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ABSTRACT 

This research examines the effects of furrow spacing 

on irrigation uniformity and efficiency. Laboratory and 

field experiments were conduct~d to obtain information on 

soil physical characteristics, furrow infiltration and 

water advance data in order to validate the theoretical 

results. A furrow infiltration model based on Richards' 

equation and a finite element technique is developed and 

used to predict infiltrated depths in the transverse and 

longitudinal directions relative to the furrow centerline 

and furrow inlet, respectively. The model predicted 

measured furrow infiltration in the field from the third 

irrigation but failed to do so for the first and second 

irrigations. simulations of furrow irrigation in a 

hypothetical soil with various furrow spacings showed that 

cumulative infiltration is not affected by furrow spacing 

until the lateral wetting front reaches the imaginary 

vertical boundary located midway between two furrows. An 

analysis of uniformity and efficiency from predicted water 

distribution profiles from field irrigated furrows are 

conclusive in that the use of longitudinal water 

distribution profile alone is not enough to assess the 

performance of furrow irrigation. The transverse 

distribution of infiltrated depths which is a function of 

furrow spacing must be included in the analysis. 
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CHAPTER 1 

INTRODUCTION 

The main objective of an irrigation system for 

agricultural lands is to apply water to soil in order to 

supply adequate moisture for crop growth. In addition, 

water should be applied uniformly so that every portion of 

the irrigated field receives the same amount of water. 

However, this ideal situation is practically impossible to 

achieve and, as a consequence, some parts of the field are 

under irrigated while others are over irrigated. The 

degree of uniformity in water application and efficiency 

are points of major concern in 

irrigation systems since they 

(Solomon, 1983). 

designing and operating 

directly affect yield 

Irrigation uniformity is an important component in 

overall irrigation efficiency. Its influence on 

irrigation system performance is basically defined by 

design parameters and water management criteria. In 

surface irrigation systems, irrigation uniformity depends 

on several factors such as infiltration opportunity time, 

inflow rate, variability of soil-physical properties, 

soil-water hydraulic characteristics, and others. Each of 

these factors plays a role in defining the final 

distribution of the infiltrated water throughout the 
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field. A description of the spatial distribution of each 

factor that affects irrigation uniformi ty is needed if 

prediction of the overall distribution of infiltrated 

water is to be accomplished. 

In the particular 

spacing between furrows 

irrigation uniformity. 

case of furrow irrigation, the 

is a key factor in determining 

Furrow spacing is specially 

relevant for the case of closely spaced crops because one 

furrow must supply water to more than one crop row. When 

furrows are placed too far apart from each other, the row 

crops located midway between two furrows will be more 

water-stressed than the others. In such cases, the soil

water distribution from each furrow may be highly 

nonuniform producing a detrimental effect on crop 

yield. On the other hand, when irrigated furrows are 

placed too close for such crops, then there can be a 

decrease in crop production because planting area is 

actually reduced. 

The analysis of the effect of furrow spacing on 

irrigation uniformity and efficiency can not be made 

independently from the analysis of surface flow. An 

increase in furrow spacing may affect the rate of advance 

by affecting infiltration rate. This also will affect the 

opportunity time for infiltration and consequently the 

water distribution along the furrow length. Because of 
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this, the analysis of irrigation uniformity in furrow 

irrigation system is a complex problem, involving design 

and management parameters. The relative importance of 

these parameters can be stated only if the problem is 

analyzed in an integrated form by using surface irrigation 

models coupled in some way with an infiltration model 

capable of sensing furrow spacing variation. The use of 

Richards' (1931) equation to describe water infiltration 

under furrows is well suited in this type of 

analysis. The traditional empirical infiltration models 

based on the Kostiakov (1932) equation and other similar 

forms of power functions are not capable of accounting for 

furrow spacing. 

The irrigation uniformity in a furrow irrigation 

system is highly dependent on water redistribution during 

and after irrigation. It is also dependent upon the 

initial soil-water distribution within the root zone. As 

the infiltration process takes place, the irrigation 

uniformity changes over that initially observed prior to 

the water application. After irrigation ceases, the water 

redistribution process continues and irrigation uniformity 

keeps changing. These processes are highly dynamic. An 

evaluation of the global irrigation uniformity will 

require the monitoring of the soil-moisture distribution 

within the soil profile as the result of an 
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irrigation. The resulting water distribution profiles can 

be used to estimate the distribution of the infiltrated 

depths across and longitudinal to the furrows. These 

distributions can then be combined and the result used to 

derive the necessary measures for assessing the 

performance of furrow irrigation. 

statement of problem 

Describing infiltration for furrow irrigation is 

still a question open to study. The use of a Kostiakov

type equation to lump the major factors that influence 

infiltration under furrows has been challenging. The 

original equation as applied to border irrigation (Basset 

and Fitzsimmons, 1976; Strelkoff and Katapodes, 1977; and 

others) has suffered various modifications in order to be 

applicable to furrow irrigation (Souza, 1981; Elliot et 

al., 1982bi Elliot et al., 1983a, and others). However, 

no attempts were made to include furrow spacing into such 

modifications. 

The other approach to model infiltration under 

furrows has been the use of the physically-based Richards' 

equation. However, the majority of the related studies 

(Selim and Kirkham, 1973; Soliman et al., 1978; Samani et 

al.,1985) have aimed to model infiltration under furrows 

without considering the effects of furrow spacing on 

infiltration and uniformity. 
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Recently, Katyal's et al. (1987) work gave a step 

forward in using Richards equation 

infiltration under furrows. They used 

for describing 

the results to 

develop empirical infiltration equations by using 

regression analysis. They considered various factors such 

as furrow shape, soil type, initial moisture, etc, in the 

development of the regression coefficients of their 

empirical equations. However, the major benefits of using 

Richards' equation in the evaluation of furrow 

infiltration were not fully explored. For instance, they 

did not consider variation of furrow spacing in the 

results and the related effects on irrigation uniformity. 

Despi te the advances in inf il tration modeling as 

related to furrow irrigation, research is needed to assess 

the effects of furrow spacing on infiltration and 

uniformity, and its influence on overall furrow irrigation 

performance. 

Objectives 

The primary objective of this research is to analyze 

the effects of furrow spacing on lateral subsurface water 

distribution as well as on the ultimate distribution of 

infiltrated water along the furrow run. The specific 

objectives are: 

1. To develop a furrow infiltration model, using 

finite element techniques, with the capability to predict 
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variation in infiltrated depths across a furrow cross

section. 

2. To use uniformity and efficiency measures for 

evaluating furrow irrigation performance as affected by 

the variation of both longitudinal and transverse water 

infiltrated depths. 
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CHAPTER 2 

LITERATURE REVIEW 

Direct studies on modeling furrow irrigation 

uniformi ty as affected by furrow spacing have not been 

reported. Nevertheless, a great deal of work has been done 

in the related areas of furrow irrigation and infiltration 

modeling. Because these areas of studies are important in 

defining the scope of this research, a brief review of the 

literature about their findings is included. Furthermore, 

the studies on furrow irrigation performance that can be 

used to support this work are also considered in the 

review. 

Modeling furrow irrigation 

Analysis of surface irrigation through mathematical 

models has been a matter of study for many 

years. Complete models to describe the irrigation phases 

have evolved from simple algebraic methods based on the 

principle of mass conservation (Strelkoff, 1977; Essafi, 

1983) to rather complex hydrodynamic models based on the 

solution of equations governing the unsteady, spatially 

varied flow in open channels (Basset and Fitzsimmons, 

1976; Strelkoff and Katapodes, 1977; Katapodes and 

Strelkoff, 1977; Fonken et al., 1980; Souza, 1981; Walker 
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and Humpherys, 1983; Oweis, 1983; Rayej and Wallender, 

1985). These models have been developed for a variety of 

applications, ranging from border irrigation (Fonken et 

al., 1980; Strelkoff, 1977; Strelkoff and Katapodes, 1977; 

Katapodes and Strelkoff, 1977), to furrow irrigation 

(Souza, 1981; Essafi, 1983; Walker and Humpherys, 1983; 

Oweis, 1983; Haie, 1983; Rayej and Wallender, 1985; Elliot 

et al., 1982b». 

In the development of such models, great emphasis 

has been placed to improve, on a physical and mathematical 

basis, the prediction of the water surface 

profile. However, the description of the counterpart 

water subsurface profile, has relied mostly on the 

empirical Kostiakov (1932) type of equations and other 

similar forms of power functions. These types of 

equations are inherently one dimensional and this 

characteristic has somewhat limited the analysis of 

infiltration to the vertical direction only. 

Furrow infiltration studies 

Studies on modeling infiltration under furrows have 

attracted many investigators. As a result a large number 

of models and techniques have been proposed to describe 

furrow infiltration. These models and techniques vary in 

complexity from simple algebraic expressions, like the 
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Kostiakov equation, to rather complex numerical solutions 

of Richards' (1931) equation (Philip, 1955; Philip, 1957; 

and others);. In general, the development of furrow 

infiltration studies can be grouped into two categories: 

empirical and physical models. 

Empirical models 

The simple Kostiakov equation and other similar 

empirical forms of power functions have been extensively 

used to describe the transient infiltration process in 

surface irrigation systems. Its application to border 

irrigation has been considered adequate in describing the 

infiltration phenomenon. This has been explained on the 

basis that infiltration under border strips is time 

dependent only. On the other hand, application of the 

Kostiakov equation to model infiltration under furrows has 

required modifications. 

For example, field evaluation studies of furrow 

infiltration have used a modified form of the Kostiakov 

equation to fit infiltration data (Elliot and Walker, 

1982a; Elliot et al. I 1983b; and others). These authors 

added to the original equation a first-order time

dependent term to account for the soil's basic intake 

rate. Ramsey (1976) showed that furrow intake rates were 

linearly dependent upon wetted perimeter. He indicated 
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that the ratio between cumulative infiltration and wetted 

perimeter, in the range of flow depths studied, is time 

dependent only and, therefore, can be described by the 

Kostiakov equation. 

Strelkoff and Souza (1984), using field data from 

Ramsey (1976) and a zero-inertia model, investigated six 

different ways of numerically computing furrow intake 

volume, during the advance phase, using both the original 

and a modified Kostiakov equation. The modifications 

consisted essentially in multiplying the time-dependent 

infiltrated depth, as defined by the Kostiakov 

formulation, by a given length which was a function of the 

wetted furrow cross-section. The factors tested were the 

wetted perimeter and the top width measured as a function 

of either the upstream-boundary depth or the local water 

depth developed along the furrow length. They also 

included a case in which the top width was determined as a 

function of the normal depth corresponding to the inflow 

discharge. They concluded that the wetted perimeter at 

the local water depth is the best choice to modify the 

Kostiakov equation for describing infiltration under 

irrigated furrows. 
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Physical models 

The development of physically-based models with 

application to infiltration under furrows has been a 

subject of interest by many researchers (Brutsaert, 1971; 

Selim and Kirkham, 1973; Zyvolosky et al., 19.76; Soliman 

et al., 1978; Samani et al. 1984; Katyal et ali 

1987). All studies used some sort of finite differencing 

technique to solve Richards' equation, except the works of 

Zyvolosky et al. (1976) and Katyal et al. (1987) which 

used finite element techniques. 

Brutsaert (1971) investigated infiltration into 

furrows of rectangular shape in a hypothetical layered 

soil in the presence of a water table. He considered two 

types of boundary condi tions in the furrow: a constant 

inflow rate, and a constant head. He presented the 

results in a series of steady-state saturation maps as 

functions of the distance from the furrow centerline. His 

work is evidently an attempt to address the problem of 

variation of soil moisture in a furrow cross

section. However, because of the setup of the problem 

domain, the study is more relevant to drainage than 

irrigation. 

Selim and Kirkham (1973) 

rectangular 

investigated 

furrow by 

unsteady 

using infiltration in a 

alternating-direction finite-difference solution 

an 

for 
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Richards' (1931) equation. The problem domain consisted 

of a half furrow cross-section with rectangular furrow in 

a homogeneous soil profile. The boundary conditions were 

(1) no flow across the vertical sides of the physical 

problem; (2) saturated conditions at the bottom of the 

furrow (no ponding); and (3) an impervious barrier at the 

bottom of the soil profile. Soliman et ale (1978) carried 

out a similar study for a semi-circular shaped 

furrow. Fok and Shan-Hsian (1984), based on Darcy's law 

and the continui ty equation, also proposed a two

dimensional infiltration model for a rectangular shaped 

furrow, but they assumed that the wetting advance patterns 

leaving the furrow were elliptical. 

Samani et ale (1985) developed a two-dimensional 

computer model to simulate saturated and unsaturated 

infiltration under a furrow with irregular cross section 

and variable water depth. Their model is based on the 

numerical solution of Richards' equation using a time

centered finite-difference scheme coupled with an 

i terati ve Newton-Raphson technique for the case of 

unsaturated flow. They compared the results from the 

model with measured furrow infiltration results and found 

good agreement. The biggest problem they faced with the 

model was the amount of computer time and storage 

required. They overcome this problem partially by 
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adopting the technique of a moving boundary by which the 

number of equations of the problem increased as the 

wetting front advances. 

Although not focusing on furrow irrigation, the 

current literature shows a few research works on two

dimensional unsteady infiltration (Rubin, 1968; Brandt et 

al., 1971; Warrick, 1974; Warrick and Lomen, 1976; Batu, 

1982; Taghavi et al., 1984, Warrick and Zhang, 1987; Healy 

and Warrick, 1988). The striking difference between the 

Taghavi's work and that of these other researchers is the 

use of the finite element technique to solve the transient 

infiltration problem. Taghavi et al. (1984) simulated 

two-dimensional infiltration for trickle irrigation. 

Katyal et al. (1987) made an important step towards 

modeling furrow irrigation. Based on a finite-element 

solution of Richards' equation, they developed, through 

nonlinear regression, a generalized empirical equation for 

cumulative infiltration in furrows. Numerical values of 

the equation coefficients are given as functions of 

several factors that affect furrow infiltration. The 

factors considered are various levels of water depth in 

the furrow, soil textural classes with different 

combinations of bulk density, furrow shape parameters and 

initial volumetric moisture content. However, they did 

not recognize the importance of furrow spacing in their 
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results. This somewhat limits the validity of their 

equations to the particular case of the furrow spacing in 

which the analysis was made. 

Furrow irrigation performance 

The uniformity of water application over a field can 

have a significant effect on irrigation performance and 

consequently on crop yield. Thus it is of importance in 

the evaluation of performance of any irrigation system 

(Solomon, 1983). For furrow irrigation systems, there are 

a number of factors that are considered to influence the 

uniformity of water application on a full field 

scale. The soil characteristics and their spatial 

variability have been shown to play a significant role in 

the variation of infiltration in furrows (Bautista and 

Wallender, 1985). other 

infiltrated depths, which 

causes of variability in 

are inherent to management of 

furrow irrigation, are due to differences in opportunity 

time for infiltration, variations in inflow discharge and 

cutoff times between furrows, variations of wetted 

perimeter along furrows, existence of wheel and non-wheel 

furrows due to traffic machinery, variations in furrow 

shapes, etc. (Ramirez-Guzman and Manges, 1971; Karmeli, 

1978a; Hill and Keller, 1980; Ley and Clyma, 1982; 

Clemmens, 1986; Clemmens, 1988). Another cause of 



31 

nonuniformity which could be added is that due to the 

variation in infiltrated depths between furrows as 

affected by the choice of furrow spacing. 

Any analysis concerned with the impact of field 

variations and management techniques on the distribution 

of infiltrated depths is incomplete if all the factors 

that come into play are not considered. The task, 

however, to quantify the variations of the aforementioned 

factors and to express the combination of their effects on 

irrigation uniformity has been considered to be quite 

difficult (Solomon, 1983; Clemmens, 1988). This difficult 

is probably the reason for the limited number of studies 

(Clemmens, 1986; Clemmens, 1988; Tarboton and Wallender, 

1988) which consider the combined effects of variations in 

infiltrated depths on surface irrigation uniformity. 

Clemmens (1986) examined the combined effects of 

variations in opportunity time and spatial variations in 

infiltration on border irrigation uniformity. In the 

analysis, he evaluates the sources of variability from the 

infiltration parameters rather than the distribution of 

infiltrated depths. In order to do this, he considered a 

simple power function (D=kta) relating cumulative 

infiltrated depth with time. The parameter k was treated 

as a random variable that reflects the variability of the 

soil on infiltration. On the other hand, the opportunity 
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time for infiltration t was considered to be independent 

of k and its variation was treated as a deterministic 

trend only. The combined effect of the variation of these 

two factors was obtained by using a technique of variance 

combination (Jaynes and Clemmens, 1986). A Monte Carlo 

simulation was then used to demonstrate the validity of 

the technique to predict uniformity in border irrigation. 

Clemmens (1988) further extended the technique of 

variance combination to analyze the combined effects on 

irrigation uniformity of four factors which influence the 

distribution of water over a surface irrigated area. The 

factors are: (1) variations in infiltration opportunity 

time; (2) variations in soil infiltration properties; (3) 

variations in surface storage retention; and (4) 

variations in water applied to different areas of a 

field. He postulated that the final infiltrated depth at 

each location can be represented as 

D = b + c t + r (2.1) 

where D is the infiltrated depth; b is the intercept of 

the cumulative infiltration relation of (2.1) and would 

represent the water applied to distinct areas in a field; 

c is the slope of the steady state (long-time) 

infiltration rate curve and would be affected by the 
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variations in soil characteristics; and r is the depth of 

surface water retention which is affected by variations in 

the soil surface. His approach consists of finding the. 

coefficient of variation for each factor and then 

combining them statiscally to estimate the uniformity of 

applied water. In his analysis the random variables (a, 

c, and r) are assumed to be normally distributed. 

Tarboton and Wallender (1988) applied Clemmens' 

(1988) technique to study a field-wide variability in 

furrow infiltration. Their analyses were limited to only 

two sources of variations: (1) the soil infiltration 

characteristics which were embodied in the parameters of 

an adapted Philip (1957) infiltration function; and (2) 

the intake opportunity time for infiltration caused by the 

differences in advance and recession curves. They 

analyzed the effect of individual sources of variation on 

the variability of infiltrated depths and concluded that 

soil and 

equally 

opportunity time for 

to the observed 

infiltration contributed 

field-wide infiltration 

variability. Their results are site-specific and, 

therefore, the conclusions may not be valid for other 

conditions. 

Another approach that can be used to model 

irrigation uniformity on a full scale is to combine the 

frequency distributions of infiltrated depths as a result 
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of the variability of each factor that influences the 

irrigation performance (Solomon, 1983). This approach may 

prove to be more difficult than the combination of 

variance technique (Jaynes and Clemmens, 1986) depending 

on how complex the individual distributions are. However, 

if the combination of distributions is feasible then the 

result could be used not only to derive uniformity 

measures, from knowledge of coefficients of variation, but 

also to calculate efficiency measures, in a procedure 

similar to that developed by Warrick et ale (1989). In 

that procedure, the distribution density function of 

infiltrated depths are used to derive analytical 

expression to quantify the application efficiency and the 

area fully watered as a result of an irrigation. This 

approach will be used in the analysis of furrow irrigation 

performance as affected by furrow spacing which is the 

subject of the present research. 

Distribution models 

In irrigation uniformity studies, the word 

distribution often refers to the set of water infiltrated 

depths that are measured or predicted as a result of an 

irrigation. The model that is used to represent the 

variation of those infiltrated depths is known as water 

distribution model (Solomon, 1983). The water 
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distribution profile after an irrigation is the basic 

information needed to develop water distribution 

models. The analysis of the irrigation uniformity from 

water distribution depths over the field can be derived 

from a statistical approach. However, the distribution 

functions used in the irrigation context have a distinct 

meaning from that used in mathematics. Here, a 

distribution function refers to the set of infiltrated 

depths that results from an irrigation event and, 

therefore, it possesses variability in space rather than 

in time (Solomon, 1983). 

One way to depict water distribution profiles from 

actual infiltrated depths (W) is to array them from 

minimum to maximum and associate each value with the 

corresponding fractional area. This approach leads to a 

cumulative frequency of infiltrated depths, F(W), such 

that a given fraction of the area received a depth of 

water, W, or less. Similarly, if the actual infiltrated 

depths are arrayed from maximum to minimum, the result 

will be a cumulative frequency distribution, 1-F(W), in 

which a given fraction of the area received a depth of 

water, W, or greater (Hart et al., 1979). This approach 

is preferable to that of constructing a frequency density 

distribution from infiltrated depths because it can avoid 
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the arbitrariness involved in subdividing the raw data 

into classes (Benjamin and Cornell, 1970; p 7). 

The use of distribution models to represent the a 

set of infiltrated depths is essential to achieve 

generalization of the data. As pointed out by Solomon 

(1983), the raw data (water infiltrated depths) may be 

considered as one realization of a random process and, 

therefore, the distribution model used to represent them 

becomes an estimate of the typical product of the random 

process rather than merely an approximation to the 

distribution of the data. Because of the random nature of 

the process, the distribution model is in no way less 

valid than the initial data (Solomon, 1983). Furthermore, 

if an actual distribution is acceptably represented by a 

distribution model, all information about the actual 

distribution can be effectively summarized by identifying 

the distribution model and specifying the values of the 

parameters used in the model. 

A large number of distribution models (uniform, 

parabolic, power function, normal, gamma, beta, etc ) have 

been proposed to describe the actual distribution of 

infiltrated depths from different irrigation systems 

(Solomon, 1983). The most popular choice from those 

distributions used in the analysis of the performance of 

surface irrigation systems is the power function and its 
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special case of uniform or cumulative linear 

(Karmeli,1977; Karmeli, 1978a; Norum et al., 1979; Hart et 

al., 1980; Warrick et al., 1989). The other types of 

distribution models have been mostly applied to sprinkler 

and drip irrigation as reviewed by Solomon (1983). 

Power distribution model. The power model for 

cumulative frequency distribution for dimensionless 

infiltrated depths can be expressed as follows (Karmeli, 

1978a): 

w = m + s xb (2.2) 

where w is a dimensionless cumulative infiltrated depth 

(W/Wr ); W is an actual infiltrated depth; Wr is the 

requirement depth, assumed uniform throughout the area; m, 

s, and b are the parameters of the distribution model; and 

x is the dimensionless area equal to the ratio between any 

area fraction and the total area. 

Furthermore, if the observations are arrayed from 

maximum to minimum, as illustrated in Figure 2.1, the 

parameters m and s will be related to the maximum and 

minimum values of the distribution model as follows (Norum 

et al., 1979): 
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Figure 2.1 Illustration of a case of infiltrated depths 
being fitted by a power distribution model. 
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(2.3) 

(2.4) 

In the particular case of Figure 2.1, the extreme values 

of the model distribution (wu, wL) are located at x = 0 

and x = 1.0, respectively. 

If the distribution model is interpreted in a 

probability sense, then the value of x in equation 2.2 can 

be interpreted in terms of probability values. Referring 

to Figure 2.1, one can say, for instance, that the 

probability, F(w), of having a value of w between Wu and 

w is equal to 1 - x. This fact can be used to derive an 

expression for the probability density function, few), 

corresponding to equation (2.2) as shown by Warrick 

(1983). His result can be written as follows; 

few) 
dF(w) d(l-x) 

= dw = dw 

Estimation of model 

(2.5) 

parameters. Once the 

distribution model is chosen, there are various methods 

that can be used to calculate the values of the parameters 
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so that the selected model best represents the empirical 

data. The most common methods are regression, moment 

matching, and maximum likelihood (Benj amin and Cornell, 

1970). For the power model case, the regression method 

seems to be quite appropriate to determine the model 

parameters (Karmeli, 1978b). However, it should be 

pointed out that Solomon (1983) cautioned on the use of 

regression to evaluate the parameters of model 

distributions. He presented a case where the parameters 

of the uniform distribution model, as determined by 

regression, can take on different values depending on how 

the distribution model is formulated. He recommended that 

whenever the regression method is used to estimate model 

parameters, the format of the model and the regression 

technique used should be explicitly stated. For this 

research, the technique used will be a nonlinear 

regression (Marquardt, 1962) to fit the cumulative 

distribution model (Eq. 2.2) over a set of infiltrated 

depths arrayed in decreasing order. After the parameter 

values (m, s, b) are found, then the values of Wu and wL 

will be determined from equations (2.3) and (2.4), 

respectively. 
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combining distributions 

One approach that can be adopted to model irrigation. 

performance on a full field scale and yet account for the 

various factors that come into play is that of combining 

the distributions of each variable in a process called 

distribution synthesis (Solomon, 1983). Two cases of 

distribution synthesis are considered here: (1) linear 

synthesis and (2) blending distributions. 

Linear synthesis. Linear synthesis is used to 

combine known distributions that represent different 

portions of the area. For instance, one might be 

interested in combining the distribution of infiltrated 

depths representing the wheel and non-wheel furrows 

(Solomon, 1983). In this procedure, the distribution for 

the whole area is obtained by weight-averaging each 

distribution. The weight associated with each 

distribution corresponds to the area fraction represented 

by that distribution. The major requirement in this 

analysis is that the variable of each distribution be the 

same and be expressed in the same format. For example, if 

dimensionless infiltrated depth is the choice, then all 

distributions should be expressed in terms of infiltrated 

depth and this variable should be made dimensionless with 

respect to the same reference value. This reference value 
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could be, for instance, the average infiltrated depth in 

the entire area. 

Solomon (1983) proposed the following weighted sum 

to combine continuous distributions by linear synthesis: 

n 
few) = I: ai fi(W) 

i=l 
(2.6) 

where ai represents a portion of the area associated with 

a given distribution fi(w). The variable w for each 

distribution, i, as well as for the combined distribution 

are made dimensionless with respect to the same reference 

value. The principle of weighted averages embodied in 

equation (2.6) is also applicable to cumulative frequency 

distributions and obviously is not restricted to 

dimensionless variables. 

Blending distributions. According to Solomon 

(1983), the process of blending distributions is needed 

when the variation of an irrigation variable, such as 

infiltrated depth, is caused by two different factors. In 

furrow irrigation, for example, the infiltrated depths can 

vary locally across the furrow depending on the choice of 

the furrow spacing and also vary longitudinally due to the 

opportunity time for infiltration and the area over which 

infiltration takes place. In this case, the distribution 
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of infiltrated depths along the furrow run can be formed 

with the average infiltrated depths from each local 

distribution formed with the infiltrated depths obtained 

at each furrow cross-section. The mean value of 

infiltrated depths from each local distribution in this 

case is the linking parameter needed to perform the 

blending.
o 

other typical examples for surface irrigation 

and other irrigation systems are given by Solomon (1983). 

The problem of blending distributions consists 

essentially of finding a field-wide distribution of some 

variable w, knowing the variation of w with respect to 

some particular value, p, and also knowing the variation 

of p itself (Solomon, 1983). For continuous 

distributions, Solomon defines the blended distribution 

few), as a result of the following integration: 

f (w) = I g(WIP) h(p) dp (2.7) 

where g(wIP) is the distribution of w for a particular 

value of parameter p, and h(p) is the distribution of that 

parameter. 

In most practical situations, the blending of 

distributions is performed without resorting to the 

formalism of equation (2.7). In most practical 
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situations, the distributions of infiltrated depths are 

obtained either directly by field measurements or by model 

prediction. In such cases, the infiltrated depths are 

discrete and allow fitting of the distribution model for 

the globally distributed variable. Of course, if one is 

interested in evaluating the separate effects of each 

distribution on the overall 

model can still be fitted 

variation. 

uniformity, a distribution 

to each component of the 

Uniformity and efficiency measures 

A great deal of definitions have been proposed in 

order to assess the performance of an irrigation, as 

reviewed by Solomon (1983). Most of the definitions are 

related to efficiency and uniformity measures and are 

applied to the major types of irrigation methods (surface, 

sprinkler, and trickle). 

the choice of these 

A major step in narrowing down 

definitions for evaluating the 

was given by Hart et ale 

that the performance of 

irrigation performance 

(1979). They postulated 

irrigation systems can be assessed by as few as three 

efficiency measures and one uniformity measure. One of 

the efficiency measures depends on the amount of water 

lost during delivery while the other two depend on both 

the distribution of infiltrated depth and the amount of 
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required water as dictated by irrigation management. The 

uniformi ty measure, however. depends solely on the 

distribution of infiltrated depth after irrigation. 

uniformi tv measures. There are a large number of 

measures proposed to express the uniformity of an 

irrigation as reviewed by Solomon (1983). Kruse et al. 

