sum of squares, the more important the parameter(s}. Column 3 represents the ratio of 

the sum of squares of the variables, column 2, to the corrected total square which is 

37521, 51514, 60822, 58751, and 59256 for CON, CB, CG, MCB, and MCG, 

respectively. The cumulative ratios are shown in column 4. In fact, data in this column are 

equivalent for the R2. 

In general, as can be concluded from Tables 4.7a to 4.7e, the infiltration family, IF, and its 

interaction with the other input parameters, IF*n, IF*Va, IF*So, and IF*L, are the most 

important variables to have effect on the maximum Ea. Roughly, IF and its product with n, 

Va, S", and L, contribute 40 to 50 percent of the magnitude of the R2 for all inflow 

hydrographs. These values are 39,43,48,46, and 44 percent for CON, CB, CG, MCB, 

and MCG, respectively. The importance of the other input parameters, n, Va, So, and L, is 

not different from what has been found from the previous discussion of averages and C·s. 
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Table 4.7a, Cross Product Outputs for CON 

Variable 2: Squares LSquarcs Cum!. 
TotalSquarc Ratio 

IF*n 3780 0.10 0.10 

IF 3748 0.10 0.20 

IF*Va 3040 0.08 0.28 

IF*So 2459 0.07 0.35 
n 2039 0.05 0.40 
IF*Va *n 1945 0.05 0.45 

IF*n*Va*So 1752 0.05 0.50 

IF*n*So 1694 0.05 0.55 

Va 1631 0.04 0.59 

S" 1379 0.04 0.63 

IF*L 1374 0.04 0.66 
IF*Va *S.,*L 1372 0.04 0.70 
IF*n*L 1159 0.03 0.73 

L 1014 0.03 0.76 

So*IF*Va 969 0.03 0.78 
S,,*n 820 0.02 0.80 

IF*Va*n*L 613 0.02 0.82 

IF*Va *L 596 0.02 0.84 

Va *n 563 0.02 0.85 
n*L 453 0.01 0.86 

S,,*Va*n*L 385 0.01 0.87 
S,,*Va 336 0.01 0.88 
S,,*IF*L 318 0.01 0.89 

So *Va *n 307 0.01 0.90 

Va*L 251 0.01 0.91 
S.,*IF*n*L 232 0.01 0.91 

Va*n*L 196 0.01 0.92 
S.,*L 180 0.005 0.92 
S,,*n*L 169 0.005 0.93 

S,,*Va*L 39 0.001 0.93 
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Table 4.7b, Cross Product Outputs for CB 

Variable L Square~ l:Squarcs Cum!. 
TotalSquarc Ratio 

IF 6589 0.13 0.13 

IF*Va 5629 0.11 0.24 

IF*n 5207 0.10 0.34 

IF*So 3190 0.06 0.40 

IF*Va*n 2767 0.05 0.45 

Va 2557 0.05 0.50 

IF*n*So 2294 0.04 0.55 

Va*n 2158 0.04 0.59 

So 2098 0.04 0.63 

IF*L 2035 0.04 0.67 

So*n 1928 0.04 0.71 

n 1905 0.04 0.74 

So*IF*Va*n 1276 0.02 0.77 

IF*n*L 1214 0.02 0.79 

n*L 1040 0.02 0.81 

So *IF* Va *L 1033 0.02 0.83 

Va*L 1019 0.02 0.85 

So* Va 955 0.02 0.87 

L 827 0.02 0.89 

So*IF*Va 696 0.01 0.90 

S,,*Va *n 568 0.01 0.91 

IF*Va *L 510 0.01 0.92 

IF*Va *n*L 429 0.01 0.93 

So*IF*n*L 354 0.01 0.94 

So*Va*n*L 268 0.01 0.94 

So *IF*L 267 0.01 0.95 

So *n*L 223 0.00 0.95 

So*L 171 0.003 0.96 

Va*n*L 148 0.003 0.96 

So *Va*L 18 0.0004 0.96 
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Table 4.7c, Cross Product Outputs for CG 