(1978), in an attempt to standardize the terminology for 

expressing uniformity measures, suggested the use of the 

following indices: 

UC 

and 

DU = LQA 
AV 

(2.8) 

(2.9) 

where UC is Christiansen's (1942) Uniformity; DU is the 

Distribution Uniformity; AD is the average absolute 

deviation from the mean of water infiltrated depth; LQA is 

the average depth infiltrated in that quarter of the area 

receiving the lowest application; and AV is the average 

depth of infiltrated water. 

Those uniformity measures (Eq. 2.8 and 2.9) have 

been shown to be linearly related to the coefficient of 

variation from several distribution models: normal 
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distribution (Hart and Reynolds, 1965; Hart and Heermann, 

1976); log normal, uniform, power, beta, and gamma 

distributions (Warrick; 1983). The coefficient of 

variation cv is the ratio between the population variance 

and the corresponding population mean. For the particular 

case of the power function given by equations (2.2, 2.3, 

2.4), the relationship of UC and DU with respect to CV can 

be written as (Warrick, 1983) 

UC = 1 -
( )

1/2 
2 1 + 2b 

( ) 
(l+l/b) 

l+b 

and 

CV 
1 (cv< (1+2b) 2) 

(CV«1+2b) -~l 

(2.10) 

(2.11) 

The value of CV can be calculated from the parameters of 

the distribution model. For the case of the power 

function (Eq. 2.2), Warrick (1983) derived the following 

expression 

CV (2.12) 
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Thus, once the parameters of the distribution are known, 

the values of DU and UC are readily available from 

equations (2.10, 2.11). 

Efficiency measures. Several efficiency measures 

have been proposed for evaluation of irrigation 

performance as reviewed by Hart et ale (1979) and Solomon 

(1983). By far the most popular choice in general use is 

the definition of water storage efficiency (WSE) proposed 

by Hart and Reynolds (1965). The water storage efficiency 

is defined as the fraction of the infiltrated water that 

is stored in the root zone. Their definition is based on 

the idea that an irrigation should be designed to meet or 

exceed the requirement at the time of irrigation. Hart et 

al. (1979) defined two additional efficiency measures 

which together with the water storage efficiency 

completely describe the performance of an irrigation. 

The two complementary efficiency measures are deep 

percolation efficiency and delivery efficiency. Deep 

percolation efficiency is equal to one minus the ratio of 

water lost to deep percolation to the total water 

infiltrated into the soil. Delivery efficiency is equal 

to one minus the ratio of runoff water not collected for 

reuse to the total water delivered. The four parameters 

necessary to describe these efficiencies are (1) total 

infiltrated volume; (2) water required volume at the time 
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of irrigation; (3) volume deficient after irrigation; and 

(4) total water delivered. The first three parameters can 

be obtained from the water distribution profiles. 

Calculation of the parameters necessary to describe 

the efficiency measures from water distribution profiles 

often requires evaluation of integrals. The complexity of 

the integrations depends on the type of distribution 

models used to described the water infiltration data. The 

study of Warrick et al. (1989) greatly simplifies this 

work by deriving concise relations that allow the 

evaluation of irrigation efficiency from the statistics of 

water distribution profiles. In the development of the 

work, they consider two indices to describe irrigation 

efficiency: (1) the fraction of the field that is fully 

irrigated, ap; and (2) the application efficiency of Kruse 

et al. (1978), AE. In the development of the work, runoff 

and other losses were not included. 

Their two indices of irrigation efficiency are 

defined as follows 

and 

00 

aF = I few) dw 

1 

(2.12 ) 



AE = 1 - (i) I~ew-l) few) dw 

1 
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(2.13 ) 

where w is the dimensionless infiltrated depth, defined as 

W /Wr ; W is the actual inf il trated depth and Wr is the 

required water in the root zone at the time of 

irrigation; few) is the distribution density function; 

and w is the average infiltrated depth divided by 

the requirement Wr . The results of those integrals for 

the case of Normal, Log-normal, Uniform, and Power 

distributions are given by Warrick et ale (1989). 
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CHAPTER 3 

FIELD EXPERIMENTAL WORK 

Field experiments were conducted to provide data for 

application of the proposed furrow infiltration and 

uniformity models. The major activities in the field 

involved measurements of cumulative infiltration into 

furrows, determination of water advance and recession 

data, and measurement of soil-water content at selected 

cross-sections along the furrow length. 

Experimental site 

The field work was carried out in the irrigation 

precision field at the Agricultural Engineering Irrigation 

Laboratory, University of Arizona Agricultural Experiment 

Station, Campbell Avenue Farm (32°16'49"N, 111°58'18"W) in 

Tucson, Arizona. The field is located immediately north 

of the irrigation laboratory building and is at an 

elevation of 713 meters (Copeland, 1989). This irrigation 

field has also been described by Ramsey (1976). 

Field description 

The experimental site consists of a land strip 106 m 

long (north to south) and 5.9 m wide with two concrete 

curbs running along the east and west edges of the 

str ip. Each concrete curb has a top width of 20 cm and 
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has 38 cm of its lower portion buried in the ground. The 

curbs have a down slope of 0.067% in the north 

direction. Scissor-type automotive jacks are located on 

these curbs at 4.6-m intervals. The first and last 

interval between jacks are shorter and measure 2 and 3 m, 

respectively. Steel rails are mounted on the jacks so 

that their height with respect to the concrete curb can be 

adjusted to attain desired slopes. 

The precision field is equipped with a rolling 

trolley to move in the north-south direction on the steel 

rails. The trolley has the capability to carry blades, 

fuirow openers, cultivators, and other related 

equipment. For example, the land leveling acti vi ties in 

the area can be done by using steel blades attached to the 

trolley, which is pulled by a tractor. The trolley can 

also be used to carry personnel who take measurements 

(such as neutron probe readings). This reduces the need 

for people to walk in the area during irrigation. 

soil Type 

According to Post et ale (1986), the soil nearby is 

identified as a Gila loam with a texture classified as 

coarse loamy. It belongs to the group of soils known as 

Typic Torrifluvents and according to Copeland (1989), the 
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soil texture in the USDA classification chart is placed as 

very fine sandy loam. 

Soil preparation and sampling 

The soil preparation for the experiment started in 

May 1988. The first operation consisted of deep plowing 

the soil in order to break up any hard pan produced by 

traffic machinery from previous experiments. After this 

operation, the area was disked twice and some of the soil 

was hauled from the upper to the lower portion of the 

field in order to fill an existing local 

depression. Also, a land leveling operation was done to 

level the soil surface to a desired slope. This operation 

was initially performed by a tractor equipped with front 

blade until the soil surface was roughly leveled. The 

final land leveling operation was completed by using steel 

blades attached to the trolley. 

The second phase of the soil preparation consisted 

of irrigating the bare soil in order to plant barley. At 

the end of August 1988, the existing vegetation mass was 

chopped off and incorporated into the soil. Additional 

barley straw and urea nitrogen were spread out in the 

field, in the beginning of September, and also 

incorporated into the soil. At the end of October I the 

soil surface was leveled again with a slope of 0.1 percent 
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and the acti vi ties for the installation of the furrow 

irrigation experiment started. 

soil samplinq 

For sampling purposes, the field length was 

subdivided into four parts. The parts from south to north 

were labeled as sections A, B, C, and D, respectively 

(Fig. 3.1). In the middle of each section and 

approximately 1.0 m from the east edge of the strip, a pit 

of 1.2 m deep, 0.60 m wide and 0.60 m long was excavated 

in order to allow the undisturbed soil cores to be 

extracted. The soil profile was subdivided a priori into 

four layers. six replicates of soil cores were carefully 

taken from each layer. The soil cores were obtained by 

dri ving vertically into each layer a sampler containing 

three brass cylinders. Each cylinder had an inner 

diameter of 5.4 cm and a length of 3.0 cm. only the soil 

core from the middle cylinder was considered. The soil 

cores were placed in soil cans which were covered with a 

lid and sealed in order to prevent the samples from drying 

out. The soil cores were kept in the cans until they were 

used in the laboratory determination of soil moisture and 

hydraulic conductivity. Three replicates of soil cores 

from each section and each depth were used to determine 

the average values of bulk density shown in Table 3.1. 
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A visual analysis from each profile revealed that 

the soil in section A was quite homogeneous. However, the 

profile from sections B, C, and D were stratified. In 

section B, the profile presented a well-defined 30-cm 

layer of pure sand which started at about 60 cm below the 

soil surface. This same layer of sand extended down to 

sections C and D. In section C, this sand layer also 

started at 60 cm below the soil surface but its thickness 

was about 40 cm and in section D it started about 30 cm 

below the soil surface and seemed to extend deeper than 

1.2 m. Def ini tely , this site was not the most adequate 

place to use for simulation studies of 

infiltration. However, this was the only place available 

with facilities that allowed precise construction of 

furrow grades. 

Table 3.1 Bulk density values1 (g/cm3 ) from soil cores 
taken from the experimental site. 

Depth S E C T ION 
(cm) A B C D 

15 1.44 1.43 1.44 1.49 
45 1.15 1.38 1.48 1.54 
75 1.25 1.52 1.58 1.53 

105 1. 36 1.30 1.27 1.49 

1 Average from three core samples. 
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General furrow layout 

Because of the limited dimensions of the irrigation 

precision field, the experiment was designed to have five 

furrows spaced every 0.90 m (Fig. 3.1). The first furrow 

was placed 0.45 m from the west edge of the field. This 

setup allowed an extra space of about 1.40 m in the east 

side of the field. This space was used as a path for easy 

access before, during and after the experiments. The 

furrows were constructed by using a shovel-type furrow 

opener mounted on the rolling trolley as described by 

Ramsey (1976). After the furrows were opened the average 

depth was about 15 cm. 

This furrow layout allowed the simulation of 

irrigation with two different furrow spacings (0.90 and 

1.80 m). The smaller spacing was obtained by irrigating 

all five furrows simultaneously. The larger furrow 

spacing was obtained by irrigating alternate furrows. For 

either case, the central furrow was always taken for the 

pertinent measurements. The other irrigated furrows were 

considered as buffers. In addition, each irrigation was 

performed with furrows freshly made. 

Cropping activities 

A crop was not required in order to achieve the 

obj ecti ves of the field experiment. However, a crop was 

used in order to accelerate the depletion of moisture 



57 

between irrigations. The crop selected was barley and the 

planting pattern was one row per each furrow ridge. This 

resulted in a total of six rows of barley for the five 

furrows. Each row of crop was seeded wi th a rate of 

approximately 40 seeds per meter. This was done by 

manually pushing a small seed planter along each furrow 

ridge with the aid of the trolley. 

The crop was irrigated four times with a drip 

irrigation system and this was done independent of the 

furrow irrigation system. The first irrigation (NOV. 4, 

1988) was performed one day after planting in order to 

enhance germination. The other irrigations were applied 

in a regular interval of 3 days and each irrigation lasted 

about 1 hour. These irrigations provided the water needs 

during the early stage of the crop. After these four 

irrigations, the drip system was deactivated and the crop 

received water only from either some occasional rains or 

from the furrow irrigation system. 

Furrow irrigation experiment 

Four tests for measuring water advance and recession 

in furrows were done. There were two tests for each 

furrow spacing and the irrigation tests for the small 

furrow spacing were performed first. The time interval 

between each irrigation test was about two weeks in order 
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to have enough time for the crop to deplete soil moisture 

from the previous irrigation. 

Prior to each irrigation, all irrigated furrows from 

a previous test were rebuilt. The operation to 

reconstruct the furrows consisted of using two passes of a 

53-cm-wide hand-driven roto-tiller to destroy the previous 

furrow cross-section and then using two passes of a 

shovel-type furrow opener to rebuild the furrow cross

sections. 

At this point it is proper to say that because of 

problems in measuring water surface elevations during the 

irrigations, it was decided to report only two of the four 

tests made, that is, one test for each case of furrow 

spacing. The tests selected were those which had the 

maximum number of water stage recorders functioning 

correctly throughout the course of each irrigation. 

Furrow hydrographs 

water surface elevations from the central furrow 

were measured by using water stage recorders of the type 

reported by Ramsey (1976). The eleven available stage 

recorders were distributed in the field as shown in Figure 

3.1. The water level within the furrow (Figure 3.2) was 

transferred to a stilling well placed beside the 

corresponding stage recorder by means of an inverted 
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siphon. Water was collected from the furrow bottom 

through a mesh screen attached to the vertical PVC pipe by 

means of a rubber stopper. The screen was 4 . 0 cm in 

diameter and 6. 0 cm in height and it was adapted from a 

drip irrigation filter. water collected from the central 

furrow was diverted first to a sedimentation well and then 

to the stilling 

movements of the 

well near the stage recorder. The 

float within the stilling well were 

transmi tted to a chart on the stage recorder through a 

pulley and gears. The gears were selected so that a unit 

of time in the chart corresponded to one minute, and a 

unit of elevation corresponded to 0.3048 cm of change in 

the water level within the furrow. 

The assessment of the water depths within the furrow 

from chart readings depends on knowledge of the furrow 

bottom elevation with respect to some reference line on 

the stage recorder chart. A practical choice of such a 

reference is the water level within the furrow when 

infiltration is near steady state and therefore the 

variations in height on chart recordings are minimal. In 

this experiment, the water surface elevations were 

measured with a point gauge attached to the trolley beam 

minutes before the furrow inflow was cut off and the 

furrow bottom elevations were measured right after the end 

of the recession phase. Subtraction of this difference in 
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elevation from the maximum height registered in the stage 

recorder chart defines a zero reference level that 

corresponds to the elevation of the furrow bqttom. 

The flow depths developed along the center furrow 

(the measuring furrow) during the irrigation tests are 

given in Tables A.1 and A.2 (appendix A). Those readings 

were taken directly from the furrow hydrographs produced 

by each water stage recorder. Notice that data from the 

first and second stage recorder for the case of small 

furrow spacing (Table A.1) and the second and sixth stage 

recorder for the case of large furrow spacing (Table A.2) 

were not analyzed. The reason was that the communicating 

conduits for transferring the water level from the central 

furrow to the stilling well from such stage recorders 

became plugged during the irrigation. This problem was 

caused mostly because each irrigation test was conducted 

wi th furrows freshly made. This resulted in much loose 

soil wi thin the furrow which was easily carried out and 

deposited on the top of the mesh screen which blocked 

water entry to the sedimentation well (Figure 3.2). 

Field moisture measurements 

The measurements of soil moisture were made at four 

locations along the field by using a neutron probe 

(Campbell Pacific Model 503 DR). The neutron access tubes 
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were installed at 0, 22.5, 45.0, 67.5, and 90.0 cm distant 

from the centerline of the measuring furrow. In addition 

to that, the second and fourth access tubes in each 

section were placed approximately 25.0 cm downstream from 

the alignment of the other three access tubes to avoid 

having them too close to each other with respect to the 

range of neutron probe measurements (Figure 3.1). 

Also, because of the presence of the furrow in the 

landscape and the inaccuracy of the neutron probe for 

readings taken closer than 15.0 cm from the soil surface 

(Hillel, 1982) , the location of the probe during 

measurements varied with depth across the soil 

profile. The pattern of the location of the neutron probe 

readings in the soil profile can be observed from Tables 

B. 1 and B. 2 (appendix B). These tables also provide the 

average 

obtained 

soil moisture as a function of the soil depth 

from neutron probe measurements before each 

irrigation experiment. Each measurement represents an 

average of three replicates. 

The neutron probe meter used for this experiment was 

calibrated previously in a nearby field immediately south 

of the irrigation laboratory building (Husman, 1988). The 

calibration curve is 

e = 19.42 R + 0.33 (r2 = 0.9) (3.1) 
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where e is the volumetric water content given in 

percent and R is the count ratio. The count ratio is 

obtained by dividing the field reading by the standard 

count. The standard count for this probe was given as 

16,678. Measurements were made over a period of five 

months. 

Furrow cross-section data 

Furrow cross-section data were obtained before and 

after irrigation by using the soil profile board described 

by Ramsey (1976). The board is equipped with a series of 

vertical movable aluminum rods of 76 cm length which are 

placed at intervals of 2.54 cm. It was mounted on the 

trolley perpendicular to the furrow centerline, when 

measurements were made. 

A series of eleven locations along the furrow were 

selected for measuring the furrow cross-sections. At each 

location, a reference stake was fixed in the furrow ridge 

in order to serve as guide for setting up the soil profile 

board at the same position and elevation with respect to 

the trolley beam. With the board properly set in a given 

location, the rods were moved down to touch the soil 

surface. The soil cross-section readings were then taken 

directly from the square grid paper which extends above 

the board holding the rods. The reading from a rod placed 
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at the centerline of the furrow served as the reference 

level to calculate the difference in elevation from any 

point in the furrow cross-section with respect to the 

furrow bottom. 

The readings from each side of the furrow cross-

section from the eleven measured sites were averaged. The 

results from both irrigation tests ( small and large 

furrow spacing) are presented in Figure 3.3 and Table 0.1 

(appendix D). Only the after-irrigation cross-sections 

were considered because it was assumed that the initial 

furrow cross-section changes rapidly to the final form 

observed after irrigation (Ramsey, 1976). 

In Figure 3.3, the furrow cross-section elevations 

from both sides (west and east) are superimposed and a 

single power law model, similar to that used by Souza 

(1981), is fitted for both sides simultaneously. In 

general, that power law model can be expressed as 

(3.2) 

where T is the distance from furrow centerline (cm) for a 

given water depth (cm), Y, measured at the furrow 

centerline. The constants a1 and a2 are curve fitting 

parameters. These parameters can be easily obtained by 

linearizing the power law model and then using simple 
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linear regression to obtain the best fit experimental 

data. 

Furthermore, the total flow area, Ay, corresponding 

to a given furrow depth, Y, can be obtained by integrating 

equation (3.2) with respect to the differential of water 

depth, dY (Souza, 1981). The result can be written as 

(3.3) 

Inflow-outflow system 

The inflow system used to divert water to the 

furrows consisted of a 102-mm manifold equipped with five 

calibrated flow meters. Each meter could deliver a 

maximum ·discharge of 3.15 liters per second and the 

readings could be taken to within 0.3785 liter (0.1 

gallon). Water was supplied to the manifold by a pump 

located at the sump in the irrigation laboratory building. 

The inflow from each meter was diverted onto a 

plastic lined stilling basin at the furrow inlet (Figure 

3.1) in order to dissipate turbulence and reduce erosion 

in the first section of the furrow. During the inflow 

process, meter readings were taken at intervals of one to 

two minutes in the beginning of the event and in large 

intervals (up to ten minutes) toward the end of the 

irrigation. 
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The outflow system from each furrow consisted of a 

small critical depth flume (Clemmens et al., 1984) and a 

water stage recorder (Figure 3.1). The stage recorder was 

used to register water depth values within the flume 

during the irrigation. The water depths in the flume 

located at the end of the central furrow, for both 

irrigation tests (small and large furrow spacing), are 

given in the rightmost column of Tables A.1 and A.2 

(appendix A). The discharge values corresponding to those 

water depths were obtained by using the stage discharge 

tables provided by Clemmens et ale (1984). 

All the runoff from the irrigated furrows were 

diverted to a sump near the end of the precision field 

strip and a pump was used to empty the sump whenever it 

was nearly full. The pumped water was directed to a large 

border strip constructed immediately south of the sump. 

Furrow advance data 

The advance trajectory for the water flowing in the 

irrigated furrows was carefully monitored by measuring the 

time when the advancing front reached previously-defined 

distances along the furrow length. The automotive jacks 

(Figure 3.1) were selected as the references points for 

measuring the furrow advance time. The results of these 

measurements for the central furrow from both irrigation 
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tests (small and large furrow spacing) are given in Figure 

3.4. The advance time to reach the field end for the 

small and large furrow spacings were 14.0 and 14.6 minutes 

respecti vely. Intermediates advance times, when the 

advancing front reached each stage recorder, are also 

given in Tables A.1 and A.2. 

The discrete data for the advance trajectory of the 

irrigation tests were fitted to a simple power law 

function as indicated in Figure 3.4. According to Walker 

and Skogerboe (1987), this functional form of power law is 

commonly used to mathematically fit water advance data in 

furrows. The high values of the determination 

coefficients obtained with the fitting for both cases 

indicate that the model represents quite well the measured 

range of advance data. 

Volume balance analysis. 

A volume balance analysis was used to calculate 

infiltration during advance and continuing phases for both 

irrigation tests. By this analysis, infiltration in a 

given period, during the advance phase, is equal to the 

difference between the inflow and the change in surface 

storage during that period. In the continuing phase, the 

calculation of infiltration is similar but the outflow at 

the end of the furrow must be included in the 
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analysis. The inflow and outflow used in the calculations 

were obtained as described previously in this section. 

Surface storage. The surface storage is normally 

determined by multiplying the average flow area at the 

upstream and downstream ends of a reach by the length 

of the reach. However, during the advance phase, the 

surface profile of the advancing front is highly non-

linear and this averaging procedure may prove to be 

inaccurate. Ramsey (1976) suggests that the volume 

contained in the leading reach be calculated as the 

product of the flow area at the upstream end of the reach 

by the length of the reach and some specified shape 

factor. 

Ramsey's statement can be easily derived if it is 

assumed that the surface profile and thus the flow area in 

the leading reach can be described by a monomial 

expression in the following manner: 

(3.4) 

where A(xo,t) is the flow area at the upstream end of the 

reach that contains the leading front; Xo is the location 

of this upstream end with respect to the furrow inlet; xa 
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is the distance of the advance front also with respect to 

the furrow inlet; A(x,t) is any flow area between Xo and 

xa; ny is the degree of the monomial; and t is the time 

level at which the surface profile is analyzed. 

Integration of equation (3.4) over the domain of the 

leading reach gives the following. 

(3.5) 

where Gy is the surface factor defined as 

(3.6) 

and Vy is the volume contained in the leading reach. 

Walker and Skogerboe (1987) considers this surface 

factor to have a value ranging from 0.7 to 0.8. Strelkoff 

( 1977) assumed 0 • 8 in the development of his algebraic 

computation of flow in border irrigation. However, the 

volume balance calculations here uses the average shape 

factor of 0.7167 determined experimentally by Ramsey 

(1976). This value may be more appropriate since Ramsey's 

work was developed in the same experimental site used for 

this research and some of his furrow slopes are quite 

similar to the one used here. 
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Tables A.1 and A.2 give the water depth at some 

selected points along the furrow for the two irrigation 

tests. During the advance phase, the flow depth at the 

leading edge was assumed to be zero and the location of 

the corresponding advancing front was obtained directly 

from field measurements. The time levels when the advance 

front reached a predefined position along the furrow are 

indicated by an asterisk in Tables A.1 and A.2. The 

position of the advance front at intermediate times can be 

found by using the advance equations presented in Figure 

3.4. 

As an example on how to calculate the surface 

storage at a given time, consider the time level of 6.20 

min from Table A. 1. The location of the advance front, 

according to the equation in Figure 3.4 (bottom), is 52.1 

m. In addition, consider that the closest measured water 

depth to this advancing front is 2.13 cm (at 45.72 m from 

inlet). The flow area corresponding to this depth, 

according to equation (3.4) and subject to the fitting 

parameters from Figure 3.3 (bottom), is 26.89 cm2 • The 

corresponding volume, Vy , according to equation (3.5) is 

0.0123 m3 . The total surface storage can be found by 

adding this value of Vy to the partial volumes stored in 

the previous reaches. For this particular time level, the 

number of reaches, including the leading one, is three 
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(Table A.1). The surface volume from the first reach is 

calculated by multiplying the flow area (72.93 cm2 ) at the 

end of the reach by the length of it (13.71 m). The 

surface volume of the second reach and any other 

intermediate ones are calculated by taking the average 

between the flow area from the upstream and downstream 

ends of the reach, which is 49.91 cm2 in this case, and 

multiplying the result by the length of the reach (32.0 

m). Thus, the total surface storage for this time level 

is equal to 0.2726 m3 (=0.1000+0.1597+0.0129). 

Infiltration results. Tables C.1 and C.2 present a 

summary of the components of the volume balance analysis 

used to calculate cumulative infiltration for the 

irrigation experiments. The infiltration values include 

the results until the cutoff time. Notice that there was 

no change in the surface storage toward the end of the 

run, for both cases, which indicates that the infiltration 

rate reached a steady state value at those times. 

Furrow infiltration experiment 

Following the irrigation experiment, a series of 

infiltration tests were performed in the area by using two 

different methods: the blocked furrow infiltrometer (BFI) 

and the flowing furrow infiltrometer (FFI). The tests 

also included two cases of furrow spacing: 0.90 m and 1.80 
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m (two tests with small furrow spacing and one test with 

large furrow spacing). A period of at least two weeks was 

allowed between tests in order to dry out some of the soil 

moisture. A distinct characteristic of this experiment in 

comparison with the irrigation ones was that the furrows 

were not rebuilt between tests and, therefore, only the 

first run was made over a loose soil surface. 

The infiltration tests with the small furrow spacing 

( 0 • 90 m) were done first. They were conducted by 

irrigating simultaneously all five furrows in the test 

area. The infiltration test with the large furrow spacing 

was carried out in the same test areas when the 

infiltration tests with the small furrow spacings were 

finished and this corresponded to a third irrigation in 

the area. The large spacing (1.80 m) was simulated by 

irrigating alternate furrows. An infiltration test with 

the two adopted methods was performed in the same day in 

one of the selected areas. 

At this point, it is appropriate to mention that 

these infiltration studies 'were also used to develop a 

master's thesis presented by Nyawakira (1989). 

Experiment layout 

In preparing the irrigation precision field for the 

infiltration tests, the mature barley from the previous 
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experiment was cut and removed from the area. The 

following operation consisted of disking twice the area 

with a tractor and plowing out the furrows with the aid of 

the trolley. 

Furrow setup. The furrow layout was similar to that 

used in the irrigation tests. There were five furrows 

starting at a distance of 0.45 m from the west edge of the 

field and spaced 0.90 m from each other (Figure 

3 . 5). sections A and B were selected and the central 

furrow from each section was used for the infiltration 

measurements. Inside each section, a 20-m-long portion of 

the central furrow was selected and subdivided into two 

segments of 9 m, each one called "test furrow". The 

upstream segment, as indicated by the checks (Figure 3.5), 

was used to run the blocked furrow infiltrometer (BFI) 

test. The downstream segment, as indicated by a triangle 

and a square, was used to run the counterpart flowing 

furrow infiltrometer (FFI) test. A 20-m-long portion from 

the other furrows, in each section, as indicated by the 

corresponding checks (Figure 3.5), were used as buffer 

furrows during the infiltration tests. 

Neutron probe access. Five neutron probe access 

tubes were installed for each test furrow. They were 

located at distances of 0, 22.5, 45.0, 67.5, and 90.0 cm 

from the centerline to the west of the central furrow 
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(Figure 3.5). In each section, the access tubes were 

located approximately halfway down each test furrow. In 

addition, similar to what was done in the irrigation 

experiment, the second and third access tubes associated 

with each furrow test were place about 25 cm downstream of 

the alignment of the other three access tubes. 

water supply system 

The furrow buffers from all tests and the furrow 

portion from the BFI experiments received water from two 

different systems. Initially, any furrow buffer and the 

BFI test furrow ~eceived water from a 102-mm manifold with 

capacity to deliver approximately 2 LIs. Water was 

supplied to the manifold through a centrifugal pump 

located near a supply sump in the irrigation laboratory 

building. Each outlet of this manifold was equipped with 

a 2. 54-cm volumetric meter which was used to obtain the 

amount of water added to each furrow during the run. The 

large discharge from the 102-mm manifold helped to fill 

the furrows rapidly to a predefined reference level. The 

water supply to the furrow buffers for the latter part of 

the experiment was maintained through a smaller 51-mm 

manifold system. The furrow portion from the BFI test 

received water from two calibrated barrels (Nyawakira, 

1989). 
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The water delivery system used for the FFI furrow 

test was totally independent from the system of manifolds 

just described. It consists of a series of tanks, a 

centrifugal pump, hoses and other related equipment which 

are housed in a self-contained trailer (Figure 3.6), as 

described by Hardy and Dedrick (1985). A centrifugal pump 

which is permanently mounted in the trailer was used to 

fill rapidly to a certain level the furrow portion of the 

FFI exper iment. This pumped water was diverted to the 

downstream collection sump (Figure 3.7) and thus the 

furrow was filled from the downstream to the upstream end. 

The inflow rate supplied to both infiltration 

experiments was controlled by means of floating 

devices. In the BFI method, the water delivered from the 

two calibrated barrels was collected, at the upstream end 

of the furrow, in a box with a float mechanism (not shown 

in Figure 3.5) similar to that used by Bondurant 

(1957) . In the FFI method, the inflow was diverted from 

the trailer's tanks to a metal box (collection sump) 

placed at the downstream end of the furrow test (Figure 

3.5). The inflow rate to the sump was controlled by a 

float mechanism placed inside the collection box (Figure 

3.7) 
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Figure 3.6 Schematic diagram of the flowing furrow 
infiltrometer trailer used in the infiltration experiment 
(After Hardy and Dedrick, 1985). 
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Figure 3.7 Profile (top) and plan view (bottom) of a 
typical flowing furrow infiltrometer test and the related 
equipments used in the infiltration experiment (Adapted 
from Hardy and Dedrick, 1985). 
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Experimental procedure 

Inflow control. In starting the experiment, the 

large manifold and the centrifugal pump from the trailer 

were turned on simultaneously to supply water to the 

irrigated furrows. When the water level within each 

furrow buffer reached a predefined value, the 

corresponding outlet from the 102-mm manifold was turned 

off and the smaller manifold system was turned 

on. Similarly, when the water level within the test 

furrows reached the required reference level, the 

centrifugal pump and the corresponding outlet from the 

102-mm manifold were turned off. In the case of the BFI 

method, the water supply was switched over to the 

calibrated barrels. In the FFI method, water continued to 

be supplied from trailer tanks by gravity. Furthermore, 

after the centrifugal pump was shut off, a submersible 

pump placed in the downstream collection sump was turned 

on and the water pumped to the upstream inlet box in order 

to establish a recirculating flow through the test 

furrow. The inflow rate in the upstream inlet box was 

manually adjusted by using the ball valve (Figure 

3.7). Details on the steps involved in using this 

recirculating flowing infiltrometer technique are given 

elsewhere (Hardy and Dedrick, 1985). 
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Flow Hydrographs. Before each run, some of the 

water stage recorders utilized in the previous irrigation 

experiment were installed for each test furrow (Figure 

3 . 5) in order to monitor the changes in surface storage 

during the run. Each stage recorder was placed over a 

small platform near the furrow and the float device was 

install~d in a stilling well placed in direct contact with 

the water in the furrow. with this setup, all the 

plugging complications observed in the irrigation 

experiment were eliminated. 

During the run and especially near the end of each 

infiltration test some measurements of the water level 

near the stage recorder were taken. In the following day 

with the soil still quite moist, measurements of the 

furrow bottom with the soil profile board were taken. The 

difference in elevation between the water level in the 

furrow and the furrow bottom were used to set a zero 

reference in the chart of the corresponding stage 

recorder. 

Soil moisture measurements. Two neutron probes were 

used in the infiltration experiment. One probe was the 

same one utilized previously with the calibration curve 

given by equation (3.1). This probe was only used for the 

infiltration test with large furrow spacing and third 

irrigation, in section B. The second probe was used for 
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all the other infiltration tests. The calibration curve 

for the second probe is given as (Husman, 1989) 

e = 23.63 R - 3.33 (r2 = 0.88) (3.7) 

where e is the volumetric water content given in 

percent and R is the count ratio as defined earlier. The 

standard count for this probe was given as 18,097. 

The soil moisture values before the infiltration 

tests are given in Tables B.3 and B. 4. The pattern of 

measurements as function of depth and distance from the 

centerline of the furrow test can also be observed from 

those tables. 

Furrow cross-section data 

The after-irrigation furrow cross-section data from 

the infiltration experiments are given in Tables D.2 and 

D.3. They were also measured by using the soil profile 

board (Ramsey, 1976) mentioned earlier. Each set of data 

from each side of the furrow cross-section represent an 

average from three measurements. It is worthwhile 

mentioning that the furrow opener used has a quasi

triangular shape which is symmetric. 

In analyzing these data, Nyawakira (1989) concluded 

that the furrow cross-section was asymmetrical and he 
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fitted a power law expression (equation 3.2) for each side 

of the furrow cross-section. His decision was primarily 

based on the fact that when overlapping the data from one 

side to the other the result did not produce a unique 

curve. At this point, it should be emphasized that this 

type of result is very easy to obtain even for real 

symmetric furrows when using such a soil profile board for 

measuring furrow cross-section. The result depends very 

much on how well the furrow centerline is defined in 

relation to the soil profile board. For example, suppose 

that in measuring a furrow cross-section of a symmetrical 

furrow, one misplaced the furrow centerline by 1.0 

cm. The resul t would show that the two sides of the 

furrow cross-section would not overlap. 

Figures 3.8 and 3.9 show the furrow cross-section 

data for all infiltration tests. The results from both 

sides are superimposed and fitted with a power law 

expression (equation 3.2). A examination of these plots 

reveals that in some cases the overlapping of both sides 

is quite good (Figure 3.8, bottom) while in other cases 

the overlapping is poor (Figure 3.9, top). However, in 

all cases the fitting of the power law equation to the 

experimental data is good, as indicated by the high values 

of the correlation coefficients. 
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The discussion of symmetry here is important for the 

purposes of modeling furrow infiltration. As will be 

discussed later, the furrow symmetry condi tion is 

important in order to reduce the problem domain to only 

half of the furrow cross-section. As far as calculating 

infiltration from measured field data is concerned, the 

question of furrow symmetry is irrelevant and therefore 

the analysis performed by Nyawakira (1989), although more 

complicated, would lead to accurate infiltration 

resul ts. However, calculating inf il tration by using the 

fitted cross-section model should also yield accurate 

results if the furrow is indeed symmetric and the furrow 

centerline of the measurements is not too far away from 

the exact location. 

In order to illustrate the idea behind those 

statements, consider the cross-section data from an FFI 

case with large furrow spacing (Figure 3.9, upper right 

graph). The furrow cross-section was fitted in two 

ways. In the first way, the sides of the furrow cross

section were fitted separately and resulted in two 

distinct equations similar to those presented by Nyawakira 

(1989). In the second way, the regression fitting was 

done by considering both sides simultaneously. Volume 

balance analyses were performed in order to calculate the 

cumulative infiltration that would result if the flow area 
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in tIle furrow was calculated based on the equations 

resulting from both fitting procedures. Figure 3.10 shows 

the results of the calculated cumulative infiltration 

values from both cases as they compare to each 

other. Case 1 corresponds to the infiltration obtained by 

using a single equation fitted to both sides of the furrow 

while case 2 corresponds to the infiltration obtained by 

using two distinct equations for both sides of the furrow 

cross-section. The agreement between the infiltration 

values calculated by these two approaches is excellent as 

indicated by the fact that a 45-degree line passes through 

the data very closely. 

Volume balance analysis 

The volume balance technique was used to compute 

cumulative infiltration for all tests. In the FFI 

experiments, the values of inflow volume per period were 

obtained from the readings of surface elevations in the 

trailer tanks. The changes in surface elevation in the 

tanks were converted into volume by considering the cross

sectional areas of the tanks (Hardy and Dedrick, 1985) 

used in the experiment. In the BFI experiments, the 

inflow volumes were obtained from the readings made in the 

calibrated barrels (Nyawakira, 1989). 
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The surface storage variations were accounted for by 

using the information from the water stage recorders. The 

volume stored within each furrow in a given time was 

calculated by multiplying each average flow area by the 

length (9 m) of the furrow test. The total flow area 

corresponding to each depth as taken from the hydrograph 

was calculated by using equation (3.3) subject to the 

fitting parameters provided in Figures (3.8) and (3.9). 

The components of the volume balance analysis for 

each infiltration test are reported in Tables C.3 through 

C.13 and the corresponding results of cumulative 

infiltration as a function of time are given in Figures 

3.11 and 3.12. It should be mentioned here that because 

of problems in controlling the inflow, the infiltration 

tests for the first irrigation in section A were not 

considered. 

Nyawakira (1989) used the raw data from these 

infiltration experiments to analyze the effect of furrow 

spacing on infiltration. He also compared the 

infiltration results obtained by using the two different 

methods, BFI and FFI. He concluded that the furrow 

spacing apparently did not affect infiltration results but 

the FFI resulted in higher infiltration than that obtained 

from the BFI method. However, in analyzing the same raw 

data for this research, it was found that Nyawakira did 
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not include in his volume balance analysis the water 

necessary to fill the hoses and boxes used in both 

experiments. Ignoring this volume of water introduces 

significant errors (Blair and Trout, 1987) especially in 

the cases of flowing furrow infiltrometer which is 

equipped wi th large hoses. Because of this error, 

Nyawakira's cumulative infiltrations were overestimated 

with the error being larger for the case of the FFI. 

In this analysis, the water stored in the hoses and 

boxes were taken into account by starting the volume 

balance calculations 1 minute after the water flow reached 

the water stage recorder. This allowed enough time for 

the entire furrow to be covered with water and eliminated 

the need for measuring the volumes stored in the supply 

and returning hoses which were not available. The results 

obtained by this procedure, even though they do not 

account for all the water infiltrated in the furrow, can 

still be used for comparision with cumUlative infiltration 

calculated by other means if the comparision is made in 

the same time frame. For instance, if a model is used to 

calculate infiltration and the starting condition is a dry 

furrow, the results can be made comparable by discounting 

the infiltration from the first minute and making this 

time level as the starting point. 



94 

CHAPTER 4 

LABORATORY WORK AND METHODS OF ANALYSIS 

The major laboratory activities are related to the 

measurement of soil moisture release and hydraulic 

conductivity data from soil cores. The soil moisture 

release data were obtained using two different systems: a 

hanging water column setup developed for this research and 

a pressure-plate apparatus from Soil Moisture 

Equipment. The hanging water column was used for the 

determination of soil moisture in the range of pressure 

head from saturation to -200 cm. The pressure-membrane 

apparatus was used for the smaller pressure heads, 

equivalent to gauge pressures ranging from 0.5 to 15 

bars. In addi tion to soil moisture determinations, the 

hanging water column was also used to produce pressure 

outflow data for calculating soil-water diffusivity and 

hence unsaturated hydraulic conductivity. 

Hanging water setup 

The hanging water column setup (Figure 4.1) used in 

this research consisted basically of a 2 ml serological 

pipet with reading accuracy of 0.01 ml, a hanging water 

column, and a soil cell similar to that described by 

Reginato and van Bavel (1962). A similar setup has been 
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hanging water column used for measuring outflow volumes. 
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described by Silva (1980). The setup was assembled in a 

specially made wood cabinet with a capacity to accommodate 

seven distinct cell units to work independently. The 

system was equipped with two 50-ml constant-head burets 

which were used for saturating the soil sample to begin a 

run. A 2-ml pipet for each system was placed horizontally 

on a wood platform and was used for measuring the outflow 

after a change in pressure head. The system was equipped 

with an outlet (not shown in Figure 4.1) near the pipet 

entry in order to drain the water from the pipet whenever 

it became full. The hanging water column consisted of a 4 

mm diameter tygon tubing 2 . 5 m long. The tygon tubing 

allowed the hanging water column to be shortened or 

lengthened when the soil cell was moved to a desired 

position above the reference level. At each position, the 

cell was attached to the wood cabinet by means of 

specially made metal brackets. 

The formation of air bubbles within the system 

usually threatens the success of a run. If the cell is 

positioned with the porous plate facing down, the air 

bubbles have a tendency to accumulate in the space (water 

chamber) that exists between the plate and its 

holder. Furthermore, if the air bubbles get too big, they 

will eventually break the water column and the run must be 

re-started. This problem has been overcome in this 
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hanging water column setup by placing the soil cell with 

the porous plate facing up and using a Y-connection to aid 

the trapping of air bubbles (Figure 4.1). The benefit of 

this setup is that any air bubble that is formed in the 

water chamber can be easily driven to the air trap and 

then taken out through the rubber septum with the aid of a 

syringe and a needle. The inverted cell position proved 

to be very effective in controlling the problem of air 

bubble formation and thus the setup was used throughout 

the experiment, except during saturation in which case the 

cell was placed in its normal position with the air inlet 

pointing upward. 

soil Cell 

In the beginning of this experiment, Tempe Cells 

(Reginato and van Bavel, 1962) from Soil Moisture 

Equipment were tried in connection with the hanging water 

column setup just described. However, the cells did not 

perform as expected. The space between the porous plate 

and the acrylic holder of that cell is small, making the 

task of air bubble removal somewhat diff icul t. In 

addition to that, the cell design does not facilitate the 

testing of the porous plate for leakage prior to 

introducing the soil core into the cell. This feature is 
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highly desirable since a great deal of time is lost if the 

run must be re-started due to leakage problems. 

Cell design. Because of the above difficulties, it 

was decided to devise another cell. In the new design, 

provision was made to have a unit with capability to test 

the porous plate for leakage prior to each run. Also, the 

unit was designed to have flexibility to maintain intact 

the integrity of the sealing . when replacing soil 

cores. The newly designed cell with these characteristics 

is shown assembled in Figure 4.2. It consists of three 

parts (1) a porous plate holder; (2) a plate clamper; and 

(3) a cell cover. A detailed description of the 

dimensions of each part of the cell is given in Figure 

4.3. 

The cell was made from 1.25-cm thick acrylic plates 

which were cut into square pieces 9.06 cm on each 

side. In order to machine the acrylic materials with thE~ 

appropriate cuts, the three square pieces were attached to 

each other by means of four machine screws (0.476 by 2.0 

cm) and nuts. The location of the screws on the plates is 

indicated by the four 0.60-cm diameter circles shown on a 

plan view of the square plates in Figure 4.3 (bottom). 

The three pieces of acrylic plates were taken to a 

lathe and the appropriate cuts were performed on both 

sides of the assemblage. After finishing the cuts from 
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one side, the three-plate assemblage was removed and 

reinstalled in the lathe in order to work the other 

unf inished side. A hole in the center helped to 

centralize the assemblage of the unit in the four-jaw 

chuck of the lathe before performing the cuts on each 

face. The finished dimensions of each cut are given in 

Figure 4.3 (top). 

After the acrylic pieces were appropriately cut, 

they were taken apart and re-assembled as indicated in 

Figure 4.2. In this assemblage the plate holder and the 

plate clamper are attached to each other independently of 

the cell cover. Four machine screws (O • 476 by 6. 5 cm) 

with nuts are used to hold the two plates together. These 

screws (not seen in Figure 4.2) pass through the four 

holes (Figure 4.3) of the porous plate holder to the plate 

clamper. A ceramic plate from Soil Moisture Equipment is 

sandwiched between these plates (Figure 4.2). Nuts are 

then used to press the plate clamper against the plate 

holder in order to obtain, with the aid of O-rings (0.31B 

cm thick), the necessary sealing. This unit (plate 

holder, ceramic plate, and plate clamper) can then be 

tested independently of the soil cylinder and the cell 

cover for leakage. Once the set is proved, it can be used 

again for other soil cores without disrupting the sealing 

conditions obtained initially. 
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Cell testing. This new cell was used and tested 

only for the conditions of this experiment and the maximum 

testing pressure used was 300 cm of head. with the cell 

assemblage fully saturated, the cell was tested by 

applying air pressure slowly to the water chamber while 

keeping the cell assemblage inside water. If no air 

bubbles were observed coming up from the cell when it was 

under pressure for about 2 minutes then the sealing of the 

assemblage was considered satisfactory. The cell was then 

hooked up to the tygon tubing of the hanging water column 

setup. The system was then filled with deaerated water 

and was ready to be used. 

Run procedure 

Each soil core was trimmed to the exact length of 

the soil cylinder and firmly pressed onto the porous plate 

to insure good contact. The cell cover was placed and 

attached by using the existing four screws and wing 

nuts. The next operation consisted of placing the soil 

cell at the zero pressure head position to allow the soil 

core to saturate slowly from bottom to top. In the 

beginning of the saturation process, the 50 m1 buret was 

used to meet the large amounts of water required. In the 

final stage of the soil saturation, water was supplied 

from the measuring pipet which could be refilled from its 
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tip with the aid of a syringe and needle. The water used 

in this experiment came directly from the same irrigation 

well used to irrigate the field. 

The state of saturation was determined by measuring 

the water inflow to the soil sample through meniscus 

readings from the horizontal pipet. When the rate of 

inflow approached a constant value, the sample was 

considered to be saturated. By this criterion, usually, 

the time necessary for a sample to saturate varied from 3 

to 10 days. Starting from saturation, each sample was 

moved stepwise to a maximum of 200 cm above the reference 

level. It should be noted, however, that in the early 

stages of the experiment, the hanging water column setup 

was designed to allow a maximum of 120 cm with pressure 

increments of 20 cm. Later, with improvement of the 

system setup, the maximum limit of pressure was increased 

to 200 cm and the largest pressure increment was changed 

to 40 cm to speed up the experiment. 

Whenever equilibrium was attained, the sample was 

moved to another position higher above the reference 

level. In general, before moving the sample to any 

position, the passage of water to the measuring pipet was 

closed by means of a stopcock placed before the pipet 

entry. This was done in order to insure that the pressure 

head of the system did not change while the soil core was 
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being moved to the new position. After the cell was 

properly attached to the frame of the wood cabinet, the 

stopcock was opened, the outflow started, and it was 
': .. ~~ 

measured as a function of time. (The moving operation 

usually took less than 1 minute.) The outflow measurements 

were accomplished by monitoring the varying positions of 
.. 

the water meniscus in the pipet. At this point, it should 

be mentioned that just after the opening of the stopcock, 

the pipet reading would change in a sudden jump. This 

jump was attributed to the pressure exerted by the 

deformation of the tygon tubing itself when moving the 

soil cell from one position to another. Usually, the 

volume of water associated with this jump was less than 

0.1 ml and it was measured and discounted from the outflow 

volumes. 

Theoretically, the cell should stay in a given 

position until the equilibrium water content of the sample 

is reached. This would correspond to the time when the 

water meniscus as seen from the measuring pipet stopped 

moving. However, this situation actually did not occur 

except for short periods when equilibrium was 

approached. The outflow volumes in this type of setup, as 

pointed out by Silva (1980), are affected by water losses 

from the system. In fact, during the outflow process, if 

allowed enough time, the rate of outflow will become 
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negative. Based on these findings, the criterion for 

sample equilibrium was established as the time at which 

the rate of outflow became negative within a JOO-minute 

period. 

Estimation of evaporation losses 

Throughout the experiment, water evaporation from 

the system was closely monitored. Normally, as the static 

equilibrium condition for a given sample at a given 

pressure head is approached, the effects of evaporation 

can be easily seen on the flow measurements. For a 

desorption process, the cumulative outflow volumes would 

show a steadily decreasing tail, if measurements were 

taken for a period beyond when the outflow should have 

practically ceased. During a sorption process, as in the 

saturation period, the cumulative inflow volumes would 

show a steadily increasing tail, at the time when the 

inflow should be expected to become practically nil 

(Silva, 1980). 

In this research, several runs were deliberately let 

to continue for long times, and the tail measurements were 

taken from each run and combined in order to estimate an 

average water loss from the system. In addition, a 

complete hanging water column, without soil core, was also 

set up in order to serve as a blank system for evaporation 
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Figure 4.4 Estimation of the water losses from the 
hanging water column under three different situations. 
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measurements. Figure 4.4 shows the combination of various 

tail measurements grouped in three cases: (1) a blank 

system (top); (2) samples under unsaturated condition 

(middle); and (3) samples during saturation (bottom). A 

linear model with zero intercept was fitted to each case 

so that the resul ting slope corresponds to the rate of 

water loss for the given condition. Notice that the slope 

found for the unsaturated case and the blank system are 

quite close. However, the slope from the saturation case 

turned out to be approximately twice as much as those 

values. The rate of water loss as determined from the 

unsaturated case were used to correct the outflow 

measurements from all runs. 

Laboratory moisture data. 

As mentioned earlier, the soil moisture data were 

obtained by using both the hanging water column setup and 

the pressure-plate apparatus. One soil core representing 

a given soil depth from each section was used for the 

hanging water column system and two soil cores from each 

place were used for the pressure-plate apparatus. 

Hanging water column data. 

The total outflow values obtained from each soil 

sample by using the hanging water column setup are given 

in Table 4.1. Those values are already corrected for 
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Table 4.1 Equilibrium outflow volume from soil cores as a 
result of a given change in pressure head (-h) in 
the hanging water column setup. 

section A Section B Section C Section D 
Head Total Head Total Head Total Head Total 

change outflow change outflow change outflow change outflow 
(cm) (ml) (cm) (ml) (cm) (ml) (cm) (ml) 

Depth = 15 cm 

0- 20 0.7B 0- 20 1.03 0- 20 1.63 0- 20 1.25 
20- 40 1.11 20- 40 1.03 20- 40 1.35 20- 40 1.01 
40- 60 1.10 40- BO 2.36 40- BO 2.40 40- 60 1.11 
60- BO 1.10 BO-120 2.14 BO-120 2.5B 60- BO 1.22 
BO-I00 1.02 120-160 1. 76 120-160 2.11 BO-I00 1.13 

100-120 1.11 160-200 LOB 160-200 1.51 100-120 2.56 

Depth = 45 cm 

0- 20 0.93 0- 20 1.3B 0- 20 0.99 0- 20 1.77 
20- 40 1.26 20- 40 2.59 20- 40 0.B6 20- 40 1.95 
40- 60 0.91 40- BO 3.56 40- BO 1.B6 40- 60 1.90 
60- BO 0.96 BO-120 3.23 BO-120 2.62 60- BO LBO 
BO-i0D LOB 120-160 1.B6 120-160 2.24 BO-I00 1.6B 

100-120 ':.15 160-200 1.67 

Depth = 75 cm 

0- 20 1.42 0- 20 1.93 0- 20 2.5B 0- 20 1.36 
20- 40 1.B6 20- 40 1.55 20- 40 1.6B 20- 40 1.40 
40- 60 1.65 40- BO 2.26 40- BO 2.B7 40- BO LBO 
60- BO 1.13 BO-120 2.00 80-120 1.31 80-120 1.61 
80-100 0.85 120-160 1.27 120-160 0.82 120-160 1.30 

100-120 0.92 160-200 0.89 160-200 0.55 160-200 1.18 

Depth = 105 cm 

0- 20 1.26 0- 20 0.78 0- 20 1. 75 0- 20 0.68 
20- 40 2.67 20- 40 0.B9 20- 40 1.62 20- 40 0.59 
40- 80 5.39 40- 80 0.98 40- 80 3.83 40- 60 1.30 
BO-120 2.73 80-120 1.88 80-120 3.36 60- 80 1.54 

120-160 1.45 120-160 2.07 80-100 1. 73 
160-200 0.96 160-200 1. 76 100-120 1. 74 
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evaporation losses. Each outflow volume corresponds to 

the change in water content of the soil core as a result 

of a given change in pressure head. Those outflow volumes 

can be converted into volumetric water content by dividing 

each value by the volume of the soil container (68.71 cm3 ) 

(Figure 4.2). 

At the end of a run, the soil sample was taken from 

the hanging water column system, weighed, oven-dried and 

re-weighed in order to determine the amount of water 

within the sample at the time of the disconnection. This 

water mass was converted into a volumetric water content 

basis by assuming a water density of 1 g/cm3 . The water 

content value resulting from this calculation was then 

used to figure out the other equilibrium water content 

values for the sample. For example, consider the soil 

core, obtained from section A at 105 cm depth which had a 

water content value of 0.2160 (cm3 of water/cm3 of soil) 

at the time it was disconnected from the hanging water 

column setup. This sample was in equilibrium with a 

pressure head of -200 cm. Table 4.1 indicates that the 

total outflow obtained, when the sample was submitted to a 

pressure change from -160 to -200 cm is 0.96 ml. This 

results in volumetric water content in equilibrium with 

the pressure head of -160 cm will be 0.2300. By similar 

calculations, one can obtain the other values of water 
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contents up to saturation. A summary of the volumetric 

water content obtained by this method as well as the ones 

obtained by a pressure plate apparatus scheme (explained 

in the following section) are presented in Table 4.2. 

Pressure plate data. 

The soil water retention data for pressure head less 

than -500 cm were obtained by using a pressure-plate 

apparatus from Soil Moisture Equipment. The soil-water 

extractions were performed by using 5-bar and 15-bar 

pressure chambers pressurized by bottled nitrogen. The 

5-bar chamber was used for the water extractions at gauge 

pressures of 0.5, 1.0, and 3.0 bars while the 15 bar 

chamber was used for the higher pressures of 5.0, 10.0, 

and 15.0 bars. The 5-bar chamber has the capability to 

hold a stack of three plates with individual outflows, 

however, the 15-bar plate is shorter and can hold only one 

plate at a time. 

The experiment was designed to run 16 soil cores at 

a time utilizing two 15-bar pressure plates. By doing so, 

the water retention data for all 32 soil cores, reserved 

for this moisture determination, were completed in two 

runs. Each run started in the 5 bar chamber wi th two 

plates simultaneously. After the run was completed in 

this chamber, each plate was transferred to a 15-bar 
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Table 4.2 Soil water retention data from soil cores taken 
from the experimental site. 

section A section B section c section D 

-h(cm) e -h(cm) e -h(cm) e -h(cm) e 

Depth = 15 cm 

1 0.3375 1 0.3499 1 0.3510 1 0.3599 
20 0.3262 20 0.3349 20 0.3273 20 0.3417 
40 0.3100 40 0.3199 40 0.3076 40 0.3270 
60 0.2940 80 0.2807 80 0.2727 60 0.3108 
80 0.2780 120 0.2496 120 0.2352 80 0.2930 

100 0.2632 160 0.2240 160 0.2045 100 0.2766 
120 0.2470 200 0.2083 200 0.1825 120 0.2593 
500 0.1630 500 0.1680 500 0.1261 500 0.1833 

1000 0.1399 1000 0.1362 1000 0.1059 1000 0.1607 
3000 0.1201 3000 0.1125 3000 0.1013 3000 0.1270 
5000 0.1087 5000 0.1075 5000 0.0927 5000 0.1164 

10000 0.1014 10000 0.0985 10000 0.0911 10000 0.1103 
15000 0.0954 15000 0.0905 15000 0.0911 15000 0.1085 

Depth = 45 cm 

1 0.4940 1 0.3561 1 0.3490 1 0.3397 
20 0.4805 20 0.3360 20 0.3346 20 0.3139 
40 0.4621 40 0.2983 40 0.3221 40 0.2855 
60 0.4489 80 0.2465 80 0.2951 60 0.2578 
80 0.4349 120 0.1994 120 0.2570 80 0.2316 

100 0.4192 160 0.1714 160 0.2244 100 0.2071 
120 0.4025 500 0.1184 200 0.2001 500 0.1078 
500 0.3002 1000 0.0929 500 0.1740 1000 0.0775 

1000 0.2566 3000 0.0774 1000 0.1481 3000 0.0675 
3000 0.2075 5000 0.0680 3000 0.1152 5000 0.0655 
5000 0.1661 10000 0.0672 5000 0.0995 10000 0.0668 

15000 0.1502 15000 0.0723 10000 0.0888 15000 0.0667 
15000 0.0855 



Table 4.2 (continued) 

section A 

-h(cm) e 

1 
20 
40 
60 
80 

100 
120 
500 

1000 
3000 

10000 
15000 

1 
20 
40 
80 

120 
160 
200 
500 

1000 
3000 
5000 

10000 
15000 

Notes: 

0.4760 
0.4584 
0.4313 
0.4073 
0.3909 
0.3785 
0.3651 
0.2554 
0.2246 
0.1903 
0.1549 
0.1541 

0.4263 
0.4080 
0.3692 
0.2908 
0.2511 
0.2300 
0.2160 
0.1908 
0.1626 
0.1382 
0.1248 
0.1120 
0.1031 

section B section C 

-h(cm) e -h(cm) e 

1 
20 
40 
80 

120 
160 
200 
500 

1000 
3000 

10000 
15000 

1 
20 
40 
80 

120 
160 
200 
500 

1000 
3000 
5000 

10000 
15000 

Depth = 75 cm 

0.2632 
0.2351 
0.2125 
0.1796 
0.1505 
0.1320 
0.1190 
0.0741 
0.0710 
0.0554 
0.0599 
0.0482 

1 
20 
40 
80 

120 
160 
200 
500 

1000 
3000 
5000 

10000 
15000 

Depth = 105 cm 

0.3368 
0.3254 
0.3124 
0.2981 
0.2707 
0.2406 
0.2150 
0.1918 
0.1526 
0.1090 
0.1017 
0.0993 
0.0905 

1 
20 
40 
80 

120 
500 

1000 
3000 
5000 

10000 
15000 

0.2570 
0.2195 
0.1950 
0.1532 
0.1341 
0.1222 
0.1142 
0.0723 
0.0608 
0.0504 
0.0431 
0.0439 
0.0411 

0.4300 
0.4045 
0.3809 
0.3252 
0.2763 
0.1953 
0.1571 
0.1288 
0.1117 
0.1074 
0.1140 
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section D 

-h(cm) e 

1 
20 
40 
60 
80 

100 
120 
500 

1000 
3000 

10000 
15000 

1 
20 
40 
60 
80 

100 
120 
500 

1000 
3000 
5000 

10000 
15000 

0.3370 
0.3172 
0.2968 
0.2706 
0.2472 
0.2283 
0.2111 
0.1049 
0.0874 
0.0695 
0.0663 
0.0661 

0.3125 
0.3025 
0.2939 
0.2750 
0.2526 
0.2274 
0.2021 
0.0761 
0.0654 
0.0562 
0.0501 
0.0515 
0.0570 

1. e stands for volumetric water content and -h is 
pressure head. 