Variable L Squares 2: Squares Cuml. 
TotalSquare Ratio 

IF*n 9646 0.16 0.16 

IF*Va 7156 0.12 0.28 

IF*L 5586 0.09 0.37 

IF 4584 0.08 0.44 

IF*Va*n 2992 0.05 0.49 

IF*n*L 2698 0.04 0.54 

Va*n 2630 0.04 0.58 

So *IF*n 2448 0.04 0.62 

n*L 2062 0.03 0.65 

So *IF*Va*n 2046 0.03 0.69 

So *IF*Va *L 1957 0.03 0.72 

So*IF 1888 0.03 0.75 

So*n 1580 0.03 0.78 

So*IF*Va 1509 0.02 0.80 

VA*L 1503 0.02 0.83 

IF*Va *L 1329 0.02 0.85 

S,,*Va 1177 0.02 0.87 

Va 1094 0.02 0.89 

So*Va*n 1004 0.02 0.90 

n 889 0.01 0.92 

IF*Va *n*L 876 0.01 0.93 

So*IF*n*L 865 0.01 0.95 

S,,*IF*L 623 0.01 0.96 

So *n*L 402 0.01 0.96 

Va*n*L 314 0.01 0.97 

L 282 0.005 0.97 

So*Va*L 234 0.004 0.98 

So *Va *n*L 167 0.003 0.98 

So 135 0.002 0.98 

S,,*L 16 0.0003 0.98 
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Table 4.7d, Cross Product Outputs for MCB 

Variable L Square~ 2: Squares Cum!. 
TotalSquarc Ratio 

IF 8847.46 0.15 0.15 

IF*Va 6728.19 0.11 0.27 

IF*n 6723.14 0.11 0.38 

L 3893.00 0.07 0.45 

n 3275.01 0.06 0.50 

So *IF 3129.89 0.05 0.55 

So *IF*n 2665.31 0.05 0.60 

So*n 2185.88 0.04 0.64 

IF*L 2149.87 0.04 0.67 

So 1816.04 0.03 0.70 

Va 1703.95 0.03 0.73 

IF*n*L 1587.18 0.03 0.76 

IF*Va *n 1534.75 0.03 0.79 

Va*n 1477.55 0.03 0.81 

IF*Va *L 1312.51 0.02 0.83 

So*IF*Va*L 1155.41 0.02 0.85 

So *IF*Va *n 945.72 0.02 0.87 

So*Va 886.52 0.02 0.89 

n*L 767.56 0.01 0.90 

So *IF*Va 581.67 0.01 0.91 

So* *n 458.65 0.01 0.92 

So *IF*n*L 380.16 0.01 0.92 

Va*n*L 322.27 0.01 0.93 

S,,*Va *n*L 290.93 0.00 0.93 

Va*L 290.45 0.00 0.94 

IF*Va *n*L 281.66 0.00 0.94 

So*IF*L 211.59 0.00 0.95 

So*n*L 195.32 0.003 0.95 

So*L 174.48 0.003 0.95 

So *Va *L 34.85 0.001 0.95 
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Table 4.7e, Cross Product Outputs for MCG 

Variable L Squares I Squares Cuml. 
TotalSquare Ratio 

IF 10929 0.18 0.18 

IF*n 7277 0.12 0.31 
n 5157 0.09 0.39 

IF*L 3393 0.06 0.45 

Va 3380 0.06 0.51 

IF*n*L 2870 0.05 0.56 

IF*Va 2660 0.04 0.60 

So 2655 0.04 0.65 

~ 2542 0.04 0.69 

IF*So 2148 0.04 0.73 

IF*n*So 1686 0.03 0.75 

IF*Va*S" 1390 0.02 0.78 

n*L 1289 0.02 0.80 

n*So 1245 0.02 0.82 

IF*Va *n*L 1075 0.02 0.84 

IF*n*Va*S" 1007 0.02 0.86 

IF*Va*n 951 0.02 0.87 

Va*n 755 0.01 0.88 
S,,*IF*n*L 728 0.01 0.90 

S,,*IF*Va 677 0.01 0.91 

S,,*Va 546 0.01 0.92 

S" *IF*L 528 0.01 0.93 

IF*Va*L 392 0.01 0.93 

Va*L 391 0.01 0.94 

S,,*Va *n 306 0.01 0.94 

S,,*n*L 244 0.004 0.95 

S,,*Va*n*L 225 0.004 0.95 

Va*n*L 198 0.003 0.96 

So*L 183 0.003 0.96 

So*Va *L 27 0.0004 0.96 
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The parameters n, Va, and So are less important than IF but more important than L. For 

MCB, however, L seems to be more important than n, Va, and So. While n is more 

important than Va for CON, MCB, and MCG, Va is more important than n for CB and 

CG. In fact, these parameters, n, Va, So, and L, almost have the same ratio of the sum of 

squares to the total square for inflow hydrograph other than CG. The contribution of n, 

Va, So, and L, to R2 is in the vicinity of 15 to 20 percent for CON, CB, MCB, and MCG, 

and less than 5 percent for CG. 
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CHAPTERS 

SUMMARY AND CONCLUSIONS 

SUMMARY 

The objective of this study was to determine how border irrigation performance is affected 

by inflow hydrograph shape. Sloping open-end borders were selected for the study. A 

computer program called SRFR was used for simulations with the choice of zero inertia 

model as the mathematical model describing the movement of water along the border run. 