2. The water content values for -h > 500 were obtained 
from pressure plate apparatus. 
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chamber to complete the experimental run. It is 

worthwhile mentioning that pressure plates rated at 1 and 

3 bars could have been used in the 5-bar chamber in order 

to obtain quicker equilibrations. However, the decision 

to use only 15-bar pressure plates for both chambers was 

made to avoid shifting samples from plate to plate. 

In starting a run, the plates with the soil cores 

were placed in shallow tubs and allowed to saturate slowly 

for about four hours. As the sample began to saturate, a 

slight downward pressure was applied on the soil core in 

order to enhance the contact between the soil core and the 

plate (Copeland, 1989). After the soil was considered 

saturated, the plates were placed inside the chamber and 

the desired pressure applied. The outflow from the 

pressure cells was diverted to individual burets which had 

the top covered with parafin film to minimize 

evaporation. The equilibrium condition was ascertained by 

taking readings at least twice a day from the 

burets. After the outflow ceased, an additional 48 hours 

were allowed to pass -before removing the pressure plates 

from the chambers for soil subsampling (Copeland, 1989). 

After removing the plates from the pressure chamber, 

each soil cylinder was covered with a plastic disk in 

order to minimize evaporation during the sampling 

period. The steps to follow were to gently take 5 to 15 



114 

grams of soil from each cylinder and place it in a small 

covered can (Copeland, 1989). Each sample 'VIas weighed, 

oven-dried at 105 °c for a minimum of 24 hours, cooled in 

a dessicator, and re-weighed for determination of the 

gravimetric water content. The results were multiplied by 

the corresponding bulk density values (Table 3.1) to 

obtain the water content on a volume basis. After the 

subsampling procedure, the plates with the remaining soil 

samples were placed back in the shallow tubs to saturate 

again and, thus, re-initiate another equilibration 

process. 

Estimating soil-water diffusivity 

Pressure outflow volumes obtained from hanging water 

column experiments can be used to calculate soil-water 

diffusivity and hence hydraulic conductivity. The 

solution proposed by Miller and Elrick (1958) is an 

adequate approach to calculate diffusivity from transient 

outflow data from such hanging water column 

experiments. In this research, Miller and Elrick I s 

solution was used in conjunction with a nonlinear 

regression technique developed here in order to calculate 

soil-water diffusivity. 
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An overview 

The pressure outflow data obtained from the hanging 

water column can be used to determine soil-water 

diffusivity and hence hydraulic conductivity. Several 

methods have been proposed to calculate soil-water 

diffusivity from transient outflow volumes taken from a 

soil sample placed on a plate or a membrane. The, early 

studies (Gardner, 1956; Miller and Elrick, 1958; Ritjema, 

1959; Kunze and Kirkham, 1962) were all concentrated on 

finding diffusivity values by graphically matching the 

theoretical and experimental outflow, obtained from a 

small-step pressure increment. currently, the trend is to 

calculate diffusivity using outflow data acquired from a 

large increment of pressure change, namely the one-step 

outflow method. The procedures in this approach have been 

developed under two different approaches. In one case, the 

procedures have evol ved from the basic concepts behind 

Gardner's (1962) work (Doering, 1965; Gupta et al., 1974; 

Passioura, 1976; Towner, 1982; Valiantzas et al., 1988; 

Valiantzas, 1989); and in the other case, they have 

evol ved from the idea of sol ving an inverse problem by 

optimizing the parameters of hydraulic relations 

considered to be applicable to the unsaturated flow system 

(Kool et a1., 1985a; Kool et a1., 1985b; Parker et al., 

1985; Kool et al., 1987; Kool and Parker, 1988). However, 
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the methodology devised here is concerned with the early 

techniques of obtaining diffusivity from small-step 

pressure outflow experiments such as the one obtained from 

the hanging water columns used in this research. 

A common problem encountered in calculating 

diffusivity from pressure outflow methods is the existence 

of plate and contact impedance. 

calculations can result in 

diffusivity and hence hydraulic 

Ignoring impedance in the 

estimating values of 

conductivity which are 

smaller than the true ones (Miller and Elrick, 1958). In 

the typical case of one-step outflow methods originating 

from Gardner's (1962) study, impedance is neglected. The 

problem has been circumvented by using only the latter 

part of the outflow which is thought to be less affected 

by the porous plate impedance. However, a drawback of 

such an approach is that this part of the outflow data is 

more affected by errors due to volume measurement (Miller 

and Elrick, 1958) and evaporation losses from the system 

(Silva, 1980). In the other version of the one-step 

outflow method (as analyzed by parameter estimation), the 

plate impedance is not neglected but needs to be 

known. Moreover, the resulting diffusivity values suffer 

from the uncertainties of the selected hydraulic functions 

used to describe the flow process. Additionally, the 

results can be affected by instability as well as 
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nonuniqueness of the solution which are frequent in 

inversion problems (Kool and Parker, 1988). 

The one-step method has the advantage of yielding a 

soil-water diffusivity function from one pressure outflow 

equilibration only. In the small-step outflow method, a 

series of pressure outflow data is required to generate a 

diffusivity function. Despite the speediness of the one

step outflow procedures, the small-step outflow technique 

is s'till quite appropriate for some applications. For 

example, in determining soil-water retention curves, it is 

customary to use small pressure steps near saturation, 

such as the one applied through the well-known hanging 

water column setup. For this condition, one can still 

take advantage of the experimental setup and obtain 

outflow data that can be used to calculate diffusivity 

values as well. 

The equation derived by Miller and Elrick (1958) is 

the only published analytical solution for this diffusion 

problem that accounts for porous plate impedance. However, 

a major disadvantage of their procedure of calculating 

diffusivity is the need of graphical matching between 

theoretical and experimental data. Kunze and Kirkham 

(1962) proposed a simplified way to calculate 

diffusivity using the solution derived by Miller and 

Elrick. They developed a graphical technique that does 
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that does not need measurement of membrane impedance and 

it utilize only the first 10 to 15 percent of the total 

outflow in the calculation. Their approach is much 

simpler than that of Miller and Elrick and besides they 

also recognize the fact that only the initial part of the 

outflow process is likely to meet the assumption of 

constant diffusivity in the solution. Despite the 

improvement, their graphical approach still suffers from 

subjective bias, notably for the cases of dominant porous 

plate impedance (Jackson et al., 1963). 

The need for an analytical method to calculate 

diffusivity using Miller and Elrick's equation motivated 

the development of the procedure described here in which 

diffusivity is calculated by nonlinear regression. The 

results obtained through this approach are more likely to 

be reproducible for each data set than is the graphical 

one, and the technique is less tedious to use than those 

from the currently available graph-matching procedures. 

Parameter estimation 

The solution proposed by Miller and Elrick (1958) 

for the problem domain described by Gardner (1956) and 

extended for the case of non-negligible membrane impedance 

can be written as 



co 

1 - L 
n=l 

2 exp(-a~Dti/L2) 
a~ (a + csc2a n ) 
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(4.1) 

where Qf is the final volume (cm3) of the outflow process 

due to a single pressure or suction increment; Qi is the 

transient outflow volume (cm3 ) wi th (i=l, 2, ••• N); an is 

the nth solution of the equation a an = cot an wi th 

(n=1,2, .•• ); D is soil-water diffusivity (cm2/min); ti is 

the elapsed time (min) after a pressure or suction 

increment is applied; L is the length (cm) of the soil 

core; a is given by the equation, a = (cot an) Ian which is 

also interpreted as the ratio of the impedances between 

plate and soil sample; and N is the number of measured 

outflow volumes. The left hand side of equation (4.1) is 

determined experimentally. A set of cumulative outflow 

volumes Qi is measured at some specific times ti and when 

the outflow process ceases the final cumulative volume Qf 

is then taken. The experimental values of fractional 

discharges (Qf-Qi) IQf as a function of time is denoted 

hereafter as fie 

Choice of fitting parameters. Equation (4.1) 

exhibi ts an exponential term whose exponent contains a 

product of the two parameters of interest, namely an and 

D. The presence of such a term in the model suggests that 



120 

some difficulty may arise in determining precisely those 

parameters by nonlinear regression. In such cases, Beck 

and Arnold (1977) recommend that the sensitivity 

coefficients be analyzed for the existence of linear 

dependence. If linear dependence is found then corrective 

measures such as reparametrization may be possible (Seber 

and Wild, 1989). 

For a two-parameter model such as equation 4.1, the 

presence of linear dependence on the sensitivity 

coefficients can be visualized by plotting the contours of 

the sum of squares of the difference between the correct 

value of the function and any other value of the same 

function. Such contours from models exhibiting linear 

dependence usually display a long, narrow, curved valley 

resembling a banana shape. Application of nonlinear 

regression to such models often suffers from problems of 

slow convergence. 

Figures 4.5 and 4.6 show the surface of contours for 

two different choices of fitting parameters" of equation 

(4.1). Figure 4.5 considers D and a1 as the parameters to 

fit while figure 4.6 considers afD and a1. Here we choose 

to represent the parameter an by its first value of 

value of the series because after a1 is known, the value 

of a is calculated, and then all the other a-values 

are obtained automatically through the 
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equation a an = cot an. Both surfaces were developed 

about the correct values of the function, calculated from 

equation 4.1, at D=1.0 and a1=0.S6033 with L2=1. 

Table 4.3 presents these function values for some 

selected choices of a1. 

The surface of contours of figure 4.5 clearly shows 

a valley which is curved while in figure 4.6 the valley is 

straight and parallel to the a1-axis. This indicates that 

the combination of the parameters (a~D,a1) 

is a better choice than (D,a1) to fit data for 

equation 4.1. It is worthwhile mentioning however that 

despite the improved selection of the parameters used for 

figure 4.6, the straight narrow valley along the a1-axis 

indicates that the parameter a~D is more 

precisely determined than is a1. As a result, a 

value of D calculated from, a~D will also be 

affected by the accuracy of a1. 

In the case of equation 4.1, another way to analyze 

the sensitivity coefficients is by plotting them as a 

function of the independent variable. Figure 4.7 shows 

the results of such a plotting. There, the choice of 

reduced time as the independent variable is rather 

convenient because it allows a comparison between the 

sensitivity coefficients over the same time scale. Two 
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Table 4.3 Values of outflow ratio (Qi/Qf) calculated from 
equation (4.1) • 

a1 

Re~uc~d 1.56761 1.07688 0.86033 0.59324 0.43284 
T1me (a=0.002) (a=0.5) (a=1.0) (a=2.5) (a=5.0) 

0.0010 0.020843 0.001651 0.001315 0.001119 0.001056 
0.0020 0.030238 0.003245 0.002600 0.002223 0.002102 
0.0030 0.037457 0.004803 0.003867 0.003317 0.003143 
0.0050 0.048915 0.007840 0.006359 0.005485 0.005209 
0.0070 0.058232 0.010795 0.008808 0.007631 0.007261 
0.0100 0.069983 0.015104 0.012414 0.010814 0.010315 
0.0300 0.122661 0.041457 0.035125 0.031319 0.030195 
0.0500 0.158936 0.065222 0.056314 0.050975 0.049491 
0.0700 0.188423 0.087299 0.076460 0.070024 0.068344 
0.1000 0.225601 0.118116 0.105199 0.097691 0.095891 
0.3000 0.392217 0.285187 0.269377 0.261358 0.259780 
0.5000 0.506367 0.415484 0.401900 0.395252 0.393959 
1.0000 0.701193 0.645535 0.637236 0.633202 0.632418 
2.0000 0.890079 0.869600 0.866547 0.865062 0.864774 
3.0000 0.959562 0.952028 0.950905 0.950359 0.950253 
4.0000 0.985124 0.982352 0.981939 0.981738 0.981699 
5.0000 0.994527 0.993508 0.993356 0.993282 0.993267 

* The reduced time quantity is defined as afDt/L2 
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r2 = 1.000 
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o 1 2 345 
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Figure 4.7 sensitivity coefficients for two choices of 
fitting parameters. 
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cases are considered: Case I has the sensitivity 

coefficients derived from the fitting parameters 

and case II has the sensitivity 

coefficients derived from the parameters (D,a1). Both 

cases consider three different degrees of reduced 

porous plate impedance, varying from low (a = 0.002) to 

relatively high (a = 10.0) corresponding to the bottom and 

top figures, respectively. It is clearly shown that the 

sensitivity coefficients are linearly dependent in case II 

as indicated by the high values of r2, except for the 

situation of low reduced porous plate impedance. On the 

other hand, the sensitivity coefficients in case I do not 

present any significant correlation and therefore they can 

be considered linearly independent. 

Estimation procedure. For the choice of the fitting 

parameters 

rewritten as 

equation 

= ~ 2 exp[-Anti/L2] 

n=la~ (a + csc2a n ) 

4 . 1 can be 

(4.2) 

w her e An = a~ Dan d f i ( An ' an ) i s the n u mer i call y 

calculated values of fractional discharges corresponding 

to a given trial combination of An and an. 
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Given a set of N experimental outflow data points 

defined by (ti,fi), the parameter estimation problem for 

equation 4.2 consists in determining the combination of A1 

and a1 that minimizes the following least squares 

objective function: 

(4.3) 

Again it was chosen to represent the fitting parameter An 

by its first value, of the series because after A1 is 

determined then the other values of A (A2,A3, .•. ) can be 

calculated from the equation An=a~D. In this 

way, only the first value of A from the series needs to 

be estimated directly by the parameter optimization 

procedure. 

The function fi in equation 4.3 is nonlinear 

with respect to its fitting parameters and the 

determination of A1 and a1 by least squares has to be 

iterative. The procedure proposed by Marquardt (1963), 

which has been widely recognized as one of the most robust 

techniques for nonlinear regression (Beck and Arnold, 

1977; Press et al., 1986), has been chosen for calculating 

A1 and a1. Marquardt's procedure is a compromise between 
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the Gauss-Newton and steepest descent methods. In 

Marquardt I S algorithm, when the parameter estimates are 

far from the optimum, its behavior is closer to that of 

steepest descent. On the other hand, as the iterates 

approach the optimum, the algorithm switches over 

continuously toward Gauss-Newton method. For the details 

of the numerics of Gauss-Newton and steepest descent 

methods the reader is referred to textbooks in this area 

(Kennedy and Gentle, 1980; Press et al., 1986; Seber and 

wild, 1989). 

The sensitivity coefficients of equation 4.2 with 

respect to the fitting parameters are derived as follows: 

ai· l. 
aAn (4.4) 

and 

ai· l. 
aan 

(4.5) 

At each iteration during the optimization process, 

the procedure to calculate the function value and its 

sensitivity coefficients is as follows: first, one obtains 

the values of A1 and a1 from the least squares 
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the values of Al and a1 from the least squares 

calculations; second, one calculates the values of D and a 

from the equations D=A1/af and a=(cota1)/a1' respectively; 

third, one generates sequentially the values of An 

(A2,AJ, ••• ) and an (a2,aJ, .•• ) until the contribution of 

the last summation term to the total sum of the equations 

4.2, 4.4, and 4.5 becomes negligible. In the case of an 

values, the solution is not explicit and the result is 

obtained iteratively using the Newton-Raphson technique. 

The values of an are always in the closed interval 

[(n-1)7T,(2n-1)7T/2] with (n = 1,2, •.. ). Thus, a1 must be 

constrained inside the limits of 0 and 7T /2. Notice that 

as a1 goes to either limit, equation 4.2 approaches one of 

its special cases. That is, as a1 goes to 7T/2, equation 

4.2 becomes Gardner's (1956) solution for the case of 

negligible membrane impedance. On the other hand, as a1 

approaches zero, the exponential term becomes dominant 

(the denominator approaches 2) and the equation can be 

approximated by the first term of the series only. In 

this procedure, the upper and lower limits of a1 are set 

to 1.57 and 0.01 , respectively. The constraint of the 

parameter A1 is for positive values only. 

The implementation of this estimation procedure has 

been done in the computer program DIF written in FORTRAN 

77 (Appendix E). The program input accepts the outflow 
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data as a function of time in three formats: (1) 

cumulative outflow (Qi); (2) outflow ratio (Qi/Qf); and 

(3) fractional discharge (1 - Qi/Qf). It has capability to 

select the range of outflow data to fit. The output 

includes an option for saving in text format the fitted 

outflow for smoothed graphing purposes. The initial 

guesses are entered as D and a1 and the computer program 

calculates A1 internally before the estimation procedure 

begins. 

Limits of utilization 

Range of outflow data. A critical assumption 

involved in the theory behind equation 4.1 is that 

diffusivity be constant during the outflow process. Kunze 

and Kirkham (1963) consider this assumption not valid for 

the entire range of the outflow and propose that only 10 

to 15% of the total outflow be used to estimate 

diffusivity. These limits are somewhat arbitrary in the 

sense that the portion of the outflow that would nearly 

follow the theory depends on a combination of different 

factors, such as degree of the porous plate impedance, 

sample size, soil wetness, etc. 

In terms of parameter estimation, the ideal 

situation would be to have the full range of the outflow 

data to fit. A small portion of the data concentrated at 
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the beginning of the flow process does not assure a unique 

solution to the estimation problem. Table 4.4 presents 

the results of the estimated values of a1 and D from a 

subset of the theoretical outflow ratios, Qi/Qf, for a 

given a1. Each subset was defined by imposing an upper 

limit on Qi/Qf of 15, 50, 75, and 100%. A look through 

Table 4.4 reveals that when 15% of the total outflow was 

used, the nonlinear regression estimates did not coincide 

with the parameters originally used to calculate each set 

of data, 

with 50% 

a = 10. 

except for the case of a = 0.002. Calculations 

of the total outflow did well except for 

The other two cases of 75% and 100% of the total 

outflow were adequate for the entire range of tested 

a-values. 

Here the dilemma is to choose from what is ideal in 

terms of nonlinear regression analysis and what is 

satisfactory in terms of the physics of the water flow 

problem. The limit of 15% is not acceptable in terms of 

regression as demonstrated in Table 4.4 and 100% can be 

too far from the requirements behind the theory that 

yields equation 4.1. Kunze and Kirkham (1962) found that 

only the upper or lower portion of their experimental data 

will fit the theoretical curves. For their procedure, 

they chose the upper portion to fit because the values of 

a1 are more precisely determined through their graphical 
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Table 4.4 Calculated values of Q1 and D by nonlinear 
regr~ssion given a theoretical set of input data of reduced 
time vs outflow ratio (Qi/Qf). The initial values of Q1 
and D were set at 0.1 and 0.75, respectively. 

a 

1.56761 0.002 

1.07688 0.500 

0.86033 1.000 

0.59324 2.500 

0.43284 5.000 

Final 
Values 

Q1 
D 

Iter. 

Q1 
D 

Iter. 

Q1 
D 

Iter. 

ell 
D 

Iter. 

Q1 
D 

Iter. 

0.31105 10.000 Q1 
D 

Iter. 

1.00 

1.56760 
1. 00001 

12 

1. 07687 
1.00001 

21 

0.86035 
0.99998 

26 

0.59324 
1.00002 

82 

0.43297 
0.99942 

227 

0.31106 
0.99996 

281 

Upper limit of Qi/Qf 

0.75 

1. 56760 
1. 00001 

9 

1. 07687 
1.00002 

20 

0.86034 
1.00000 

24 

0.59326 
1.00006 

92 

0.43300 
0.99926 

296 

0.31009 
1.00029 

405 

0.5 

1.56760 
1.00002 

13 

1.07686 
1.00003 

28 

0.86033 
1. 00002 

43 

0.59323 
1.00004 

147 

0.43324 
0.99813 

527 

0.35501 
0. 767ii 

2000 

0.15 

1. 56760 
1.00012 

89 

0.63716 
3.55435 

3 

0.68975 
1. 66242 

3 

0.72922 
0.63750 

3 

0.75289 
0.30787 

5 

0.77258 
0.14863 

4 

* The reduced time quantity is defined as QfDt/L2. 

** The convergence criteria was not met at that point. 
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technique. Kool et al. (1985a), even though using a 

different procedure (one-step outflow method) to determine 

soil hydraulic properties from outflow data, found that 

they needed to use cumulative outflow with at least 50% of 

the total outflow in order to obtain accurate results. 

Initial guess. When dealing with nonlinear 

regression, a matter of concern is the choice of the 

estimates to initiate calculations. Table 4.5 presents 

the results of various runs with different initial guesses 

for D and a1. The simulations were done with four 

theoretical sets (Table 4.3) whose cumulative outflow was 

limited to 50% of the total outflow. They cover a range 

of porous plate with reduced membrane impedance varying 

from very low (a = 0.002) to relatively high (a = 5). The 

results show that for all cases in which the iterates were 

led to the neighborhood of the global optimum, the final 

estimates were very close to correct values of the 

parameters. On the other hand, for a ~ 1 and initial 

guesses of D = 10 and a1 ~ 0.75, the iterates were led to 

the extremi ty of the valley where a1 is constrained to 

0.01. This outcome can be expected for any guess which 

leads the optimization process to that end of the valley. 

Table 4.5 also gives some insight on what happens to 

the rate of convergence as the values of a increase. The 

results indicate that the rate of convergence can be very 
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Table 4.5 Estimation of a1 and D from theoretical data 
with outflow limited to 50% of the total. 

a 

0.002 

1.000 

2.500 

5.000 

Initial Guesses 

0.25 
0.75 
1.25 
0.25 
0.75 
1.00 
0.25 
0.75 
1.25 

0.25 
0.75 
1.25 
0.25 
0.75 
1.00 
0.25 
0.75 
1.25 

0.25 
0.75 
1.25 
0.25 
0.75 
1.00 
0.25 
0.75 
1.25 

0.25 
0.75 
1.25 
0.25 
0.75 
1.00 
0.25 
0.75 
1.25 

0.1 
0.1 
0.1 
1.0 
1.0 
1.0 

10.0 
10.0 
10.0 

0.1 
0.1 
0.1 
1.0 
1.0 
1.0 

10.0 
10.0 
10.0 

0.1 
0.1 
0.1 
1.0 
1.0 
1.0 

10.0 
10.0 
10.0 

0.1 
0.1 
0.1 
1.0 
1.0 
1.0 

10.0 
10.0 
10.0 

Final Values 

1.56760 
1.56760 
1. 56760 
1. 56760 
1.56760 
1.56760 
1. 56760 
1.56760 
1. 56760 

0.86033 
0.86033 
0.86033 
0.86032 
0.86033 
0.86033 
0.86033 
0.00358 
0.00620 

0.59323 
0.59323 
0.59323 
0.59320 
0.59323 
0.59323 
0.59323 
0.00535 
0.00194 

0.43287 
0.43324 
0.43324 
0.43287 
0.43324 
0.43324 
0.43324 
0.00231 
0.00631 

1.00002 
1.00002 
1.00002 
1.00002 
1.00002 
1.00002 
1.00002 
1.00002 
1.00002 

1.00001 
1.00003 
1. 00001 
1.00003 
1.00003 
1.00001 
1.00003 

406687 
83746 

1.00004 
1. 00004 
1.00013 
1.00004 
1.00004 
1.00004 
1.00004 

180799 
539003 

0.99982 
0.99855 
0.99555 
0.99955 
0.99855 
0.99855 
0.99855 

942595 
127442 

No. of 
Iterations 

83 i 
13 
8. 

82 1 

12 
8 

12 
8 
9 

44 
43 
36 
41 
24 
30 
36. 
7~ 
6 1 

157 
147 
159 
261 
149 
157 
146 .. 

7~~ 
611 

293 
527 
533 
298 
559 
541 
521 .. 

4~~ 
611 

i The a1-value hit several times the upper limit of 1.57. 
ii They did not converge to the correct values of a1 and D. 
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slow for outflow data from porous plates with high reduced 

impedance values (a > 5). For this condition, the choice 

of the initial guess has little effect on the amount of 

the calculations. In general, if the starting guess is to 

converge, the calculations will drive the iterates rapidly 

to the bottom of the valley and then lead them along the 

valley toward the global minimum. The rate at which these 

iterates approach the optimum will greatly depend on how 

sloppy the valley is. The results on the number of 

iterations in Table 4.5 indicate that the slope of the 

valley flattens as the value of a increases. This poses a 

limitation on this technique for analyzing outflow data 

from porous plates with high impedance values. 

Experimental error. The study at this point 

considers the effects of an applied random error to the 

input data in order to simulate the sensi ti vi ty of the 

technique to predict the correct values of the 

parameters. The five sets of outflow ratios from Table 

4.3 were used. The data from each set were limited to 50% 

of the total outflow. To each data set, two series of 

random error were applied with three levels of error: 1, 

2, and 5%. The application of the random error over each 

set of data was done based on the following equation (Kool 

et al., 1985b): 
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(4.6) 

where (Qi/Qf)p represents the outflow ratios with applied 

random error; (Qi/Qf)o symbolizes the exact outflow ratios 

that come from Table 4. 3; Ri is the generated random 

number between 0 and 1, one for each outflow ratio; and p 

is the relative error which is set to 0.01, 0.02, and 0.05 

to simulate measurement error of 1, 

respectively. 

2, and 5%, 

Table 4.6 presents the results with all the 

simulations. One can see that at all levels of applied 

random error, for both replicates (A and B), the 

detrimental effect on the accuracy of the estimated 

parameters increases wH:h a. This indicates that the 

error of picking up the correct combination of Ql and D 

increases as the reduced porous plate impedance 

increases. This situation can also be seen in Kunze and 

Kirkham's (1962) results. In that figure, one can see 

that there is not much room available to choose a 

theoretical curve between a = 1 and a = 1000. Another 

point of concern shown by the results in Table 4. 6, is 

that the effect of random error on the parameter estimates 

is of significance. For example, in the case of a = 5.0, 

the 5 percent error produced a value of D which is 
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Table 4.6 Effect of applied random error in the input data 
(Qi/Qf) as reflected in the estimated parameters Q1 and D. 
The starting guesses for Q1 and D were 0.1 and 0.75, 
respectively and the input data were limited to at most 50 
% of the total outf low. The value of D is 1. 0 for the 
correct input data. 

True 
Case Q1 Rep. 

I 1.56761 A 
(a =.002) 

B 

II 1.07688 A 
(a =.50) 

B 

III 0.86033 A 
(a =1.0) 

B 

IV 0.59324 A 
(a =2.5) 

B 

V 0.43284 A 
(a =5.0) 

B 

Final 
Values 

Q1 
D 

SSQX106 

Q1 
D 

SSQX10 6 

Q1 
D 

SSQX106 

Q1 
D 

SSQX106 

Q1 
D 

SSQX106 

0!1 
D 

SSQX106 

Q1 
D 

SSQX106 

0!1 
D 

SSQX106 

0!1 
D 

SSQX106 

Q1 
D 

SSQX106 

Applied relative error 
0.01 0.02 0.05 

1. 56807 
0.99505 

7 
1.56689 
1.00952 

5 

1. 06954 
1. 01941 

4 
1. 06265 
1. 04041 

1 

0.84825 
1.03367 

3 
0.83530 
1.07337 

1 

0.57550 
1. 06632 

4 
0.54705 
1.18714 

1 

0.40040 
1.17224 

4 
0.33471 
1. 68665 

1 

1.56852 
0.99011 

28 
1.56616 
1.01917 

21 

1.06264 
1.03818 

17 
1.04813 
1.08316 

4 

0.83621 
1. 06868 

7 
0.80759 
1.16174 

3 

0.55822 
1.13719 

15 
0.49512 
1.46236 

3 

0.36196 
1.43873 

15 
0.06609 

43.56373 
4 

1.56988 
0.97543 

173 
1.56392 
1. 04854 

131 

1. 04014 
1.10448 

106 
1. 00146 
1.23146 

25 

0.79808 
1.18945 

19 
0.69984 
1. 60130 

22 

0.50206 
1.41956 

92 
0.22313 
7.37767 

24 

0.10774 
16.34743 

92 
0.01498 

865.00366 
32 
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completely erratic. It is worthwhile mentioning that for 

all cases, the sum of square error was relatively small. 

Thus, this parameter does not offer any guarantee that the 

estimated values are the correct ones. 

Closure. The determination of diffusi vi ty from 

small-step outflow data using nonlinear regression is 

feasible and practical to use. The input data should be 

limited to at least 50% of the total outflow for greatest 

accuracy. Estimation of correct diffusivity for high 

values of porous plate impedance is uncertain and thus any 

resul t yielding values of a greater than 1.0 should be 

considered with reservations. Therefore, one should 

consider selecting a porous plate with impedance as low as 

possible. Another point of concern is the accuracy of the 

input data. The results here agree with the assertion of 

Miller and Elrick (1958) that accuracy of the experimental 

data is a necessity for reliable estimates of D. The 

results of the application of a random error to the 

theoretical input data indicate that the estimation of D 

is affected by errors in outflow data and that becomes 

dramatic as the porous plate impedance increases. 

Application to experimental data 

In order to illustrate the use of the proposed 

nonlinear regression, consider the outflow data from a 
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core sample taken from section A at 105 cm depth. The 

outflow data for this analysis were obtained from suction 

changes from 80 to 120, 120 to 160, and 160 to 200 cm in 

the hanging water column setup. Figure 4.8 shows the 

results of fitted and measured outflow volumes for the 

suction changes from 80 to 120 and 160 to 200 cm. The 

other curve is not shown in order to keep clear the 

separation between the curves. If the other curve were 

included, it would be clustered around the plotted ones 

but would not coincide with them. 

The separation between curves clearly indicates that 

the relative porous plate impedance changed from one step 

outflow to another. Also, notice that only the portion of 

the outflow data below 50% of the total outflow volume 

appear in the plot. The remaining data were not used in 

the fitting procedure. The chosen figure format is 

similar to that of Kunze and Kirkham (1962) that enhances 

the fitting at small values of time. The results show 

that each set of data fit quite well the corresponding 

theoretical curve. However, the data points may not be 

smooth enough to warrant a unique fitting if a graphical 

matching technique is used. 

After the outflow experiment was finished, the same 

soil sample was used to measure unsaturated hydraulic 

conductivity by a steady-state method. The soil core was 
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Figure 4.8 Two ex!mples of fitted outflow to estimate 
diffusivity, D (cm /min). P1 and P2 correspond to sample 
positions in the hanging-water column with respect to the 
measuring pipet. 
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assembled in a cell with one porous plate on each 

side. The soil container was perforated x'li th four small 

holes of 0.1 cm in diameter in order to have the soil body 

at atmospheric pressure at all time. The plates were 

selected to match the saturated water flux of the 

soil. One side of the sample was connected by means of a 

tygon tubing to a constant head water supply and the other 

side was connected to a constant head outflow meter. A 

pressure differential of 20 cm was maintained between the 

ends of the sample. After each equilibration, the sample 

was moved to a higher position with respect to the outflow 

level in order to apply a desired matric potential to the 

soil. Because the matric potential in this setup is not 

the same throughout the soil core, the average value of 

the applied suction to each side of the sample was taken 

to represent the soil matric potential at each 

equilibration. The steady-state flow rate at each 

equilibrium condition was used to calculate unsaturated 

hydraulic conductivity using Darcy's law. Figure 4.9 

shows the results of hydraulic conductivity obtained from 

the steady-state method as compared to those ones 

calculated from diffusivity values obtained by nonlinear 

regression. The four values of hydraulic conductivity 

computed from the transient outflow data compare quite 

well with the steady-state ones. 
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Figure 4.9 Measured hydraulic conductivity from 
unsaturated core sample using both a steady-state and the 
small-step outflow method. 
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At this point, it should be emphasized that 

unsaturated conditions in the entire soil core are 

required in order to use any solution derived from the 

diffusion equation. Failure to attain such a condi tion 

has been reported as a reason for unreliable estimates of 

soil-water diffusivity at high moisture contents (Kunze 

and Kirkham, 1962). As a result of this finding it was 

decided to obtain detailed outflow measurements for 

calculating diffusivity only for pressure head changes 

starting at -90 cm. This criterion, although arbitrary, 

is supported by the experimental finding shown in Figure 

4.9. A summarized results of water diffusivity 

calculations, using the previously described non-linear 

regression tecnique, is given in Table 4.7. 

Soil water hydraulic functions 

The movement of water under furrow irrigation is a 

complex flow process involving saturated and unsaturated 

flow. As water seeps through the furrow boundary a 

wetting front moves away over a previously drier soil 

volume leaving behind a saturated zone. The analysis of 

this flow process can be made by the well-known Richards' 

(1931) equation with the appropriate initial and boundary 

conditions. However, the application of this equation to 

unsaturated flow requires the knowledge of two important 
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Table 487 water diffusi vi ty from soil cores taken from 
the experimental site. Results are based on nonlinear 
regression fitting over 50% or less of the total outflow 
obtained after each step change in pressure. 

section Depth -h (Cm~/min) Q1 
(location) (cm) (cm) (rad) 

A 15 90 0.3205 'TT/2 
110 0.1981 'TT/2 

45 90 0.2180 1.570 
110 0.1813 'TT/2 

75 90 0.0494 'TT/2 
110 0.0458 'TT/2 

105 100 0.0144 1.333 
140 0.0110 1.445 
180 0.0104 1.539 

B 15 100 0.2061 1.418 
140 0.1224 1.410 
180 0.0556 1.297 

45 100 0.1113 1.092 
140 0.0791 1.327 

75 100 0.3622 1.162 
140 0.2623 1.376 
180 0.0958 1.486 

105 100 0.2300 1.478 
140 0.1224 1.393 
180 0.0534 1.317 



Table 4.7 (continued) 

section 
(location) 

C 

D 

Notes: 

Depth 
(cm) 

15 

45 

75 

105 

15 

45 

75 

105 

-h 
(cm) 

100 
140 
180 

100 
140 
180 

100 
140 
180 

100 

90 
110 

90 

90 
110 

90 
110 

145 

(cm~/min) 

0.3358 1.464 
0.2185 1.294 
0.1205 1.486 

0.3148 1.363 
0.2140 1.335 
0.1042 1.447 

0.0527 1.464 
0.0418 1l/2 
0.0283 1l/2 

0.0502 1.118 

0.4113 1.383 
0.3289 1.426 

0.3732 1.504 

0.5908 1.499 
0.4293 1l/2 

0.9144 1l/2 
0.5891 1l/2 

1. h is the average pressure head associated with each 
step change in pressure. 

2. al is a parameter related to the impedance of the porous plate 
used in the hanging water column setup. 
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relations: (1) the soil water content as a function of 

pressure head -- the soil water retention, and (2) the 

unsaturated hydraulic conductivity as a function of either 

pressure head or water content. 

soil water retention model 

various empirical functions have been proposed to 

model the relationship between the volumetric water 

content, a, and the soil water pressure head, h, as 

reviewed by van Genuchten and Nielsen (1985). From among 

those water retention functions, the models due to Brooks 

and Corey (1964) and van Genuchten (1980) are the most 

frequently used ones in modeling unsaturated flow studies 

(van Genuchten and Nielsen, 1985). 

The water retention model proposed by Brooks and 

Corey (1964) can be written in the following manner 

alhl ~ 1 

alhl < 1 
(4. 7) 

where ar is the residual water content and as is 

water content at saturation, a is a parameter whose 

inverse corresponds to the bubbling pressure, and h is 

a constant usually known as the pore-size distribution 

index (van Genuchten and Nielsen, 1985). 
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The soil water retention function proposed by van 

Genuchten (1980) is given by 

(4.8) 

where a., n, and m are curve-fitting parameters; h is 

pressure head and W is the reduced water content, defined 

as follows 

(4.9) 

where the subscripts sand r stand for saturated and 

residual values of the volumetric water content a, 
respectively. 

Brooks and Corey (1964) relation is simpler to use 

than van Genuchten's (1980) model. However, Brooks and 

Corey's relation, as reviewed by van Genuchten and Nielsen 

(1985), has been shown to describe relatively poorly 

observed retention data close to saturation, especially 

for some types of soils with fine texture and good 

structure. Moreover, as was pointed out by Warrick et al. 

(1985), Brooks and Corey's relation is multivalued when 

expressing it as a function of water content for values of 
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pressure head above the air-entry point. Therefore, the 

relation does not have a unique inverse in the range of 

pressure head between saturation and the bubbling pressure 

which makes the relation less appealing for use in water 

flow models. 

The retention model proposed by van Genuchten (1980) 

has been shown to have great flexibility in describing 

water retention data from various soils (van Genuchten and 

Nielsen, 1985). It has a simple inverse form and allows 

derivation of closed-form analytical hydraulic functions 

when combined wi th predicti ve models of ei ther Burdine 

(1953) or Mualem (1976). Because of this, van Genuchten's 

retention model has been frequently used in unsaturated 

flow studies (Taghavi et al., 1984; Warrick et al., 1985; 

Healy and Warrick, 1988; and Hills et al., 1989b). 

This water retention function has been thoroughly 

discussed by van Genuchten and Nielsen (1985). They 

showed that the W (h) curve has more or less a sigmoidal 

shape on a semi-logarithmic scale and this shape is 

determined by the fitting parameters a, n, and m. The 

residual and saturated water contents can also be treated 

as empirical parameters and hence be calculated by a 

curve fitting technique. A particularly attractive 

characteristic of this model is the fact that the gradient 
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dW/dh becomes zero as h tends to either-oo or 0 for 

n > 1, which is physically expected. 

Although the use of equation (4.8), with all five 

independent parameters, has the maximum flexibility for 

fitting measured soil water retention data, the current 

trend is to consider its restricted form with m=l-l/n for 

applications to unsaturated flow problems (Taghavi et al., 

1984; Warrick et al.,1985, and others). This restriction 

is important because it allows derivation of a closed-form 

expression for calculating unsaturated hydraulic 

conductivity (van Genuchten, 1980). Because of this, the 

restricted form of equation (4.8) is considered here for 

fitting the soil retention data obtained for this 

research. 

Parameter estimation. Equation (4.8) , in its 

restricted form with m=l-l/n, has four parameters to fit: 

a, as' ar , and n. These parameters must be 

determined from the experimental soil water retention 

data. The parameters, as and ar may be available 

directly from the measured data. However, the other two 

parameters, a and n must be estimated by curve 

fitting. Based on this approach, van Genuchten (1980) 

proposed a graphical technique in which the values of n 

and a are est ima ted if as and ar are known. In 

the event that ar is not available, he suggests 
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estimating it by extrapolating measured soil water 

retention data to the lower water content region where the 

slope d9/dh becomes zero. Successive approximations to 

find 9r may be necessary until the best fit is 

achieved. 

An alternative technique suggested by van Genuchten 

(1980) is based on nonlinear least-squares which allows 

simultaneous estimation of all four parameters. Because 

the equation is nonlinear with respect to its parameters, 

the technique requires a rather computationally 

involved iterative procedure to arrive at the 

estimates. Sidiropoulos and Yannopoulos (1984), aiming to 

simplify the parameter estimation in van Genuchten's 

retention model, proposed a two-step technique to 

calculate the parameters a, n, and m, assuming that 

9s and 9r are known from the experimental data. 

In their procedure, a linearized version of equation (4.7) 

is first used to obtain an estimate for a, n, and m, 

subject to the restriction m=l-l/n, and then these 

estimates are used as initial guesses for a Newton-Rahpson 

minimization procedure to obtain more accurate values of 

the parameters. 

The nonlinear least-squares technique proposed by 

van Genuchten (1980) is rather appealing because it is not 

as sensitive to initial guesses as is the Newton-Rahpson 
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procedure. Also, it does not necessarily need to be 

constrained to m = l-l/n. Thus, a nonlinear least-squares 

computer program similar to that developed by van 

Genuchten (1980) was used to carry out the parameter 

estimation for equation (4.8). The program is based on 

the algorithm proposed by Marquardt (1963). 

Experimental results. Figure 4.10 illustrates one 

of the sixteen cases of fitted soil water retention data 

used in this research. Each soil water retention data set 

obtained from the experimental site was used to generate 

estimates for the parameters in equation (4.8). Both 

parameters 9r and 9s were also considered as 

fitting parameters and therefore they were optimized. A 

summary of the fitted parameters for all sixteen water 

retention data are presented in Table 4.8. 

It is worthwhile mentioning that Copeland (1989) 

attempted t~~it van Genuchten's model to his experimental 

soil moisture data but found the model very sensitive to 

the input value of the saturation water content as a 

fitting parameter. However, it should be pointed out that 

Copeland's set of data consisted of only five experimental 

points ranging from 1/3 to 15 bar and was, therefore, very 

limited in its ability to fit the four-parameter van 

Genuchten retention model. In this research, the 
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Table 4.8. Parameter values for van Genuchten's retention 
model to the soil water release data from soil cores taken 
from the experimental site. 

Location Depth Fitted parameter SSQ 
(section) (cm) a n 9r 9s X10 5 

A 15 0.0133 1.616 0.0895 0.3376 6.2 
45 0.0112 1.345 0.0745 0.4941 28.8 
75 0.0159 1.446 0.1219 0.4759 10.8 

105 0.0269 1.624 0.1081 0.4349 122.5 

B 15 0.0152 1.600 0.0849 0.3508 14.3 
45 0.0192 1.800 0.0652 0.3562 17.1 
75 0.0193 1. 777 0.0484 0.2570 31.9 

105 0.0114 1.500 0.0700 0.3369 77.1 

C 15 0.0122 2.004 0.0891 0.3411 29.4 
45 0.0151 1.533 0.0735 0.3518 91.1 
75 0.0320 1.558 0.0321 0.2549 14.7 

105 0.0192 1.561 0.0932 0.4309 35.8 

D 15 0.0156 1.508 0.0900 0.3593 10.7 
45 0.0177 1.849 0.0606 0.3357 15.4 
75 0.0138 1.905 0.0620 0.3321 8.1 

105 0.0096 2.471 0.0532 0.3085 5.7 

a has units of cm-l • 

SSQ is the sum of square error between observed and 
fitted water retention data. 
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existence of experimental data for the wet range of the 

curve played an important role in the fitting process. No 

problems of sensitivity to the input parameters was 

noticed and the fitting process converged rapidly to the 

optimized values. 

Hydraulio oonduotivity model 

While the soil water retention data can be easily 

obtained in the laboratory or in the field, measurements 

to determine the hydraulic conducti vi ty relationship are 

more difficult to achieve and are time 

consuming. Moreover, the experimental results usually 

suffer from great variability, especially from the field 

(Hills et. al., 1989b). Because of these difficulties, 

laboratory methods are in general preferred over field 

methods. Klute and Dirksen (1986) present a variety of 

techniques suitable for determining unsaturated hydraulic 

conductivity. The methods are based on either steady or 

transient state flow processes. 

The determination of the unsaturated hydraulic 

conductivity as a function of water content for the entire 

range of interest is usually not practical. As a result, 

investigators have commonly used models to predict 

hydraulic conductivity for unsaturated soils (Burdine, 

1953; Brooks and Corey, 1964; King, 1965; Campbell, 1971; 
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Mualem, 1976, among others). Mualem (1986) presents a 

review of some of the existing models that are commonly 

used. These models vary in complexity and in data 

requirement. The empirical equation of Campbell (1974), 

which requires some measured hydraulic conductivity data 

to fit, is simple to use and has been found to give good 

results in modeling infiltration into very dry soils 

(Hills et al., 1989a). The other predictive type of 

hydraulic conductivity function currently being of 

interest is that of Mualem (1976). His model is more 

complex than that of Campbell's but requires only measured 

soil water retention data. 

Mualem's predictive model for unsaturated hydraulic 

conductivity, K(9), is given as follows (van Genuchten 

and Nielsen, 1985). 

{ 
m= l-l/n 

for o < m <1 
(4.10) 

where Kr is the relative hydraulic conductivity, defined 

by the ratio K(9)/Ks with Ks being a reference 

hydraulic conductivity corresponding to saturation. 

Calculation of Ks. The procedure to calculate 

unsaturated hydraulic conductivity, K(9), from 

equation (4.10) requires the knowledge of Ks. 
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Unfortunately, the value of Ks is often not well defined 

and as a consequence the predicted values of hydraulic 

conductivity will not be well defined either. To get 

around this problem, van Genuchten and Nielsen (1985) 

suggested that other values of K(9) or D(9), still 

close to saturation, be used to estimate the value of Ks. 

In this research, soil-water diffusivity values were 

available as a result of the hanging water column setup, 

as described in Chapter 3. Therefore, the calculation of 

Ks is based here on water diffusivity values rather than 

unsaturated hydraulic conductivity. The calculation 

procedure to get Ks from diffusivity, D(9), can be 

established by invoking the following definition: 

= dh D (9) K(9) d9 (4.11) 

The derivative of h with respect to 9 can be obtained 

from equation (4.8) which allows equation (4.11) to be 

rewritten as 

D(9) (4.12) 

• 
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This equation clearly indicates that only one value of 

diffusivity as a function of W or 9 is needed in order 

to calculate the corresponding value of Ks. However, if 

more than one pair of (O,W) is known, then all the 

available information can be used to come up with a better 

estimate for Ks. 

For instance, consider that a set of N pairs of 

(O,W) are given, then one can establish the following 

error objective function 

s = 
N 2 E [0' -o.J i=l ~ ~ 

(4.13) 

where 0i is the numerically calculated value of 

diffusivity from equation (4.12) for a given trial value 

of Ksi 0i is any observed diffusivity value corresponding 

to a given reduced water content value, Wi. Application 

of the principle of least squares on equation (4.13) 

yields an expression that can be used to calculate the 

best value of Ks based on some given values of 0 and w. 

This expression can be written as follows: 

amn(9 -9 ) ~ [O'K W7(1+1/mn) (1_W. 1 / m) (-l+l/n) J 
= s r i=l ~ r ~ ~ 

: [K W7(1+1/mn) (1_W. 1 / m) (-1+1/n)]2 
. 1 r ~ ~ 
~= 

( 4 . 14 ) 
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In this expression, the value of m equals l-l/n for a Kr 

value calculated from equation (4.10). 

Experimental results. The diffusivity values 

presented in Table 4.8 were used to calculate the 

corresponding values of Ks. Each value of Ks when used in 

conjunction with equation (4.10) gives the corresponding 

unsaturated hydraulic - conductivity function, 

K(9). Figure 4.11 shows one case of the diffusivity 

function, as given by· equation (4.12), fitted to 

experimental data to calculate the corresponding value of 

Ks. The values of Ks for the other soil samples are 

presented in Table 4.9. 
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Table 4.9 Estimated values of the parameter Ks for 
Mualem's (1976) model from soil cores taken from the 
experimental site. 

Depth -h (cm~/min) Ks SSQ3 
section (cm) (cm) (cm/min) x10 

A 15 90 0.3205 0.00692 0.489 
110 0.1981 

45 90 0.2180 0.00638 0.161 
110 0.1813 

75 90 0.0494 0.00283 0.061 
110 0.0458 

105 100 0.0144 0.00446 0.034 
140 0.0110 
180 0.0104 

B 15 100 0.2061 0.00861 0.336 
140 0.1224 
180 0.0556 

45 100 0.1173 0.01275 0.370 
140 0.0791 

75 100 0.3622 0.02832 5.830 
140 0.2623 
180 0.0958 

105 100 0.2300 0.00423 1.079 
140 0.1224 
180 0.0534 
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Table 4.9. (continued) 

Section Depth -h (cm~/min) 
KsX103 SSQ 

(location) (cm) (cm) (cm/min) X10 3 

C 15 100 0.3358 0.00857 4.231 
140 0.2185 
180 0.1205 

45 100 0.3148 0.01385 0.012 
140 0.2140 
180 0.1042 

75 100 0.0527 0.01627 0.193 
140 0.0418 
180 0.0283 

105 100 0.0502 0.00500 0.000 

D 15 90 0.4113 0.01582 1.074 
110 0.3289 

45 90 0.3732 0.02306 0.000 

75 90 0.5908 0.01749 1.506 
110 0.4293 

105 90 0.9144 0.00813 2.566 
110 0.5891 

Notes: 

1. h is the average pressure head associated to each 
step change in pressure. 

2. SSQ is the sum of squares from the regression 
fitting. 
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CHAPTER 5 

MODELING FURROW INFILTRATION 

Accurate prediction of water infiltration under 

furrows is one of the key s·teps for the design of furrow 

irrigation systems. The use of empirical equations 

derived from field infiltration measurements has been the 

common approach adopted by furrow irrigation 

designers. The empirical equations, however, obtained 

from such measurements, are usually good only for the set 

of conditions under which the infiltration test is 

conducted. Another alternative that can be utilized to 

describe infiltration under furrows is to use the 

physically-based Richards' equation for the pertinent flow 

conditions. By this approach, an infiltration depth can 

be obtained indirectly by using laboratory or field 

measurements of soil-water retention and hydraulic 

conductivity data. This technique for modeling furrow 

infiltration gives more flexibility in generating 

infiltration functions for different initial and boundary 

conditions of the flow problem than does the direct 

measurement approach. Here, the solution of Richards' 

equation is obtained numerically by using Galerkin finite 

elements. 
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The problem domain 

water infiltration under furrows is essentially a 

three-dimensional flow problem and each furrow to which 

''later is supplied becomes the source of water at the soil 

surface. This f low problem may be reduced to two 

dimensions by assuming that the entire irrigation system 

operates simultaneously. This idealized situation 

corresponds to a condition where a single furrow acts as a 

line source, that is, the subsurface flow parallel to the 

longitudinal dimension is negligible. 

The problem domain can be further simplified by 

considering the flow pattern from each furrow as periodic 

and symmetric. This requires that the irrigation 

parameters such as inflow discharge, furrow slope, surface 

roughness, furrow shape, soil physical and hydraulic 

characteristics, and initial water content be similar in 

all furrows. Because of this assumption, the soil-water 

infiltration analysis can be reduced to one-half of one 

period of such a pattern. This simplified problem domain 

corresponds to that defined by half of a furrow spacing 

(Hart, 1972). A schematic view of this flow problem and 

its boundaries are shown in Figure 5.1. 

Governing flow equation 

Consider a vertical soil cross-section described in 

rectangular coordinates with y and z being the horizontal 
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and vertical coordinates, respectively, with z being 

positive upward. The equation describing the transient 

two-dimensional flow of a homogeneous and incompressible 

fluid in such a cross-section which has a nonhomogeneous, 

anisotropic medium, and disregarding any sink or source 

contributions is (Bear and Verruijt, 1987), 

= 

or in a more compact vectorial f.orm 

v 0 (~VH) = ~~ 

ae 
at (5.1) 

(5.2) 

where H is the total head (cm) , defined as H = h + z, in 

which h is the pressure head (cm) being positive in the 

saturated zone and negative in the unsaturated zone and z 

the gravitational head (cm); e is the volumetric water 

content; and t is the time (min). The quantities Ky 

and Kz are the principal components of the hydraulic 

conductivity tensor, K (cm/min) , and the 

subscripts, y and z, indicate its principal directions 

(Bear, 1972). The double underline indicates that the 
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quantity is in matrix form. The symbol V stands for 

the operator gradient (Kreyszig, 1988). 

For saturated flow, the quantities Ky and Kz are 

taken as the corresponding saturated hydraulic 

conductivity values. On the other hand, for unsaturated 

flow, the hydraulic conductivity is assumed here to obey 

Mualem's model, as described by equation (5.4). In 

addition, . the unsaturated hydraulic conductivities are 

taken as single-valued functions of h by neglecting 

hysteresis. 

If the entire boundary of the flow problem 

described in Figure (5.1) is denoted by r, then there 

will be two types of boundary conditions: (1) a prescribed 

head boundary, r1 , along the ponded section of the 

furrow boundary, and (2) a prescribed flow boundary, 

r2 , along the other remaining portion of the 

boundary. These boundary conditions can be expressed 

mathematically as follows 

h(y,z,t) = ho(y,z,t) on r1 

-~(h)VH(y,z,t) = qo(y,z,t,) on r2 

(5.3) 

(5.4) 

ho is the prescribed head value and qo is the prescribed 

flux boundary value. For example, because of symmetry, 
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the two vertical boundaries (Fig 5.1) have zero flux and, 

therefore, the value of qo is zero everywhere along such 

boundaries. The top boundaries in contact with the 

atmosphere can also be considered as no flow boundaries, 

if evaporation is neglected. The lower boundary is 

assumed to have constant flux with a value which is equal 

to the local hydraulic conductivities for a unit head 

gradient. 

At this point, it is important to mention that 

almost all unsaturated flow studies use either the h-based 

form of Richards' equation or the a-based form. In 

fact, this study started using the h-based form of 

Richards' equation to simulate infiltration. Just very 

recently, after the work developed by Celia et ale (1990), 

it has been possible to use the mixed form of Richards' 

equation to formulate numerical solutions for the 

unsaturated f.low problem. Their study show that the use 

of Richards' equation in its mixed form yields much better 

results for simulating unsaturated flow than its 

counterpart h-based equation. The study results in a 

significant improvement in the numerical solution of 

unsaturated soil-water flow problems. 

Finite element solution 

The finite element method is a numerical technique 

for obtaining solution of differential equations by 
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regarding the problem domain as an assembly of many 

interconnected subregions called finite elements (Huyakorn 

and Pinder, 1983). The use of finite elements to solve 

saturated-unsaturated flow problems has become quite 

popular (Neuman, 1973; Taghavi et al., 1984; Katyal et 

al., 1987, and others). This numerical technique has been 

preferred over other methods such as finite differences 

because of its flexibility in treating problems with 

irregular boundaries and various degrees of local 

anisotropy and heterogeneity. It can also handle without 

complications the treatment of boundary conditions that 

vary with time. The case of boundaries with prescribed 

flux are of little concern for they are embedded naturally 

into the f ini te element equations. Problems with moving 

boundaries, such as a moving water table, are also easily 

treated (Neuman, 1973). Another major advantage of this 

method is that the grid size can be varied systematically 

without any further complication. This feature is 

particularly relevant in problems where a finer grid mesh 

is needed in areas of rapid variation of solution (Taghavi 

et al., 1984). 

Weighted residuals 

Before presenting the mathematical developments that 

lead to the finite element method, consider the following 

introductory concepts on the method of weighted 
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residuals. This method is the framework of many 

computational techniques which assume that the solution 

can be represented analytically. In general, the assumed 

solution can be a polynomial or a combination of any other 

function with unknown coeff icients chosen to approximate 

the true solution. A linear function which is an example 

of an approximating solution leads to a piecewise linear 

approximation. Because this solution is usually not 

exact, its sUbstitution into the differential equation 

produces an error or residual. The method of weighted 

residuals seeks to determine the unknown coefficients by 

minimizing the error in some prescribed manner. This is 

achieved by forming a weighted integral of the error over 

the entire solution domain and then setting this weighted 

residual to zero. There must be as many weighting 

functions as there are undetermined coefficients. For 

instance, assume that Hand e in equation (5.2) are 

replaced by the approximating solution, Ii and 

respectively, then the method of weighted 

residual requires that 

I [v • [~vH) - ~ I ~n (y , z) dR = 0, (n=1, 2, ... , N) 

R 

(5.5) 

in which ~n(Y'z) are the spatial weighting functions 
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defined everywhere in the problem domain, R, and N is the 

total number of such weighting functions. 

This integral formulation leads to a system of N 

equations that can be solved for the unknown coefficients 

in the approximate solution. Once these coefficients are 

obtained, the numerical solution of the differential 

equation is known everywhere in the problem 

domain. Details on this weighted residual method can be 

found in many textbooks on finite elements (Lapidus and 

Pinder, 1982; Huyakorn and Pinder, 1983; Singerlind, 1984; 

White, 1985; and others) 

Direct integration of equation (5.5), when the 

approximate solution is piecewise linear, is of no 

interest because the integration of the di vergence term 

will be zero. This result is a direct consequence of 

approximating the H values by a linear piecewise function 

whose gradient is constant. Application of the Gauss 

di vergence theorem is necessary in order to circumvent 

this situation. In addition, the use of the Gauss 

divergence theorem upon equation (5.5) will give rise to a 

term containing information about the boundary which is 

needed for the solution of the problem. 