Initially, twenty hydrograph shapes were studied for a few sets of the input parameters, of 

which only five inflow hydrograph shapes were chosen for the evaluation. They are named 

as follows: constant (CON), cutback (CB), cablegation (CG), modified cutback (MCB), 

and modified cablegation (MCG). 

Different ranges of the input parameters were used to cover a wide spectrum of field 

conditions. These ranges are four infiltration families, 0.25, 0.5, 1.0, and 2.0; three slopes, 

0.001,0.0025, and 0.005; two field lengths, 650 ft and 1300 ft; three values of Manning's 

roughness, 0.04, 0.15, and 0.25, and three volume magnitudes, low, med., and high. The 

values of the applied volume, low, med., and high, approximately reflect average required 

depths equal to 2, 4, and 6 inches, respectively. The substitution of depth to volume was 

made to reduce the number of iterations required to achieve the criteria. 

The low quarter concept was considered to compute the irrigation performance factors, 

Ea, Es, and DO. Maximum irrigation performance was the emphasis of the study. The 
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application efficiency, Ea, for a given set of the input parameters, was to be maximized 

while maintaining minimum values of 95 and 90 percent for Es and DU, respectively. Due 

to the restriction made on the inflow rate, qo, by the soil erodibility and dike height, these 

values, 95 and 90 percent, may not be met. Nonetheless, the maximum Ea is that obtained 

with maximum q" even if the predefined values ofEs and DU are not met. 

CONCLUSIONS 

Inflow hydrograph shape has a substantial influence on the maximum application 

efficiency, maximum Ea. The average maximum Ea values range from 61 percent to 80 

percent. While CG gives the lowest average value of maximum Ea, 61 percent, CB and 

MCB give the highest at 80 percent. CON gives an average value equal to 71 percent and 

MCG has an average value close to those given by CB and MCB and equal to 78 percent. 

The maximum Ea values range from a low of zero to as high as 95 percent. Fortunately, 

more than 90 percent of the 216 values for each inflow hydro graph are above 70 percent 

for all shapes except CG. Most values fall between 70 to 80 percent for CON, 75 to 90 

percent for CB, 80 to 95 for MCB, and 75 to 85 for MCG. CG, unlike other inflow 

hydrographs, has a much wider range with most maximum Ea values falling between 40 

and 85 percent. CB and MCB are more sensitive to changes in the input parameters than 

CON and MCG, but far less than CG which is the most sensitive. 

Though the inflow hydro graph has a substantial effect on the irrigation performance, under 

certain combinations of the input parameters all inflow hydrographs give the same outputs 

of irrigation performance. For example, extreme highs oflF, n, and L and extreme lows of 
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So and volume applied lead to an irrigation efficiency as low as zero. In other words, there 

is a zero depth of water stored in the low quarter of the field. This means that the advance 

front halts at a distance less than or equal to three-fourths of the field length. 

Although the goal was to assess the effect of the inflow hydrograph shape on maximum 

Ea, effects on other irrigation performance factors such as Rulr and Dp~r were briefly 

studied. Like maximum Ea, Roll' was found to be affected by the inflow hydrograph more 

than other performance factors. On the average, inflow hydro graph causes more than a 15 

percent variation in average Ron; ranging from 7 percent for MCG to 24 percent for CG. 

On the other hand, the inflow hydrograph has little effect on the Dp~r. Dp~r has a maximum 

variation in the vicinity of 5 percent. Average Dpcr values are 11 percent for CB and MCB, 

13 percent for CON, and 15 percent for CG and MCG. This would suggest that E" and 

Rolf are the irrigation performance parameters most affected by the inflow hydro graph 

shape. 

Average DU values range from 84 percent for CG to 89 percent for both CB and MCB. 