Use of Gauss divergence theorem. In order to 

demonstrate the use of Gauss theorem to modify equation 

(5.5), consider the quantity 
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I v • [~VH ~n) dR 

R 

(5.6) 

where the arguments (y,z) in the functions, ~n(Y'z) 

were dropped in order to simplify notation. Application 

of the differentiation rule of the product (Hildebrand, 

1976, 284) to that quantity (Eq., 5.6) yields 

I V • [~VH ~n) dR 

R 

= I I V • [~j\) ~n + 
R 

(5.7) 

Also consider applying Gauss divergence theorem 

(Kreyszig, 1988) to the same integrand in equation 

(5.6) . The result is 

[~VH ~n) dR = J [~VH • u) 
r 

(5.8) 

in which r represents the entire boundary of the 

problem domain, R, and n is the outward unit vector 

normal to the boundary r. 

Combination of equations (5.7) and (5.8) leads to 

the following expression 



I v • (~VH) ~n dR = 
R 

where 

I~ 
R 
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(5.9) 

(5.10) 

is the water flux crossing the boundary, r, and it is 

positive if directed into the flow region R (Neuman, 

1990) . 

After substituting equation (5.9) into (5.5) and 

rearranging terms, one can obtain the following expression 

I ~VH 
R 

dR + I as ~ dR at n 
R 

or if considering that H = h + z then 

I ~(Vh + vz) • V~n dR + 

R 

which can be further simplified to 

(5.11) 

(5.12) 



173 

I ~Vh o Q~n dR + I as ~n dR at 
R R 

= I q!l ~ dr- I a~n dR, n Kz az 

r R 

n=1,2, •.• , N (5.13) 

by noting that the product ~Qz in the first 

integral of equation (5.12) reduces to Kz times 

Galerkin's method 

Galerkin's method is a special case of weighted 

residuals in which the weighting functions, ~n' are 

also used to produce the approximate solution for 

h(y,z,t) and 9(y,z,t,). For instance, suppose that 

values of pressure head, h(y,z,t), and water content, 

9(y,z,t), are approximated by the functions 

N 

h(y,z,t) = ~ hm(t)~m(Y'Z) 
m=l 

N 

9(y,z,t) = L 9m(t)~m(Y'z) 
m=l 

(5.14) 

(5.15) 

The ~m(Y'z) functions have the same form as 
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~n(Y'Z) and in this context they form a set of N 

linearly independent coordinate functions, known as 

interpolating basis functions. The v~lues of hm(t) are 

the time-dependent coefficients, yet to be determined, 

and correspond to the head values at locations m 

(Neuman, 1973). 

substitution of equations (5.14) and (5.15) into 

(5.13) leads to the following 

N 

L 
m=l 

I a~ 
elI' - Kz a~ dR, 

R 

n=l, 2, ••. , N 

which can be written in a matrix form as 

where 

N 
\' dam 
L Dnm dt = 

m=l 

A"m = I ~ven 0 vem dR 

R 

n=l, 2, ••• , N 

(5.16) 

(5.17) 

(5.18) 
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Dnm = I ~n~m dR (5.19) 

R 

Qn = t qr! ~n ell' (5.20) 

- Fn = I Kz 
a~n 

(5.21) az dR 

R 

or in a more compact form as 

(5.22) 

where the double-underlined letters stands for matrices 

and the single-underlined letters for vectors. 

The expressions described in (5.17) or (5.22) 

represent a system of N ordinary differential equations. 

The matrices A and D are usually known as the 

conductance and capacitance matrices, respectively, 

(Neuman, 1990). The vectors hand contain 

all the N nodal values of pressure head and water 

content, respectively. The vector 9 contains all 

flow boundary values associated to each node along the 

boundary. The vector F is the gravity term. 

The presence of the flow term in equation (5.22) 

indicates that boundary conditions with prescribed flow 
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are automatically included in the general formulation of 

the system of equations. This feature makes the finite 

element technique more attractive than the finite 

difference schemes in which the flow boundaries need to 

have special treatment. This requirement often results in 

writing special equations for the boundary nodes. 

Flow region discretization. 

In the finite element method, the spatial domain is 

discretized into a network of elements. These elements 

can be of various forms as described by Lapidus and Pinder 

(1982). The triangular-type of element used in this study 

is one of the most popular choices for modeling finite 

elements in soil-water flow problems (Neuman, 1973; Bruch, 

Jr. 1976; and others). Figure 5.2 (top) shows a typical 

set of triangular elements that are associated with a 

given node, n. A single triangular element is also shown 

in Figure 5.2 (bottom). Its corners are identified with 

letters (n, p, q) and numbers (1, 2, 3). The letters 

represent global nodal numbers associated with the overall 

grid numbering scheme and the numbers represent local 

nodes associated with each element. The numbering 

direction can be either clockwise or counterclockwise, but 

more important, it has to be consistent for all elements 

(Neuman, 1973). In this model development, the numbering 

direction is counterclockwise. 
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function 

PATCH OF 
TRIANGUu\R 
ELEMENTS 

Figure 5.2. Illustration of a patch of finite elements 
with a nodal basis function (top) and a typical triangular 
element with nodes numbered in a counter clockwise 
direction (bottom). 
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Each basis function, ~n' is associated with a 

global node, n, and its value is space dependent only. 

The explicit relationship between a given basis function 

and the corresponding coordinates (y,z) is the key step 

in carrying out the integrations in equations (5.18)

(5.21). Such relationships are derived by defining each 

function on an elemental basis and requiring that for a 

given triangular element, e, (Fig. 5.2) the value of the 

basis function be 1 for a particular node, and it 

decreases linearly so that it is 0 at any other node of 

the triangle (Neuman, 1973; Huyakorn and pinder, 1983). 

Element integrals 

Because the flow problem is discretized into 

triangles, the equations (5.18)-(5.21) can be carried 

over triangular elements and the results from each 

element summed up in order to obtain the values of Anm, 

Dnm, Qn, and Fn (Neuman, 1973; Lapidus and Pinder, 1982; 

Huyakorn and Pinder, 1983). This procedure can be 

expressed as a summation of the elemental contributions as 

follows: 

M 

Anm = L 
e=l 1 

~e\7~~ 0 \7~: dR 

Re 

(5.23) 
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Dnm = ~ I ~~ ~~ dR (5.24) 
e=l e R 

M 

Qn = L I qe ~e elf (5.25) n n 
e=l re 

lL K~ a~e Fn = n dR (5.26) az 

where the superscript, e, indicates that a given 

quantity should be interpreted on an element basis and 

therefore its value is valid only for that element. M is 

the total number of triangular elements in the 

discretized region. 

Notice that even though the summation spans over 

all the elements, many element contributions are 

zero. In the case of equations (5.23), (5.24), and 

(5.26), only the elements contiguous to a given node, n, 

will contribute with possible nonzero terms. In the 

case of equation (5.25), the nonzero contributions are 

further restricted to those triangles facing the boundary. 

Element basis function. The relationship 

between an elemental basis function, e 
1;'n' and its 

coordinates (y, z) is given as follows (Neuman, 1973; 

Huyakorn and Pinder, 1983; White, 1985): 



180 

~~(y,Z) = 1 (a~ + b~ Y + c e z) (5.27) 
2de n 

where 

a e 
1 = Y2 z3 - y3z2' be 1 = z2 - z3' c e 

1 = Y3 - Y2 ' 

a e 
2 = y3z1 - y1z3' be 2 = z3 - zl' c e 

2 = Y1 - Y3 , 

ae 
3 = y1z2 - y2z1' be 3 = zl - z2' c e 

3 = Y2 - Y1 , 

and 

de = (bece 
1 2 - cib~)/2 

is the area of the triangular element, e. The pairs 

(Y1,zl), (Y2,z2), and (Y3,z3) define the coordinates of 

the corners (1, 2, 3) of the element, e, in the problem 

domain. Furthermore, the derivative of the ~-function 

with respect to the Y- and z-coordinates can be 

expressed as 

and (5.28) 

Again the superscript, e, indicates that the given 

quantity is valid only within that element. 
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Another important relation is the one needed for 

evaluating the area integrals involving this kind of basis 

function. The integral equation for the linear triangular 

element is given by (Eisenberg and Malvern, 1973; 

Segerlind, 1984) 

I abc a! b! c! 
~i ~j ~k dR = (a + b + c +2)! 

A 

2i1, (5.29) 

where a, b, c are integer constants. If the integrand has 

less than three factors, the power of the missing factors 

will be zero. 

Conductance matrix. Evaluation of the matrix Anm 

from equation (5.17) can be accomplished on a nodewise 
, 

basis. The procedure is to first evaluate the element 

integral from equation (5.23) for each element contiguous 

to node n and then add the results. For example, suppose 

that one wants to calculate the value of the element 

(1, 2) for the matrix Anm' Take the basis node as n=l and 

evaluate the integral from equation (5.23) for each 

triangle whose side lies along the connection n=l and 

m=2. The sum of the results from each integration yields 

the value of that element matrix. 

Integration of equation (5.23), as it stands, 

depends on how the hydraulic conductivity tensor varies 
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within the element. This variation is a function of 

pressure head. This nonlinearity problem can be 

simplified by assuming the hydraulic conductivity tensor 

varies linearly within the element in the following 

fashion (Neuman, 1973; Neuman et al., 1975; Bruch, Jr., 

1976). 

3 

~e(h) = L ~~(hm) ~i(Y,Z) 
i=l 

(5.30) 

where the index i indicates that the quantity is evaluated 

at the nodal points of the triangle. The interpolation 

function ~i are of the same form as ~n but do not 

need to be so (Huyakorn and Pinder, 1983; Fletcher, 1988). 

By noting that the derivatives of the linear basis 

function are independent of the coordinates, the integral 

from equation (5.23) can rewritten as 

A~m = f K
e 

dR V~~ 0 V~: 
Re 

(5.31) 

In addition, SUbstitution of equation (5.30) into (5.31) 

results in the following 
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(5.32) 

in which the value of the integral is 1/3 the area of 

the triangle, ~e , according to formula (5.29) . 

Because of this result, equation (5.32) simplifies to 

where -e 
K is 

(5.33) 

the arithmetic average of the 

hydraulic conductivity tensor at the nodal values for a 

given triangle. Furthermore, after performing the matrix 

and vector operations in equation (5.33) and 

substituting the derivatives of ~n by the short-hand 

notation given by equation (5.28), one obtains the 

following formulation 

(5.34) 

-e -e where Ky and Kz are the principal components 

of the average hydraulic conductivity tensor for a given 

given element. This result allows equation (5.23) to be 

written as 
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(5.35) 

capacitance matrix. The procedure to 

evaluate the matrix Dnm from equation (5.17) is similar to 

that used to evaluate the conductance matrix. The first 

step is to consider the integral from equation (5.24) 

and develop a formulation for calculating the 

coefficient matrix for each triangular element. This 

formulation can be easily obtained by using the formula 

given by equation (5.29) to evaluate the integral in 

equation (5.24). This operation leads to the local 

capacitance matrix written as follows: 

1 ~ 1 
1 1 ~ 

(5.36) 

Notice that this matrix depends only on the coordinates 

of the element. In addition, because the procedure used 

to obtain this capacitance matrix follows a consistent 

approach, the method given by equation (5.36) is often 

referred to as a consistent scheme (Neuman, 1973; 

Huyakorn and Pinder, 1983). 



185 

However, experience (Neuman, 1973; Celia et al., 

1990) has indicated that the finite element equations for 

unsaturated f low obtained by this approach can lead to 

oscillatory results. A more stable result can be obtained 

by diagonalizing the capacitance matrix (Eq. 5.36) in a 

procedure called "mass lumping". The result can be 

accomplished by adding the elements of each row to the 

corresponding diagonal of the matrix (Huyakorn and Pinder, 

1983). They can be written as 

D~m Ae 4 0 ~l = 12 0 4 
0 0 

(5.37) 

or simply 

(:e/3 if n = m 
D~m = (5.38) 

if n of m 

This result allows equation (5.24) to be written as 

M 
Dnm = I: Ae /3 if n = m 

e=l 

(5.39) 

Dnm = 0 if n of m 

Gravity term. The vector Fn in equation (5.17) 

represents the contribution of gravity to the vertical 
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flow. Evaluation of its elements can be processed by 

using equation (5.26). Here, the hydraulic conductivity 

term is approximated by a linear combination of functions 

like that proposed in equation (5.30). By doing so, one 

can rewrite the integral that appears in equation (5.26) 

in the following manner: 

(5.40) 

Note that the value of the integral, according to formula 

(5.29), is ~e/3. Thus, the hydraulic conductivity 

term can be replaced by the arithmetic average of the 

hydraulic conductivities evaluated at the nodal points 

of the given element. In addition, the ~-gradient term 

can be replaced by the short-hand notation given by 

equation (5.28). The result can be expressed as follows: 

(5.41) 

When this formula is combined with equation (5.26), the 

resul t is an expression that allows the calculation of 

all elements of Fn. The resulting formula is given by 
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M (1 -e e] 1: '2 Kz cn e=l 
(5.42) 

in which the bar indicates an arithmetic average value. 

Flow boundary term. Evaluation of the nodal 

flow boundary values come directly from the analysis of 

equation (5.25). From that definition, one can 

recognize that only those elements that have sides 

facing the boundary are of significance in the 

calculations. The values of Qn are zero for all 

internal nodes. In addition, if a given node has a 

prescribed flow boundary, and the information is given 

in terms of flux (cm3 /cm2/min), then the value of 

Qn can be calculated with the aid of that equation. 

For a given node, n, along the boundary, the 

value of Qn will come from the contribution of two 

contiguous elements. This is a direct consequence of 

the definition of the interpolating basis function, 

~ n . T h us, for a g i v e n i n flu x, qn' t h r 0 ugh 

the boundary, the total flow Qn can be calculated as 

follows: 

(5.43) 
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Assuming that flux across the side of a boundary element 

is constant, then one can write the expression, 

Q = q1I ~1 dr + q2 I ~2 dr n n n n N 
- r1 - r2 

(5.44) 

where according to formula (5.29) it becomes 

(5.45) 

where r1 and r2 represent the length of the two 

boundary segments, 1 and 2, from the elements contiguous 

to node n. 

Assembly procedure 

The elements of the global matrices, Anm and Dnm, 

and the vectors, Qn and Fn, are obtained, respecti vely , 

from equations (5.35), (5.39), (5.42), and (5.45) in a 

procedure called assembly process. The process consists 

essentially of rewriting the element matrices and vectors 

that are obtained on the basis of local numbers (1,2,3) in 

terms of the corresponding global node numbers 

(n,p,q). This is done element by element. In this 

process, the contributions of distinct elements to the 

same position of the global matrix or vector are 
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added. This assembly procedure is clearly explained by 

Huyakorn and Pinder (1983; pp 28 et seq). 

Time integration scheme 

The f ini te element solution of time-dependent 

problems such as that from equation (5.1) produces a 

system of linear first-order quasilinear equations (5.22) 

in the time domain (Neuman, 1973). To solve this system 

of equations, the procedure is to first subdivide the 

period of analysis into a number of time intervals, 

~t, and replace the time derivatives, d8m/dt, by 

finite differences (Neuman, 1973; Lapidus and Pinder, 

1982; Huyakorn and Pinder, 1983). Celia et al. (1990) 

have shown that the backward finite approximation for 

equation (5.22) yields good results. This approach leads 

to the following 

(5.46) 

where k+1 and k refer to the' current and previous 

time levels, respectively, with ~tk=tk+1_tk. 

Iterative procedure 

As mentioned earlier, the system of algebraic 

equations derived from the finite element approximation is 
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nonlinear. As a consequence, it is necessary to use 

iterative methods to get the solution. There are several 

procedures to sol ve nonlinear systems of equations which 

include Picard iteration, the Newton-Raphson method, among 

others (Kennedy, Jr. and Gentle, 1980; Huayakorn and 

Pinder, 1983; and others). All methods require that an 

ini tia1 estimate of the solution be given to start the 

calculations, and each method uses a different algorithm 

to generate a new estimate that hopefully converges to a 

stable solution. This research uses the Picard method 

which has been shown to work quite well for a variety of 

unsaturated-saturated flow problems (Neuman, 1973;. Neuman 

et a1., 1975; Celia et a1., 1990). 

In employing an iterative procedure to equation 

(5.46), it is appropriate to have a notation to 

indicate the iteration evolution. For instance, consider 

using the additional superscripts rand r+1 to indicate, 

respectively, at a given time level k+1, the old and new 

iterates of a given quantity. By doing so, equation 

(5.46) can be rewritten as 

Ak+1,r hk+1 ,r+1 + D [_ek+1 ,r+1 
Atk 

(5.47) 
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Before attempting to solve equation (5.47), one must 

realize that the equation has two major unknowns, 

namely, bk+1 ,r+1 and !!k+1,r+1. A second equation 

relating these two unknown quantities is needed for the 

calculations. This equation is the key point in allowing 

allowing the use of Richards' equation in its mixed form 

in numerical computations. Celia et ale (1990) proposed 

to obtain the extra equation by expanding the value 

e~+1,r+1, which is an element of the vector !!k+1,r+1, in 

a truncated Taylor series with respect to h, about the 

expansion point h~+l,r, as follows: 

de.
k

+
1
,r ( ) e~+1,r+1 = e~+l,r + d~ h~+1,r+1 _ h~+l,r + 

(5.48) 

where the last term of equation (5.48) indicates that the 

approximation is of second order accuracy in h. In 

addition, if only the linear terms of equation (5.48) are 

retained, that equation can be rewritten as 

e~+1,r+1 = e~+l,r + c~+l,r ~h~+1,r+1 
1 1 1 1 (5.49) 

where 



h~+1,r+1 = h~+i,r + Ah~+1,r+1 
111 
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(5.50) 

in which C~+1,r is the nodal soil-water capacity evaluated 

at h~+1,r. 
1 

substitution of equations (5.49) and (5.50) into 

equation (5.47), in vector form, leads to the following 

~k+1,r hk+1,r + ~k+1,r Ahk+1,r+1 + 

D [~k+1,r + _~k+1,r Ahk+1,r+1 _ ~k] = 
Atk 

gk+1,r (5.51) 

which can be written in terms of the iteration increment 

Ahk +1 ,r+1 as follows - , 

~k+1,r Ahk+1,r+1 = Rk+1,r (5.52) 

where ~k+1,r, the coefficient matrix, and gk+1,r, the 

residual vector, are defined, respectively, as 

Ek+1 ,r = D Ak+1 ,r + -=- ck+1 ,r 
= Atk = 

(5.53) 



and 

Rk+1,r = gk+1,r _ ~k+1,r _ ~k+1,r gk+1,r _ 

D [_ek +1 ,r_ 
l1tk 
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(5.54) 

The solution procedure for equation (5.52) starts 

by first evaluating, at the beginning of each iteration, 

the coefficient matrix, ~k+1,r, and the residual vector, 

gk+1,r, with the pressure head value at the rth, iteration. 

The resulting linearized systems equations is then 

solved by any method of solution such as Gauss 

elimination. However, because the matrix, Ek+1 ,r 
= ' 

is sparse, symmetric, and positive, the system of 

equations can be solved by using more efficient methods 

such as the Cholesky algorithm (Neuman, 1990). After 

each iteration is completed, the values of pressure 

head are updated by using equation equation (5.50). 

This iterative procedure continues until convergence 

within the time step, k to k+1, is attained. 

stopping criteria. A universal stopping criteria 

for iterative procedures does not exist. The convergence 

cr iter ia depends very much on each problem and on the 
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degree of accuracy wanted for the solution. For this 

particular problem, two convergence criteria were 

adopted. They are 

(5.55) 

and 

(5.56) 

where max indicates that the given quantity is taken 
n 

to be the maximum value after searching all nodes. 

Mass balance calculation 

A mass balance check in numerical calculations of 

soil-water flow is highly recommended (Huyakorn and 

pinder, 1983; Celia et al., 1990). Its calculation after 

each time step allows an assessment of the numerical 

accuracy and precision of the results (Konikow and 

Bredehoeft, 1984). The procedure consists essentially of 

calculating the difference between the left-hand side 

(LHS) and right-hand side (RHS) of Richards' equation for 

the calculated value of h. This is equivalent to invoking 

the principle of mass balance in which the cumulative sums 
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of mass inflows and outflows must equal the change in mass 

stored. 

The mass balance calculation for the finite element 

method comes directly from the application of Green's 

divergence theorem to the differential flow equation 

(5.2). An example of such a calculation for the solute 

transport equation is given elsewhere (Huyakorn and 

Pinder, 1983, pp 209 et seq). The mass balance for this 

particular flow problem can be derived by integrating 

equation (5.2) and invoking the Gauss divergence theorem 

as follows: 

df - I 
R 

a9 dR 
at = 0 (5.57) 

where q is the mass influx (Eq. 5.10) across the boundary 
U 

r. Notice that the first integral in equation (5.57) 

represents the total net mass inflow across the boundary 

r and the second one represents the total change in 

mass storage in 'the flow region R. 

substitution of an approximate finite element 

solution, such as equation (5.15), into equation (5.57) 

causes the left-hand side of that equation to sum to a 

nonzero result (Huyakorn and Pinder, 1983). Thus, if the 
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approximate solution is represented by e then equation 

(5.57) can be rewritten as 

d6'e 
dt = I qn df - I 

r - R 

ae dR at (5.58) 

where d&e/dt is the error corresponding to the rate of 

mass loss due to the numerical approximation. 

The next step is to use the properties of the 

basis function, ~n(Y'z). As indicated previously, 

there is a ~n function associated with each node, n, 

such that its value is 1 at the node, n, and dies out 

linearly to 0 in the direction of any other node 

(Neuman, 1973). The implication of this definition is 

that for a given basis function, ~n' one can write 

the following 

N 
~ ~n(Y'z) = 1, for all (y,z) in R 

n=1 
(5.59) 

where N is the number of nodes in the entire flow 

region, including the boundary. 
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By combining equations (5.59) and (5.56) and by 

noting that the integral of a sum is equal to the sum of 

the integrals, the result is 

N 
dcSe = I: 
dt n=l N I - I: 

n=l 
de 
dt ~n dR (5.60) 

R 

where the space variables (y, z) were dropped from the 

~ 's in order to simplify notation. substitution of n 

the approximating function for a, given by equation 

(5.15), into equation (5.60) leads to 

~~ = ~ I qn ~n dr 
n=l r-

(5.61) 

Furthermore, if equations (5.19) and (5.20) are introduced 

into (5.61), the result will be 

dcSe 
dt = ~ Qn - ~ [ ~ Dnm ~~ I n=l n=l m=l 

(5.62) 

Additionally, if dam/dt is discretized in one time 



step level, the result can be written as 

dOe 
dt = 

N 
I: Q -

n=l n 
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(5.63) 

Equation (5.63) is the basis for evaluating the mass 

balance error due to numerical calculations for this flow 

problem. The first summation term corresponds to the 

total rate of net inflow across the boundary and the 

second summation term corresponds to the rate of change in 

mass storage in the flow region. 

The values of Dnm can be obtained from the assembly 

process of the capacitance matrix and the values of Qn 

that are not given as prescribed boundary can be obtained 

from equation (5.17) after the system of equations is 

solved for the unknown pressure head. The total net 

inflow across the boundary is then obtained by summing all 

the nodal values of Q. Similarly, the total change in 

storage can be obtained by summing up the product between 

Dnm and the corresponding change in nodal water content 

for the given time interval, At. 

It is worthwhile mentioning that if the Dnm is 

calculated by mass lumping (Eq. 5.38), the change in 

storage per element is exactly equal to the average change 

in the nodal water content of the element multiplied by 
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its area. Therefore, the total change in storage is 

nothing else than the sum of the change in storage from 

each element. 

should not 

certainty of 

The importance of mass balance calculation 

be overemphasized in estabilishing the 

the numerical results. The mass balance 

closure is a necessary condition for getting accurate 

results but it is not sufficient to guarantee the correct 

solution (Hills et al., 1989ai Celia et al., 1990). 

Computer program 

The numerical procedure of finite elements described 

previously can be applied to problem domains with various 

shapes. The major difference in programming distinct 

applications will depend on how the nodal coordinates of 

the elements are supplied. Once the coordinates of all 

nodes are known and the boundary and ini tial condi tions 

are given, the numerical procedure is practically the same 

and so is the program code. Thus, the certainty of the 

solution given by a finite element program used to 

predict, for instance, furrow infiltration can be 

indirectly assessed by analyzing the vertical infiltration 

in a rectangular cross-section, provided that both 

programs differ only by the way the nodal coordinates are 

supplied as well as the initial and boundary 

conditions. This procedure can be used to take advantage, 

for example, of existing infiltration results from one 
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dimension to verify the certainty of a finite element 

program applied to two dimensions. Notice that the two-

dimensional vertical flow in a rectangular grid can be 

easily reduced to one dimension by imposing, for example, 

the same head value simultaneously to all top boundary 

nodes while maintaining a no-flow boundary condition to 

all lateral nodes of the problem domain. 

This strategy was followed here in developing the 

finite element program FUR used to predict infiltration 

under furrows. The technique used was as follows. First 

the finite element algorithm for a simple rectangular 

grid, RET, with triangular elements of the same shape, 

from which the nodal coordinates could be easily obtained 

was programmed; Second, the subroutine that calculates the 

nodal coordinates of the rectangular grid was replaced by 

another subroutine which calculates the nodal coordinates 

of the more complex cross-section with furrows. 

Figure 5.3 shows a simplified flow chart indicating 

the maj or steps used in developing both computer 

programs. Because of the differences in grid geometry, 

each program starts differently. The input data, the grid 

generation, and the definition of top nodes are distinct 

for each program as indicated in the flow chart. The 

names in parentheses inside each box identify the 

subroutines used to perform the corresponding 



INPUT DATA 
(INP) 

GENERA TE GRID 
(GNP AND GEP) 

DEFINE TOP NODE VALUES 
(TOP) 

PfrlSRAM RET 

INPUT DATA 
(INA) 

GENERATE GRID 
(GNA AND SEA) 

DEFINE TOP NODE VALUES 
(TOR) 

DEFINE INITIAL AND BOUNDARY CONDITIONS 
(INC AND SOC) 

00 LOOP FOR TIME DEPENOENC~=---l 

00 LOOP FOR NONLINEARITY 
(BDC, ASS, SEa. MEa. RED, SOL) 

GET NEW ELEMENTS 
(GEP OR GEA) 

NO 

ASSIGN INITIAL VALUES FOR THE ADDED GRID 
(INC) 
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Figure 5.3. Simplified flow chart for the main steps in 
the computation procedure for the programs FUR and RET. 



INC~SE TIME STEP BY 20 PEfl:EHT 

ESTIMA TE taO TO LINEARIZE SYSTEM OF EOlIA TIONSIoIr!=:......-~ 

ASSEHBLE MATRIX COEFFICIENTS AND SET SYSTEM OF EQUATIONS 
(ASS. SEQ, MEQ) 

SOLVE THE SYSTEM OF EQUATIONS 
(RED AND SOL) 

CALCULATE INFILTRATION FOR THE WHOLE 
Cf¥)SS-SECTION AND SOOAREAS (SBO) 

NO 

OECREASE TIME STEP BY 50 PERCENT 

NO 

Figure 5.3. (Continued). 
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operations. For example, the subroutine IN!' is used to 

read the input data for a furrow cross-section and execute 

all the pertinent checks on the validity of the 

information. On the other hand, INR is the counterpart 

subroutine that does the same for the rectangular 

grid. The subroutines, INC and BOC, used to define 

respectively, initial and boundary conditions are, 

however, common to both programs. From this point on, 

they make use of the same subroutines and functions. A 

list of the subprograms used to compose FUR and RET is 

presented in Table F. 1 and the complete listing of the 

contents of each module is given in Tables F.5 through F.B 

(Appendix F). Both programs have built-in capability to 

extend the grid in the Z-direction as the wetting front 

reaches the previously set lower boundary. 