For CON and MCG, the values are 86 and 85 percent, respectively. The reason that these 

values are less than the prespecified value, 90 percent, is because of the restrictions made 

by soil erodibility and border height on inflow rate, qo. Even with the possible use of 

inflow rates higher than qmax, input parameters add another restriction on achieving values 

of DU greater than 90 percent. For example, high IF and n, small So, low Va, and long 

field limit the movement of the water stream advancing towards the end. This eventually 

gives low values of DU. And, in some cases (extreme values of the input parameters such 

as IF=2.0, n=0.25, So=O.OOI, L=1300 ft, and low volume), DU may reach zero since 
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advance halts before reaching the low quarter of the field. All inflow hydrographs have 

average values of Es equal to 97 percent except CG which has an average of 95 percent. 

From a cross products statistical analysis, the infiltration parameter and its cross products 

are the most important parameters affecting maximum Ea for all five inflow hydrographs. 

Volume applied and Manning's roughness have a moderate effect on the maximum Ea. 

The field geometry, especially length, has the least effect on the maximum E:,. Generally, 

maximum Ea decreases when IF, n, and L increase and So and Va decrease and vice versa. 

CG, however, has been found to behave differently from the other inflow hydrographs. 

Whereas the maximum Ea increases when volume increases for CON, CB, MCB, and 

MCG, it decreases when volume increases for CG. In addition, the initial inflow rate, qll, 

decreases when volume increases for CON, CB, MCB, and MCG, but it increases when 

volume increases for CG. Moreover, CG seems to be less affected by the input parameters 

other than IF, the most important parameter for the five shapes. The contribution to R2 

from n, So, Va, and L is about 20 percent for CON, CB, MCB, and MCG, and less than 5 

percent for CG. 

RECOMMENDA nONS 

CON will give a reasonably high performance for a wide selection or combination of the 

input parameters if the management parameters, inflow rate and time of cutoff, are chosen 

properly. Thus, this shape, in terms of application simplicity, would be chosen over other 

inflow hydrographs. However, CB, MCB, and MCG are preferred where very high 

performance is required. Nonetheless, the choice of one inflow hydrograph over another 

requires further analysis since other factors are involved in the process and have to be 
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considered. These factors are the costs of labor and equipment required for automation 

and the flexibility of the delivery system. In countries like Saudi Arabia, where abundant 

capital and limited water exist, the choice would be CB, MCB, or MCG. CG shapes, in 

any case, are not recommended and should not be used. 

For a given field condition, it would be optimum to use a medium volume of the 

application water. This means that a use of 3, 4, or 5 inches of depth of the application 

would lead to an acceptable irrigation performance and close to optimum. Also, for some 

reason or another, if one or two input parameters are to be limited to one or two values, 

slope and/or length are really the choice. 

The sensitivities of the maximum Ea to the changes in the inflow hydrographs parameters, 

qll' qmilh Tappl , ROT, and ROQ, are not covered in this study and further study might be 

essential. The use of dimensionless solutions would make this study simpler and more 

effective. However, a dimensionless system has to be determined and probably will differ 

from one inflow hydrograph to another. 

To summarize, four points are listed below: 

1- Constant inflow hydro graph gives fairly good performance if proper management 

parameters, inflow rate and time of application, are used. This would also suggest that 

invoking a new surface irrigation system that uses variable inflow rate needs an intensive 

evaluation before it is applied, even if logically it sounds efficient. 

2- One cutback gives as high a performance, up to 95 percent rf Ea, as those given by the 
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pressurized systems with a proper management. Since one cutback gives a very high 

performance, this suggests that more than one cutback possibly has no effect on the 

irrigation performance. 

3- Improvement of the irrigation performance of the cablegation hydrograph, CG, can be 

done by stopping the inflow at a minimum rate instead of allowing it to gradually decrease 

to zero. This hydrograph has been given the name Modified Cablegation, MCG. The 

irrigation performance increases by almost 20 percent, i.e., the maximum Ea increases by 

almost 20 percent as a result of the decrease in runoff. 

4- Under some combinations of the irrigation parameters, extreme values such as IF=2.0, 

n=0.25, So=O.OOI, L=1300 ft, and low Va, surface irrigation should be avoided. However, 

sometimes it is possible to increase the irrigation performance by making modification on 

the input parameters. 
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ApPENDIX A: ADDITIONAL INFLOW HYDRO GRAPH SHAPES INITIALLY EVALUATED 
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ApPENDIX B: MODEL INPUT DATA AND SIMULATION RESULTS 

o Constant Inflow Hydrograph 
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@ Cutback Inflow Hydrograph 
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@) Cablegation Inflow Hydrograpb 
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o Modified Cutback Inflow Hydrograph 
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o Modified Cablegation Inflow Hydrograph 
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