Data entry 

The initial data required for both programs (FUR and 

RET) are requested through the subroutines INP and INR, 

respectively. Table F.2 (Appendix F) shows samples of 

typical input data for both programs. A detailed 

description of the variables used are presented in Table 

F.4. The name of the input data file is expected to have 

an extension (.dat) but the user is supposed to enter only 

the base name of the file when it is requested by the 

program. For example, if the name of the input file is 
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FUR. OAT, the user needs to enter only the name FUR. The 

program uses this base name to build up a series of output 

files by appending to FUR a series of different 

extensions. Table F. 4 (Appendix F) lists and describes 

the meaning of the output files created by both programs, 

FUR and RET. The input variable VIEW controls the type of 

output required by the user (Table F.2) 

The soil-water physical properties are assigned per 

soil layer and with the exception of pressure head their 

values are considered to be discontinuous along the 

interface between two contiguous soil layers. The 

continuity of pressure head from one soil layer to another 

is achieved by taking its value at the interface as the 

average between the pressure head values from two 

neighboring layers. Calculations of head values along the 

interface between two layers are performed in the 

subroutine INC for both programs. In addition, if the 

soil is anisotropic, the principal components of the 

saturated hydraulic conductivity in the Y- and Z-direction 

are set with different values through the input data 

PAR(6,L} and PAR(7,L}, respectively (Table F.2). 

The program includes an option for the user to 

change the saturated hydraulic conducti vi ty of the top 

nodes in order to account for physical changes of the 

surface soil. These changes are controlled by the input 
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variables KSFY and KSFZ, which are taken as factors to be 

used to either increase or decrease the surface saturated 

hydraulic conductivity with respect to the saturated 

hydraulic conductivity of the top soil layer. For 

instance, if one finds that the hydraulic conductivity of 

the soil surface has decreased from one irrigation to 

another by 20 percent in relation to the hydraulic 

conductivity of the top layers, then input variables KSFY 

and KSFZ are set to 0.80, respectively. If information 

about anisotropy is available about this change, then KSFY 

and KSFZ could have different values. 

Both programs have capabilities to accept prescribed 

boundary conditions varying with time. In the case of the 

program FUR, the prescribed head boundary along the ponded 

section of the furrow boundary is given as a hydro graph 

described by discrete points. However, the value of top 

flow boundaries along the soil-atmosphere interface are 

constant with time and if evaporation is neglected their 

values are set to zero. This is the case given by line 14 

in the sample input ~ata presented in Table F.2 (top). In 

the case of the program RET, all top nodes are set to the 

same type of prescribed boundary. It can be either a flow 

boundary or a head boundary given as a function of 

time. The sample of input data given in Table F.2 
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(bottom), presents a case of a prescribed flow boundary 

constant with time. 

These input 

checking capability. 

data subroutines have some error 

For example, the thickness of the 

topsoil layer, in the case of the furrow grid, can not be 

less than 1.25 times the maximum furrow depth. Also, the 

length of a half furrow spacing can not be less than 1.25 

times the maximum furrow top width. This factor is 

represented by the parameter WF in the program FUR. Such 

limits, although arbitrary, are convenient to generate the 

grid and do not impose any major limitation in the 

analysis. In any event, if the user finds the need to 

have a different value, the information can be easily 

modified by changing the value of WF in the parameter list 

of FUR. Of course, in this case the program must be 

recompiled in order to reflect the changed data. 

Grid generation 

The description of a finite element mesh is one of 

the most important steps in the execution of a finite 

element program. The first step consists in arranging the 

elements in size and shape to conform to the external 

boundaries of the flow problem as well as the internal 

boundaries defined by different soil materials. The 

subsequent steps consist in numbering all nodes and 

elements, identifying the nodes associated with each 
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element, and calculating the coordinates of each 

node. Additionally, the procedure must specify the nodes 

that have either prescribed flow or prescribed head 

values. These tasks, if performed manually over a complex 

grid, will represent a sUbstantial overhead in time and in 

the number of data input required to start the program. A 

desirable alternative is to generate the grid by computer 

programming. For this particular case of a finite element 

problem, the major steps in the calculation procedure for 

generating the grid are developed by the subroutines GNP 

and GEP for the program FUR, and by the subroutines GNR 

and GER for the program RET. 

Furrow grid. The basic data needed to start the 

calculations for the furrow grid are (1) half length of 

the furrow spacing and an estimate of the grid size; (2) 

the model parameters that define the boundary of the 

furrow cross-section; (3) the number and thicknesses of 

soil layers; and (4) the water depth in the furrow. 

Figure 5.4 (top) illustrates the approach used to 

subdi vide the furrow cross-section into f ini te 

elements. First, the entire cross-section length in the" 

Y-direction and the thickness of each layer in the z

direction are subdivided into segments based on the 

estimated grid size. The value of the grid size in the Y

and Z- directions may be reajusted to yield an integer 
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number of segments along each direction. By the same 

token, the grid size of each soil layer may be different 

from one another. Second, a rectangular area (LV by LH) 

is defined to contain the furrow boundary. The value of 

LH corresponds to the Y-coordinate of the closest vertical 

grid line greater than WF*YTOP. Similarly, the value of 

LV corresponds to the absolute value of the Z-coordinate 

of the closest horizontal grid line greater than 

WF*ZDEEP. Third, an imaginary rectangular furrow boundary 

is drawn with the dimensions YTOP and ZDEEP. The vertical 

side of this imaginary furrow boundary is subdivided into 

a number of segments equal to the number of grid 

increments along LV. Similarly, the number of 

subdivisions of the horizontal side of this imaginary 

boundary is equal to the number of grid increment along 

LH. Fourth, a series of rays emanating from the origin 

are drawn through the end points of each segment of the 

imaginary rectangular furrow boundary. The intersections 

between these rays and the actual furrow boundary 

determine the end points of the line segments used to 

approximate the furrow boundary cross-section. The' 

subroutine GNP is used to perform most of these 

calculations. 

The area contained between the furrow boundary and 

the line segments LV and LH are subdivided into 
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quadrilaterals. This is accomplished by joining each end 

point of the segments that describe the furrow boundary to 

the corresponding one on ei ther LV or LH. The set of 

formed quadrilaterals are further subdivided into smaller 

quadrilaterals by line segments running in the direction 

across the rays. The number of such lines, Nes, varies 

from a minimum of 2, for a furrow with rectangular shape, 

to a maximum, which depends on the grid size, for a furrow 

with triangular shape. 

The value of NCS is determined from the closest 

integer of the weighted average between the largest and 

the smallest segments that join the furrow boundary and 

the segments LV and LH. The weighted factor is determined 

as a function of the largest segment, MAXLEN, that joins 

the actual furrow boundary to the segments LV and LH and 

the largest segments, DMAX and DMIN, that join, 

respectively, the corresponding imaginary triangular and 

rectangular furrow boundaries to the segments LV and 

LH. This weight factor varies from 0.5, when the actual 

furrow cross-section is rectangular, to an arbitrary value 

of 0.7, when the furrow cross-section is 

triangular. These calculations are performed in the 

subroutine GNP. 

After the areas nearby the furrow boundary are 

considered, all the remaining areas are of regular shape 
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and are directly subdivided into rectangles according to 

the general grid pattern. In the case of alternate 

irrigation, the area containing the adjacent dry furrow is 

treated as an image of the irrigated one, as shown by the 

dashed lines in Figure 5.4, and therefore the subdivision 

process is the same. 

The next step in the grid generation procedure is to 

assign numbers to all line intersections or nodes. The 

numbering scheme is important because it determines the 

bandwidth of the coefficient matrix in the system of 

equations to be solved. The size of the bandwidth affects 

the computer storage requirement. The minimization of the 

bandwidth in simple regions can be accomplished by 

numbering across the dimension of the problem domain that 

would have the fewest nodes. In the particular case of 

this problem domain, where the grid size in the Z

direction has a moving boundary, the node assignment is 

made along the Y-direction which is fixed. Otherwise, the 

process of updating the node numbers, after the grid is 

extended would be more diff icul t. Moreover, the size of 

the region in the Y-direction may be larger in the 

beginning of the flow process but when the grid is 

extended as the water front advances, the size of the 

region in the Z-direction may eventually become larger 

than the latter. 
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All n0ges are numbered sequentially from left to 

right as indicated in Figure 5.4 (bottom). For 

description purposes, each sequence of nodes is classified 

as either complete or incomplete. A complete sequence 

starts at the boundary of the problem domain while an 

incomplete one starts at the furrow boundary. For 

example, the nodal numbers from 1 to 7, along the top 

boundary (Figure 5.4, bottom), form an incomplete sequence 

while the nodal numbers from 8 to 26 form a complete 

one. Notice that any complete sequence of nodes above LH 

does not follow a straight line pattern. For example, the 

second complete sequence, from the top to the bottom, as 

shown in Figure 5.4 (bottom), is identified by the nodal 

numbers (27, ..• 32, .. ,36, •.. 41) which do not run along a 

straight line. 

The first phase of numbering the nodes, which goes 

up to the sequence that runs along LH, is accomplished 

by the subroutine GNP. At the same time that the 

nodes are numbered, their coordinates are also 

calculated. Furthermore, at this phase of the 

calculations all boundary nodes (top, bottom, and lateral) 

of the generated grid have already been identified. The 

subroutine TOP is used to define and assign values to the 

nodes with prescribed head. The number of prescribed head 

nodes depends on the magnitude of the given water depth in 
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the furrow. That is, any top node that is under water 

will be classified as prescribed head node and all the 

remaining top nodes classified as a prescribed boundary 

nodes. 

The next phase of the grid generation process 

consists in dividing the interior of each quadrilateral 

into triangular elements and identifying those nodes that 

belong to each element. This is accomplished by the 

subroutine GEP. The subdivision is obtained by connecting 

the two nodes of a quadrilateral which defined its 

shortest diagonal. The quadrilaterals are chosen in 

sequences from top to bottom and for each sequence from 

left to right as indicated by the arrows in Figure 5.4 

(bottom). For example, the quadrilateral identified by 

the letters A, B, C, 0 in Figure 5.4 (bottom) is the 

second quadrilateral of the third sequence of 

quadrilaterals. The shortest diagonal in that case is the 

one connecting the corners labeled by the letters Band 

C. This criteria produces the largest number of possible 

triangles with acute angles. Triangles with large obtuse 

angles should be avoided (Singerlind, 1984). 

Figure 5.5 illustrates the results of this grid 

generation procedure applied to a cross-section with one 

furrow only. It also shows the scheme used to number all 

the triangular elements. It follows the same pattern used 
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K-----.-~--~4 (51) 

---~----"~--""------l'..---..I40 (56) 

Figure 5.5. Illustration of the procedure used to number 
nodes and triangular elements for a half furrow cross
section. The circled numbers identify elements. 
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to subdivide the quadrilaterals, that is, the elements are 

numbered in sequences from top to bottom and from left to 

right. The first sequence of numbered elements is 

composed of triangles 1 through 6 as indicated in Figure 

5.5 by the circled numbers. The second sequence of 

elements starts at 7 and goes all the way to 22. Figure 

5.5 also indicates how a given triangular element is 

numbered counterclockwise with the local numbers 1, 2, 3. 

Rectangular grid. The basic information needed to 

generate the grid for a rectangular soil cross-section are 

(1) an estimate of the grid size (GS), (2) the maximum 

soil depth (MAXZ) and (3) the width (MAXY) of the cross

section. This information is provided through the input 

data routine, INR. The process of grid generation is 

accomplished by the subroutines GNR and GER. The 

procedure is to subdivide both vertical and horizontal 

dimensions of the grid by the estimated grid size. If the 

result does not yield an integer number of segments, the 

given grid size is ajusted. Thus, the grid size in the Y

direction may be different than the grid size in the z

direction. Moreover, the grid size can also vary from one 

soil layer to another in order to maintain an integer 

number of segments within each layer. 

The numbering scheme of each node is performed 

sequentially always from left to right, starting at the 
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upper left corner of the rectangular grid. All 

quadrilaterals are subdivided into triangles in the same 

pattern as indicated by the lower part of the grid shown 

in Figure 5.5. The elements are numbered in a similar 

manner. 

Grid extension 

Both the furrow and rectangular grids start small 

and grow vertically downward as the wetting front reaches 

the lower boundary. The lower boundary of the furrow grid 

starts along LH and the lower boundary of the rectangular 

grid starts at a distance below the top boundary 

equivalent to the first four grid sizes of the z

direction. The grid is extended whenever the maximum 

absolute difference between the current head value at the 

lower boundary and the corresponding initial head value at 

that location is greater than 0.1 cm. This limit was 

adopted arbitrarily as 10 times larger than the value used 

for the head closure in the convergence criteria (Eq. 

5 . 55). The cr iter ia to extend the gr id in terms of head 

values should be more restrictive than that used to define 

convergence in order to assure that the grid will not be 

extended continuously. For instance, setting the 

difference between the current and initial heads at the 

lower boundary to a maximum of 0.01 cm is almost certain 

to cause the program to extend the grid continuously. 
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Theoretically, the use of head criteria to trigger 

the boundary to be extended introduces an error in the 

value of flux assigned to the lower boundary. One should 

recall that the lower boundary has a prescribed flux equal 

to the hydraulic conductivity corresponding to the initial 

value of pressure head at that position. This implies 

that the pressure head beyond the wetting front is assumed 

to be constant with time. Thus, the above criteria does 

not entirely meet this assumption. 

A more correct approach would be to consider a 

change in the flux itself based on the difference between 

its initial value corresponding to initial pressure head 

and its current value corresponding to the current 

pressure head value. This criteria, however, turned out 

to be extremely sensitive to computer round off errors 

because of the values of flux at the lower boundary are 

very small, specially for dry initial conditions. Under 

these conditions, the criteria based on head value 

difference turned out to be very stable and the error 

introduced in the calculations should be very ?mall since 

the flux values under dry conditions are usually very· 

small too. 

Global matrices 

The formulation developed to evaluate the matrix and 

vector components of equation (5.17) is done on an element 
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basis through equations (5.34, 5.37, 5.42, 5.45). These 

equations provide the element values based on the local 

numbers (1, 2, 3) of each element. The formulation leads 

to square matrices and vectors of three dimensions. The 

system of equations (5. 17), however, is composed of N 

equations (NO) arranged in sequence from 1 through N with 

one equation coming from each node. The resulting square 

matrices and vectors for the entire system is of dimension 

N. These global matrices and vectors can be easily 

obtained from the local matrices and vectors derived from 

each element in a procedure known as matrix assembly. 

The assembly process is done, sequentially, element 

by element and it is performed by the subroutine ASB. The 

procedure consists first to calculate the element 

matrices, A~m and D~m' using equations (5.34) and 

(5.38) respectively, and the element vector, F~, using 

equation, (5.41). Second, the results of each element 

contribution are added to the corresponding locations in 

the global matrices, Anm and Dnm, and the vector Fn. It 

is worthwhile mentioning that more than one element could 

contribute to the same location in the matrices, Anm and 

Dnm, and the vector Fn, in which case the corresponding 

contributions are automatically added up. 
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Because of the formulation in equation (5.34), the 

resulting matrix Anm is always symmetric and sparse 

(Neuman, 1990). The symmetry and sparseness properties of 

a matrix are important because they lead to minimal 

computer storage requirements. In addition, if the nodes 

are numbered sequentially, in an orderly manner, the 

resulting global matrix Anm will be banded (Segerlind, 

1984; White, 1985, Neuman, 1990). A banded matrix has the 

characteristic that all the nonzero terms are located 

relati vely close to the main diagonal and all of the 

elements beyond the bandwidth are zero. This does not 

exclude the existence of nonzero terms within the 

bandwith. 

The subroutine ASB considers the characteristics of 

symmetry and sparseness of the matrix, Anm, to store only 

those matrix elements that are located within the reduced 

bandwidth. The reduced bandwidth here (NBW) includes only 

the main diagonal and all the other off-diagonals below 

the main diagonal that are in the band. By doing so, a 

great deal of computer storage is saved because the global 

matrix Anm is stored with dimensions (NBW x NO) instead of 

(NO x NO). The matrix 0nm as given by equation (5.39) is 

diagonal and therefore its assembly is carried out in the 

same way as the vector Fn. Having all the matrices and 
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vectors assembled, the system of equations is set up 

according to equation (5.52) by the subroutine SEQ. 

Prescribed boundaries 

In the finite element formulation the flow 

boundaries are automatically considered in the system of 

equations (5.17) through the term Qn. That is, if the 

flux value is prescribed for a given node, the nodal flow 

value can be calculated using equation (5.45) and the 

result assigned to the corresponding value of Qn. In this 

way, the computations of head values for boundary nodes 

are done using the same general equation formulated for 

any node. In the case of a prescribed head value, where 

there is no need to assign an equation for that node, the 

system of equations needs to be modified slightly in order 

to keep the same dimensions. systems of equations which 

change in size usually lead to programming difficulties 

(Neuman, 1973; Singerlind, 1984). The problem is overcome 

by modifying the nodal equations that have prescribed head 

so that the dimensionality of the problem is kept the same 

and the solution returns the actual head value for those 

nodes with prescribed head. 

Suppose that the value of h at a given node p has a 

prescribed value hp at the end of the calculations for a 

given time step. In addition, consider that the system of 

equations is given by (5.52). Thus, in order to get back 
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the prescr ibed value of hp , from the pth equation 

of (5.52), one has to assure that the value of 

fj, hk +1 , r+1 i sal way s z e r 0 aft e r p the system 

of equations is solved. This can be accomplished by 

replacing all the elements of the pth column and pth 

row of the matrix, Ek+1 ,r 
= ' 

by zero except the 

diagonal element, which is replaced by 1. The 

cor res p 0 n din gel em e n t 0 f the vee tor Rk +1 , r is 

replaced by zero. This manipulation of the system of 

equations is performed by the subroutine MEQ. 

As mentioned earlier, the boundary conditions for 

the top nodes in' the one-'dimensional case can be either 

flux or pressure head and can vary as a function of 

time. A similar approach is done in describing the 

pressure head value assigned to the nodes along the furrow 

boundary. The input data are given as a sequence of 

discrete values which need to be interpolated for a 

particular value of time as required by the program 

execution. In order to minimize computer effort, the 

interpolation process is not performed at every time step,' 

but rather it is done according to a preset time interval 

that is user-controlled. This is accomplished by 

presetting the number of times by which every time 

interval of the given input data is to be 

subdivided. This number of times is controlled by the 
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parameter variable STIM. In this way, the time interval 

between interpolations will depend on how fine, in time, 

the input data for the top boundary is described. 

Solution procedure 

The system of equations is solved using the Cholesky 

algorithm as presented by Neuman (1990). The coefficient 

matrix, Ek+1 ,r 
= ' 

is first decomposed into its 

lower and upper diagonal matrix (LU decomposition) by the 

subroutine RED. Second, the resulting system of equations 

is solved by backward and forward sUbstitution by the 

subroutine SOL. This completes one cycle of the solution 

procedure toward convergence during a given time step. 

Cross-section subdivision 

Estimation of the irrigation uniformity across the 

furrow can be analyzed by obtaining cumulative 

infiltration into vertical strips of a furrow cross-

section. That is, if a cross-section such as that one 

given by Figure 5.5 is subdivided into a finite number of 

vertical strips, the total cumulative infiltration can be 

broken into a number of partial values associated wi th 

each vertical strip. This information can be used to 

assess the water distribution pattern across the furrow 

and derive a uniformity measure for that 

distribution. Figure 5.6 illustrates a portion of a 
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-z 

Figure 5.6. Illustration of a typical portion of 
triangular elements being cut into seven strips. The 
circled numbers identify elements. 
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trianglar grid being subdivided into seven equally spaced 

vertical strips 

In the process of solving for infiltration using 

this finite element procedure, the total value of 

cumulative infiltration as a function of time is obtained 

by adding up the change in storage from each triangular 

element. However, if the total cumulative infiltration is 

to be subdivided into partial values assigned to each 

vertical strip, then an additional procedure is necessary 

in order to account for the contributions of each 

triangular element to each strip. The procedure designed 

here consists essentially of finding the percentage area 

of a triangle that belongs to a given vertical strip and 

using this information to calculate the corresponding 

cumulative infiltration value to be assigned to that 

strip. The contributions from each triangle to a given 

strip are then added up to give the total cumulative 

infiltration in the strip. These calculations are 

performed in both programs, FUR and RET, by the subroutine 

SBD. 

The subdivision procedure is done element by 

element. Each triangular element is considered as it 

intercepts neighboring subareas. The idea is that when a 

triangle is cut by parallel lines or strips, the resulting 

shape of the area cut can be of only three types: (1) 
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triangle; (2) quadrilateral; and (3) pentagon. The 

formation of triangle cuts can be either one of the two 

cases: (a) one triangle is formed containing either the 

right or the left corner of the element; or (b) two 

triangles are formed in which one contains the right 

corner of the element and the other one contains the left 

corner of the element. If the element is cut more than 

once, trapezoids may also be formed. The formation of a 

pentagon occurs only when the third corner of the element 

falls inside the strip and the element is cut at least 

twice. 

The area of the triangle and trapezoid cuts can be 

easily found from the coordinates of their nodes which are 

given. Thus, they are calculated first. After accounting 

for all triangles and trapezoids from the subdivided 

element, there will be only one portion left. This 

portion can be either a quadrilateral or a pentagon. This 

remaining area can be easily found from the difference 

between the total area of the element and the sum of its 

subdivided trapezoidal and triangular areas. The percent 

area of the element that falls in a given strip is 

calculated. This area is then used to calculate how much 

of the total cumulative infiltration associated with that 

element contributes to a given strip. The total 
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cumulative infiltration is then obtained by adding up the 

contribution from each element to that strip. 

Time stepping control 

Because of the 

problems in dry soils, 

nonlineariti~s involved in flow 

an i terati ve scheme such as the 

Picard method may not converge unless the time step is 

chosen to be very small. Huyakorn and Pinder (1983) 

suggest that a computer program should have capability to 

control the size of the time step, automatically. They 

recommend the use of a criterion for reducing or 

increasing the time-step value based on a preselected 

maximum number of iterations to converge per time level. 

In the programs FUR and RET, the initial time step 

is given by the parameter INIDT, and it has a preset value 

of 0.001 min. However, if the program takes more than 

eight iterations (MIT) to converge, the current time step 

value would be reduced by a factor of 0.5 (DEDT), and the 

iterative procedure would be restarted. A minimum value 

of time step (MINDT) is defined as 0.0001 min in order to 

prevent the program from reducing the time step 

infinitely. If the time step reaches the minimum, the 

computer does not reduce it further and convergence is 

sought by increasing the number of iterations to a maximum 

of 50 (MAXMIT). If convergence is not attained program 
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execution is aborted. In this case, the user might try to 

relax the covergence criteria (Eq. 5.55, 5.56). 

The other side of the spectrum is the need to 

increase the time step if convergence is too fast. For 

instance, the program considers that if the number of 

iterations to converge is less than 5 (NIT) then the 

current time step is increased by a factor of 1.2 (INDT) 

for the next time level. The increase in time step will 

speed solution but may lead to less accurate results. A 

maximum time step value can be set by the user through the 

input variable, MAXDT (Table F.2, Appendix F). 

Verification of the model 

only the program RET was used for verification 

against published theoretical and experimental 

results. The outcome of this verification is assumed to 

be also valid for the program FUR since it has been 

developed over the same core of subroutines and functions 

used in the program RET. The program FUR was used to 

predict the experimental infiltration results from this 

research as discussed in the next chapter. 

One-dimensional infiltration 

Four examples were chosen to demonstrate the ability 

of the program RET to reproduce the advance of the wetting 

front as well as the cumulative infiltration for a given 
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set of soil conditions. The first and second examples 

utilize the hypothetical homogeneous sandy loam soil used 

by Warrick et ale (1985). The third example comes from 

Hills et ale (1989a) and it corresponds to a 5-layered 

soil. The last example comes from Celia et ale (1990) who 

used a data set taken from a homogeneous field site in New 

Mexico. The results from these examples indicate that the 

program RET is correctly programmed and, as an extension, 

the program FUR as well. 

The entire grid for each case consisted of an array 

of three columns of nodes. The grid width was set twice 

as large as the grid size in the y-direction in order to 

keep the triangular elements with the same size and 

shape. The resulting cumulative infiltration from the 

finite element program has to be divided by the width of 

the grid in the Y-direction in order to have it in units 

of length. The length of the grid was set initially to be 

four times the value of the grid size in the z-direction 

and it was extended by two grid sizes each time the 

wetting front approached the lower boundary. 

The value of pressure head as function of depth was' 

taken as the average value from the three nodes located at 

a given depth. It is worthwhile mentioning that the 

pressure head values from the three nodes at a given depth 

are not the same for the type and arrangement of the 
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triangular elements used in the program, RET, and that the 

average value of the three nodes was adequate to represent 

the corresponding one-dimensional pressure head of that 

depth. 

Warrick's case. The examples taken from Warrick et 

al. (1985) differ only from the initial conditions used 

for each case. In all examples, the pressure head of the 

top boundary nodes was set equal to zero. Figure 5.7 

presents the results for the wettest condition 

(9i=0.205). The results show that the position of 

the wetting front is predicted quite well for the grid 

size of 1. 0 cm as compared with Warrick's results. The 

coarser grid size of 4.0 cm also predicts well the overall 

position of the wetting curve but the tip of the wetting 

front is somewhat more diffuse. However, the cumulati ve 

infiltration from both cases coincides nicely with the 

ones calculated by Warrick's et al. (1985). 

Figure 5.8 shows the wetting front and cumulative 

infiltration for the soil under initially drier conditions 

(9i=0.135). The results again show that the general 

posi tion of the wetting curve is kept in agreement with 

Warrick's solution. Nevertheless, the tip of the wetting 

front is more diffuse, notably, for the coarser grid size 

(4.0 cm). This result is expected because the drier the 

soil, the larger the pressure head gradients, which 
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Figure 5.7. Predicted wetting front and cumulati ve 
infiltration for a hypothetical sandy loam soil with. 
9i=0.205. 



0 

-10 

-20 

~ -30 
E 
() 

.......... -40 
:c 
I- -50 CL 
w 
a 

-60 -' 
0 

-70 C/) 

-80 

-90 

-100 
~ 

E 25.0 
() 

.......... 

z 20.0 0 

~ 
0:: 15.0 ~ 
I.J.. 
Z 10.0 
w 
> 
~ 5.0 
::> 
~ 

0.0 ::> 
() 

0 

0 

0 

231 

VOLUMETRIC WATER CONTENT, 8 
0.1 0.2 0 . .3 0.4 0.5 

FEM (mixed): Grid Size = 4.0 em 
Grid Size = 1.0 em 
Grid Size = O. 1 em 

Warriekls Solution 
,-------

1 h~ -------r 
,~~-

.3 h~/r--
I 

,-----
5 h~ ---r-

I 
I 

Ks=0.036 em/min 
8s=0.45 
8r =0.10 
8; =0.135 
ex =0.01 em-1 
n =2.0 

30 60 90 120 150 180 210 240 270 300 

TIME (min) 

Figure 5.8. Predicted wetting front and cumulative 
infiltration for a hypot~etical sandy loam soil with 
9i=o.135. 
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finer grid in order to accurately predict 

Notice that the wetting front obtained with the 

of 0.1 cm matches Warrick's solution very 

The bottom of Figure 5.8 shows the corresponding 

results for the cumulative infiltration as a function of 

time. The resul ts from three grid size cases coalesce 

with each other and agree very well with Warrick's 

solution. As in the wetter case, the infiltration depth 

does not seem to be affected by the size of the grid used. 

Hills' case. The results obtained from the 5-

layered soil from Hills et al. (1989a) is presented in 

Figure 5.9. The soil profile is formed by alternating 

20-cm layers of two soils: Berino loamy fine sand 

(ar = o. 02 8 6, as = O. 3 6 58, a = O. 0 2 8, n = 2. 2 3 9 , 

Ks =541 cm/day) and Glendale clay loam (ar =0.1060, 

as = 0 • 4 6 8 6, a = 0 . 0 1 0 4, n = 1 . 3 9 5 4 , Ks = 1 3 . 1 c m / day) . 

The parameters given in parenthesis were used to define 

the van Genuchten's retention curve and Mualem's hydraulic 

conductivity function. The top boundary condition is 

defined as a constant flow equal to 2.00 cm/day. The 

initial condition is a pressure head of -1000 cm. The 

infiltration process was simulated for 5 days. The grid 

size used was 0.5 cm and the time step was variable but 

limited to a maximum of 2 min. 
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Figure 5.9. Comparison between the wetting front 
predicted by the program RET and Hills' solution for the 
case of a layered soil under infiltration for 5 days. 
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The wetting front (Fig. 5.9) predicted by the 

program RET, compares quite well with the results given by 

Hills et ale (1989a). The absolute mass balance error, as 

calculated according to equation (5.61) and subject to the 

stopping criteria defined by the equations (5.55 and 5.56) 

was 2.1934E-05. This value can be reduced if the stopping 

criteria is more refined. It is important to mention that 

the f ini te element approach used here is a mass balance 

conserving technique (Celia et al., 1990) and if the mass 

balance is calculated according (5.61) it should always 

give very low values. 

Celia's case. The saturated hydraulic conductivity, 

Ks' is equal to 0.5532 cm/min and the van Genuchten's 

soil water retention parameters for the soil used are the 

follow in g: 9r = 0 • 1 0 2 , 9s = 0 • 3 6 8 , Q = 0 • 0 3 3 5, n = 2 • 0 

The initial condition was taken as h=-1000 cm and the top 

boundary condition was taken as h=-75 cm. The lower 

boundary condition was taken as equal to the initial 

condi tion which corresponds to a constant flux boundary 

proportional to a Darcy flux with a unity head 

gradient. Figure 5.10 shows the wetting front from a 1-

day run as predicted by the program RET, as compared to 

some points taken from Figure 6B of Celia's et ale (1990) 

work. The finer grid size (Az=O.l cm) matches quite 

well with the points extracted from the corresponding 
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Figure 5.10. Verification of the wetting front calculated 
by the program RET as compared to Celia's et ale (1990) 
results. 
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results for the finer grid from Celia's publication. The 

larger grid size of 1.0 cm did not affect the overall 

position of the wetting curve but the tip of the wetting 

front was overpredicted. 

comparison with h-based model. 

As mentioned earlier in this chapter, the furrow 

irrigation model started being developed by using 

Richards' equation in its h-based form and following the 

numerical procedure given by Neuman (1973). However, the 

developments by Celia et al. (1990) have prompted the 

change to the mixed form of Richards' equation for 

programming this infiltration model. The improvement in 

predicting infiltration by using the mixed formulation of 

Richards' equation is quite good as compared with similar 

results obtained from the corresponding h-based 

formulation. 

Figure 5.11 presents a comparison between the 

resul ts from an h-based model and the mixed formulation 

for Warrick's third example (Fig. 5.7). Both cases were 

run for the same grid size of 1.0 cm and the same initial 

water content. The results clearly show that the h-based 

formulation underpredicts the wetting front and besides 

that the underprediction increases with time. The mixed 

formulation, however, gives much better agreement with 

Warrick's solution and keeps the difference quite constant 
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Figure 5.11. wetting front an cumulative infiltration as 
predicted by the h-based and mixed form for Richards' 
equation as compared with Warrick's solution. 
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with time. This last feature is particularly important 

for predicting a wetting front at large times. Back to 

Figure 5.8, one can see that the difference between the 

results from the mixed formulation and Warrick's solutions 

is maintained constant even for the coarser grid of 4.0 

cm. 

In terms of predicting infiltration depth, the mixed 

formulation showed a good performance in comparison to the 

h-based formulation (Fig. 5.11). For these conditions, 

the results for the h-based formulation overpredicts 

infiltration depth and the overprediction increases with 

time. Figure (5.12) shows that even for a grid size as 

fine as 0.1 cm the infiltration results for the h-based 

formulation still overpredicts Warrick's solution. In the 

case of the mixed formulation, the agreement with 

Warrick's solution was not affected even using a coarse 

gr id size as coarse as 4.0 cm. This resul t is 

particularly important because it allows the use of 

smaller computer storage when the interest is to predict 

infiltration only. 
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CHAPTER 6 

ANALYSIS, RESULTS AND DISCUSSION 

The developed furrow infiltration model is applied 

to predict water infiltrated depths from furrows. The 

power distribution model is used to fit the calculated 

water infiltrated depths and the results are utilized to 

assess the effect of furrow spacing on irrigation 

performance. The analysis is carried out for some 

idealized as well as real irrigated furrows under 

different spacings. 

- Furrow irrigation performance 

The ultimate distribution of water infiltrated 

depths after an irrigation is the key information needed 

for calculating uniformity and efficiency measures 

(Solomon, 1983). Data on water distribution profiles can 

be obtained either directly by field measurements or by 

model prediction. The use of model prediction to obtain 

such information usually requires simplifications in the 

characteristics of the area of study and often requires a 

reduction in the dimensions of the physical problem. For 

the particular case of furrow irrigation, the physical 

problem may be reduced to a representative soil strip 

between the furrow centerline and the line of symmetry 

between two furrows as illustrated by Figure 6.1 (the 
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Figure 6.1 Illustration of an area strip located between 
the furrow centerline and the line of symmetry between two 
furrows. 
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furrow cross-section is not shown). The details on the 

boundary conditions of a typical vertical cross-section of 

such a problem has been given earlier (Figure 5.1). 

This simplification is based on the assumption that 

water distribution depths in a half furrow cross-section 

would repeat itself, in a periodic manner, from one half 

cross-section to another (Hart, 1972; Walker and 

Skogerboe, 1987, pp 24 et seq). The amplitude of each 

periodic pattern should decrease in the direction parallel 

to the longitudinal dimension of the furrow due to the 

opportunity time for infiltration (Walker and Skogerboe, 

1987, pp 24 et seq). An idealized system such this can be 

approximated, as described by Hart (1972), when several 

similar furrows are irrigated simultaneously. 

The analysis of irrigation performance considered 

here is based on the distribution of predicted infiltrated 

depths in half of a soil strip between the centerline of 

two furrows (Figure 6.1). Two sources of variation are 

considered in the analysis: one is that due to the 

opportunity time for infiltration which has been 

traditionally included in studies of furrow irrigation 

performance (Karmeli, 1978b); and the other one is that 

due to the choice of the furrow spacing which is the main 

subject of interest of this research. 
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In order to evaluate the relative contribution from 

each source of variation to the uniformity of water 

infiltrated depths, the analysis will consider separately 

the distributions across and along the longitudinal 

direction parallel to the furrow centerline. One way to 

accomplish this analysis is to discretize the furrow run 

into sub-areas such as the ones illustrated in Figure 

6.1. The transverse variation of infiltrated depths at a 

representative cross-section in a given subarea will 

constitute a distribution profile that can be analyzed 

separately or in combination with the distributions from 

the other subareas. This resul t can be used to obtain 

uniformity and efficiency measures for assessing the 

effect of furrow spacing on water distribution 

profiles. In addition to that, the mean value of 

infiltrated depth from each subarea could be used to come 

up with another water distribution profile. This 

distribution would describe the variation of infiltrated 

depths in the direction parallel to the furrow centerline 

due to the opportunity time for infiltration. 

The power distribution model 

The use of distribution models for analyzing 

irrigation performance is highly recommended (Solomon, 

1983). As indicated in the literature review, there are a 
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variety of mathematical models (uniform, normal, power, 

gamma, beta) that have been used for describing the 

variations of infiltrated depths for several irrigation 

systems. The choice of one model over the other will 

depend very much on how well the model fits the raw 

data. However, for the case of surface irrigation, the 

power function distributions have been shown to represent 

adequately the variation of infiltrated depths parallel to 

the longitudinal direction of the furrow run (Karmeli, 

1977). That model will be used here for fitting predicted 

infiltrated depths for subsequent use in the analysis of 

furrow irrigation performance. 

Definitions 

The power function for cumulative water 

distribution, as proposed by Karmeli (1977), can be 

written as follows: 

(0 ~ x ~ 1) (6.1) 

where the variable w1 is defined, following Warrick et al. 

(1989), as the ratio between the actual infiltrated depth 

(W) and the required depth (Wr ) , at the time of 

irrigation; Wu and wL are the largest and smallest water 

infiltrated depths divided. by Wr , respectively; b is the 



245 

power exponent; and x represents the fraction of the area 

that receives an infiltrated depth w or greater (see 

Figure 2.1). If the average infiltrated depth is less 

than the requirement, then the field is 

underirrigated. On the other hand, if the average 

infiltrated depth is larger than the requirement, then the 

field is over irrigated. 

The power distribution model expressed by equation 

(6.1) assumes that the entire irrigated field receives at 

least an infiltrated depth equal to wL. In surface 

irrigation, this assumption should be generally met if the 

system is well designed and managed. However, in the 

particular case of furrow irrigation, where furrow spacing 

plays a significant role on the water distribution, that 

assumption may not be generally met. It is easy to 

visualize situations where some portion of the area 

between furrows will end up with not receiving any amount 

of the water applied. This situation may very well result 

from inappropriate design or management of the furrow 

irrigation system. Under these circumstances, the 

distribution of infiltrated depths will have zero 

values. In this case, if equation (6.1) is used to fit 

the non-zero infiltrated depths, the value of wL will be 

negative which is physically meaningless. 



246 

An alternative power function distribution that 

could be used to fit non-zero infiltrated depths for the 

cases when a portion of the irrigated field does not 

receive any water is as follows: 

(Xc :s x :s 1) 
(6.2) 

(0 :s x < xc) 

where w2 represents the dimensionless infiltrated depth 

defined in the same manner as w1; c is the power exponent 

and Xc is the fractional area that actually receives a 

non-zero amount of infiltrated depth. 

Notice that equations (6.1) and (6.2) will become 

the same if xL is equal to 0 and Xc is equal to 1.0. Also, 

it is informative to mention that the use of either 

subscript 1 or 2, appended to any term of a given 

equation, is to indicate that all terms of that equation 

are related to either equation (6.1), if the subscript is 

1, or equation (6.2), if the subscript is 2. 

Fitting parameters 

Both equations (6.1) and (6.2) have three parameters 

to fit. They are wu, wL, and b (Eq. 6.1) and wu, xc, and 

c (Eq. 6. 2). By the method of moments, the parameters b 

and c can be fixed in terms of the average value of the 



247 

variable w (w1 or w2) and the other two parameters. For 

instance, the average value of w1 over the domain of x can 

be written as 

1 

I [Wu - (WU-WL) xb] dx = W1 
o 

(6.3) 

Evaluation of that integral leads to the following 

requirement 

(6.4) 

Substitution of equation (6.4) into equation (6.1) results 

in 

(0 s x s 1) (6.5) 

For the case of equation (6.2), a similar procedure 

can be used in order to define the value of c. The average 

of w2 (Eq. 6.2) over the entire domain of x (0, 1) is 

(6.6) 
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Integration and simplifications of equation (6.6) leads to 

the following 

c (6.7) 

substitution of equation (6.7) into equation (6.2) results 

in 

0 (xc s X s 1) 

(~) (WU::-W2J 
(6.8) 

w2 = 

Wu - Wu (0 s X < xc) 

In this way, the number of fitting parameters is 

reduced from three (Eqs. 6.1 or 6.2) to only two (Eqs. 6.6 

or 6.8). The parameters are Wu and wL for equation (6.6) 

and Wu and Xc for equation (6.8). The values of c and b 

from the original equations (6.1) and (6.2) can be 

obtained from equations (6.4) and (6.7), respectively~ It 

is interesting to notice that if the value of Xc in 

equation (6.8) is taken to 1 and the value of wL in 

equation (6.4) is taken to 0, the value of both exponents 

band c will become the same. Under these conditions, the 

models are the same. 
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Both equations (6.6) and (6.8) are specially suited 

for regression. That is, given a set of N infiltrated 

depths, one can ~asily determine by the method of least 

squares the best fit values for the two unknown 

parameters. However, because both equations are 

nonlinear, the fitting procedure has to be iterative and a 

nonlinear regression program based on Marquardt's (1963) 

algorithm is used for this purpose. 

Distribution functions 

The cumulative distribution function and its 

counterpart density function are very useful for 

calculating the statistics (mean, variance, average 

deviation, etc) of a distribution model. By definition, 

the density distribution function can be obtained from the 

corresponding cumulative distribution 

(Kreyszig, 1988; pp 1237 et seq) 

few) = 
dF(w) 

dw 

as follows 

(6.9) 

where few) is the distribution density and F(w) is the 

cumulative distribution function. The minus sign in 

equation (6.9) is because F(w) describes a cumulative 

distribution of the type "greater" depths as described by 

Hart et al., (1980). 
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The values of F(w) corresponding to both equations 

(6.1) and (6.2) are readily available from each equation 

by noting that F (w) is equal to x. For instance, the 

expression for F(W), as derived from equation (6.1), can 

be written as (Warrick, 1983) 

1 
1 

(w ~ wL) 

F1 (W) = 
(WU-W)b 
wu-wL (wL < w < wu ) (6.10) 

0 (w ~ wu ) 

Application of equation (6.9) to equation (6.10) yields 

the following (Warrick, 1983) 

o 

(6.11) 

in which the b value is defined by equation (6.4). 

Similarly, the expression for F(W) corresponding to 

equation (6.2) can be written in the following manner 

1 (w ~ 0) 
1 

(WU-Wr (0 < w < wu ) (6.12) F2 (W) Xc w = u 

0 (w ~ wu ) 
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This function F2(w) is continuous in the interval (0, wu) 

and it can be obtained directly from equation (6.2) under 

the consideration that F2(w) is equal to x. It is 

interesting to note that this function is discontinuous at 

w=O, jumping from Xc to 1. This condition is needed in 

order to enforce the requirement of a maximum F(w) equal 

to 1. Figure 6.2 (bottom) illustrates a cumulative 

distribution function of this kind. 

Application of (6.9) onto (6.12) leads to the 

following distribution density function: 

o (wu s W < 0) 

(6.13) 

(0 < w < wu ) 

This function f2(w) has two points of discontinuities: one 

at w=wu and another one at w=o (See Figure 6.2, top). At 

w=O, f2(w) must be defined so that (refer to equation 6.9) 

€ 

I f 2 (w) dw = 1 - Xc 
-€ 

(6 .13a) . 

where € is a number such that in the limit (either 

from right or left) its value goes to zero. This 

condition is necessary in order to have f2(w) integrating 
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Fiqure 6.2 Example of cumulative distribution and density 
functions to be used for the cases when a portion of the 
field does not receive any amount of depth. 
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to lover the entire domain of the variable w. At the 

other point of discontinuity, the value of the function 

tends to infinity as w approaches wu. The value of few) 

from that point on is obviously constant and equals to 

zero. The function is also equal to zero for any value of 

w less than o. 

Uniformity and efficiency measures 

One of the benefits of modeling water distribution 

depths is that it can be used to derive analytical 

expressions from raw data for analyzing uniformity and 

efficiency (Warrick, 1983; Warrick et al., 1989). In the 

following analysis, it will be given the equations for 

evaluating uniformity and efficiency derived from the 

power distr ibution models (Eqs . 6. 1 and 6.2). The 

definitions used here conform to those ones adopted by 

Warrick (1983) and Warrick et al. (1989). 

Uniformity measure. The uniformity coefficient of 

Christiansen (1942) has been widely accepted as a measure 

of uniformity (Solomon, 1983). It is defined as one minus 

the ratio between the average absolute deviation (AD) from 

the mean value of wand its mean w (see Eq. 2.8). 

The value of AD for the general case of 

distribution function can be defined as 

(Warrick, 1983): 

a power 

follows 
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(6.14) 

Evaluation of that integral (Eq. 6.14) can be made 

easier by noting that few) dw = - dx, as understood from 

equation (6.9). Notice that this sUbstitution requires 

that the limits of the integral be changed to account 

for the new variable of integration x. 

For the case of the power function distribution 

defined by (Eq. 6.1), the limits of integration 

(Eq. 6 . 14 ) are changed from ( W , to 

([(WU-W)/(Wu-wL)] (l/b) ,0). After substituting equation 

(6.1) into equation (6.14) and replacing w for 

W1' the integration can be easily carried out in 

terms of x, and the result is (Warrick, 1983). 

(6.15) 

similarly, for the case of the distribution 

function defined by Eq. 6.2, the limits of integration 

are changed from (w, wu ) to 



After substi tuting equation (6.2) into equation 

and replacing w for w2 , the integration 

lead to the following expression for AD: 
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(6.14) 

will 

(6.16) 

Notice that equations (6.15) and (6.16) will become the 

same for the case of wL=O and xc=l. 

Efficiency measures. The efficiency measures used 

here are those ones described by Warrick et ale 

(1989). They are (1) the fraction of the field which is 

fully irrigated (aF); and (2) the fraction of average 

depth of water applied that is stored in the root zone 

(AE). The definition of these two terms has been given 

in Chapter 2 by equations (2.12) and (2.13) , 

respectively. Application of these equations to a general 

power distribution density function can be recast in the 

following manner 

I
wu 

aF = few) dw 

1 

(6.17) 
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and 

(6.18) 

where w is the mean value of infiltrated depth 

divided by the requirement. 

The value of aF for the aforementioned power 

distribution models can be obtained directly from 

equations (6.10) and (6.12), by recognizing that aF is 

nothing else than a particular value of the cumulative 

distribution function F(w) in which w is taken to be 

1. Thus, the value of aF that corresponds to the power 

model distribution defined by equation (6.1) can be given 

as (Warrick et al. 1989) 

1 (wL ~ 1) 
1 

(v lr (wL < 1 < Wu ) (6.19) aF = wu- wL 1 

0 (wu ~ 1) 

The equivalent expression of aF for the special case of 

the power function distribution (Eq. 6.2) is 

(6.20) 
o 
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The expressions of AE for both cases of the power 

distribution models used here can be obtained by 

integrating equation (6.18). The integration can be 

greatly simplified for both cases if f (w) dw is 

substituted for -dx. For the general case of power model 

(Eq. 6.1), the lower and upper limits of the integral 

becomes [(wu-1)/(wu-wL)] (l/b) and 0, respectively. Thus, 

upon substituting equation (6.1) into equation (6.18), the 

result of the integration, after the necessary 

simplifications, is 

.l (wL ~ 1) w 

1 
( )~l AE1= l-(t)(b~l)(WU~WL)b w -1 (wL<l<Wu ) (6.20) u 

1 (wu ~ 1) 

This solution, despite the different form from that given 

by Warrick et al (1989), yields the same results. The 

particular case of equation (6.20) for wL ~ 1 can be found 

by integrating equation (6.18) from wL to Wu (Warrick et 

al., 1989). 

A similar result can be found for the special case 

of the power distribution of equation (6.2). In this 

case, the lower and upper limits of integration for 



equation (6.18) , after 

integration from w to x, 
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changing the variable of 

are Xc [(wU-1) IWuJ (l/c) and 0, 

respectively. The resulting value of the integration is 

(6.22) 

Again, notice the similarity between equations (6.21) and 

(6.22). Once again, in wL=O and xc=l, equations 6.21 and 

6.22 become the same. 

Application to a hypothetical case 

The results derived from the analysis of the power 

distribution model are applied here to demonstrate their 

use in evaluating the effects of furrow spacing on 

irrigation uniformity and efficiency. This example is 

concerned with only the variations of infiltrated volumes 

in a vertical cross-section of the furrow and, therefore, 

the variation of infiltrated depths due to opportunity' 

time for infiltration is not included. In the analysis, a 

furrow cross-section is subdivided into 30 evenly spaced 

vertical strips and the infiltrated volumes are calculated 

individually for each strip. 



259 

The simulation. considers a triangular furrow having 

a depth of 15 cm and a corresponding top width of 40 

cm. The irrigation is simulated with a furrow flow depth 

of 10 cm during a period of 5 hours. The example includes 

five cases of half furrow spacing (30, 45, 60, and 75 cm) 

with two cases of initial soil moisture levels: a 

wet, (9i=0.205 cm3 /cm3 ), and a dry, (9i=0.135 

cm3/cm3). The soil used is a homogeneous and isotropic 

hypothetical sandy loam which was previously considered 

for validating the program RET (Chapter 5). This soil has 

also been used by Warrick et al. (1985) for validating 

their generalized solution for one 'dimensional 

infiltration . 

.=I~n~f-",i:.=l:...::t:::::r~a~t::.:i:..::o::..=.n:--.---,r",-e=su=l-=t=s . Figure 6.3 shows the 

variation of predicted water storage in a furrow cross

section for all furrow spacings. The water distribution 

patterns are presented for 1, 3 and 5 hours of run. The 

results are given for both cases of initial moisture (wet 

and dry). In addition, in order to facilitate comparison 

between the cases, the distance from the centerline from 

each furrow is presented in a dimensionless form varying 

from 0 to 1. 

The results (Figure 6. 3) indicate that the furrow 

spacing has a marked effect on the pattern of water 

distribution across the furrow. The small furrow spacing 
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Figure 6.3 water storage profiles across a triangular 
furrow as a result of infiltrated volumes into 30 vertical 
subdivisions of the cross-section. The soil is a 
hypothetical sandy loam which was used by Warrick et al. 
(1985). (HFS=half furrow spacing.) 
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had more uniform distribution than the others for all time 

periods considered. However, notice that as time goes 

on, the 45 cm half furrow spacing improves in 

uniformity. Clearly, the 5 hour irrigation with the 

largest furrow spacing did not reach the line of symmetry 

between two furrows. As a resul t, that portion of the 

field ended up without receiving any amount of water from 

the irrigation. It is interesting to notice (Figure 6.3) 

that the presence of the furrow itself also contributes to 

the nonuniformity. Observe that the water infiltrated 

profile under the furrow itself did not go as deep as the 

remaining water profile. This outcome is expected because 

the results refer to the water stored in the soil and the 

presence of the furrow in the landscape means less soil 

volume is available for storage for those soil strips 

under the furrow. The initial soil moisture condition 

apparently did not affect the overall uniformity of the 

water distribution profile but the initially drier soil 

infiltrated more water as expected. 

Figure 6.4 gives the cumulative infiltration 

corresponding to those cases depicted in figure 6.3.' The 

results clearly indicate that the total infiltration is 

not significantly affected by the furrow spacing when the 

lateral wetting front (as implied in figure 6.3) does not 

reach the boundary of symmetry between two furrows. This 
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Figure 6.4 Cumulative infiltration volume in the entire 
vertical cross-section of a triangular furrow. The soil 
is a hypothetical sandy loam which was used by Warrick et 
ale (1985). The results correspond to those presented in 
figure 6.3. 
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is somehow confirmed by the cumulative infiltration curve 

for the 30-cm half furrow spacing. The curve departs from 

the others at about 75 min. The result implies that the 

smaller furrow spacing had the effect of decreasing the 

infiltration rate. 

uniformity and efficiency results. The 5-hour water 

distribution profile is utilized here in order to 

demonstrate the use of the analysis of water distribution 

models in quantifying the degree of nonuniformi ty caused 

by the choice of furrow spacing. Figure 6.5 shows the 

dimensionless cumulative infiltrated depths only for the 

dry case and 5-hour run. The mean value of infiltrated 

depths from each case was taken as the requirement and 

used to calculate the dimensionless variable w. 

Each water distribution profile was fitted 

accordingly to the appropriate cumulative power 

distribution model. Before the fitting procedure any 

nonpositve values of the set of infiltrated depths were 

eliminated. A set of data that contains only nonzero 

values is fitted with the power model defined by equation 

(6.1) -- model 1. On the other hand, any data set that 

contains zero values of infiltrated depths is fitted with 

the power model defined by equation (6.2) model 

2. Also, if the lowest value (wL) turns out to be 
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Figure 6.5 Examples of cumulative distribution data to 
demonstrate the ability of the power distribution models 
to fit infiltrated depths across a furrow cross
section. The results correspond to the infiltrated 
volumes after 5 hours for the case of dry initial 
condition as presented in figure 6.3. 
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negative the fitting is discarded and the set of data is 

then fitted with model 2. 

Table 6.1 presents the fitting results for the dry 

case as well as the corresponding ones for the wet case. 

The results of water distribution profiles from both half 

furrow spacing of 30 and 45 cm were suitable for model 1 

while the other two cases of furrow spacing (except the 

wet case of HFS=60 cm) were appropriate for model 2. For 

all cases, the resulting values of r2 were above 0.97 

which indicates that the fitted models represent quite 

well the corresponding data sets. 

The fitted distribution models for each case of the 

5-hour run were used to calculate uniformity and 

efficiency measures to indicate the performance of each 

irrigation. Table 6.1 presents the corresponding 

results. The efficiency measures were computed based on a 

requirement equal to the average application depth. For 

all cases, the values of aF were greater than 0.5 which 

indicate that more than 50 % of the field was fully 

irrigated. 

The results in terms of uniformity and efficiency 

clearly indicate that both furrow spacings of 30 and 45 cm 

performed practically the same way. Of course, because 

the average infiltrated depth for the case of 45 cm was 

larger than that of 30 cm (see Figure 6.4), it should be 
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Table 6.1 Uniformity and efficiency measures for a 
simulated irrigation (5 hours) in the hypothetical loam 
used by Warrick et al., (1985). The furrow has a 
triangular cross-section with a maximum depth of 15 cm and 
a total top with of 40 cm. 

Term 

UC 

AE 

Model 

Power 

Initial 
condition 

dry 

wet 

dry 

wet 

dry 

wet 

dry 

wet 

dry 

wet 

dry 

wet 

dry 

wet 

dry 

wet 

dry 

wet 

Half furrow spacing. HFS (cm) 
30 45 60 75 

0.936 0.943 0.666 0.393 

0.944 0.960 0.780 0.517 

0.562 0.497 0.625 0.582 

0.561 0.515 0.594 0.588 

0.968 0.972 0.833 0.697 

0.972 0.980 0.890 0.758 

Fitting results 

1 1 2 2 

1 1 1 2 

1. 760 0.970 2.889 2.897 

1. 754 1.162 2.284 2.342 

1.089 1.116 1.360 1.700 

1.078 1. 073 1.266 1.586 

0.863 0.887 

0.863 0.915 0.392 

0.990 0.791· 

0.900 

0.977 0.977 0.997 0.997 

0.977 0.975 0.993 0.995 

1. Model 1 refers to equation (6.1) and model 2 refers 
to equation (6.2). 
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expected that if the criteria of choosing the requirement 

were a different one, the efficiency values would indicate 

a difference between the two furrow spacings. The 

performance indexes obtained for the furrow spacings of 60 

and 75 cm clearly indicate a decrease in both uniformity 

and efficiency. From these cases, the 75 cm with the dry 

initial condition had the worst performance. 

Predicting measured furrow infiltration 

The developed furrow infiltration model is used to 

predict measured infiltration from field experiments 

carried out by this research. The infiltration data were 

obtained from furrow infiltrometer tests (blocked and 

flowing infiltrometer) and from furrow advance 

measurements as explained in Chapter 3. A sample input 

data file for some of the runs is included in appendix 

G. The prediction of the results are presented and 

discussed as follows. 

Infiltration experiments 

Figure 6.6 and 6.7 present a comparison between 

measured and predicted infiltration from an irrigated 

furrow, in sections A and B, respectively. In section A, 

the infiltration tests were carried out under conditions 

of the second and third irrigations only. In section B, 

the tests included results from the first irrigation as 
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o~~~~~~~~~~~~~~~~~~~~~ 
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Figure 6.6 Measured and predicted infiltration from a 
9-m furrow portion from section A in the infiltration 
experiment. (Second and third· irrigation correspond to 
small and large furrow spacings, respectively.) 
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Figure 6.7 Measured and predicted infiltration from a 9-m 
furrow portion (section B) in the infiltration experiment. 
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well. The results from both sections indicate that the 

model predicted quite well the measured infiltration from 

the third irrigation. However, it poorly predicted the 

results from the first irrigation in section B. From the 

results, it is clear that there is a trend in 

underpredictinginfiltration from the third to the first 

irrigation by the infiltration model. 

The good results obtained from the infiltration 

tests under third irrigation are encouraging in view of 

the complexity of the problem and the inherent uncertainty 

in obtaining soil water retention and hydraulic 

conductivity data that indeed represent the true situation 

in the field. That set of results indicates that the soil 

water retention and hydraulic conductivity data which were 

used described quite well the soil characteristics under 

the third irrigation. It is worthwhile remembering that 

the soil cores were taken before the irrigation experiment 

and no attempt was made to further characterize any 

changes in the soil condition thereafter. 

The question here is what changes in the soil 

condition happened from the first to the third 

irrigation? In other words, why did the data set behave 

well for the third irrigation but fail badly in describing 

the soil characteristics under the first irrigation? The 

answers to these questions seems to be related to the 
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changes in the soil surface from one irrigation to 

another. It is worthwhile remembering that the furrows 

were not re-done after the first irrigation. Under these 

conditions, the infiltration rate has been reported to 

decrease from one irrigation to another (Elliot et al., 

1983), especially from the first to the second irrigation, 

when the soil surface is initially quite loose. Because 

of this seasonal variation, it is difficult to derive any 

conclusions from those measurements about the effect of 

furrow spacing on infiltration 

In the case of the second irrigation, an interesting 

fact is that the degree of underprediction, as indicated 

by the cumulative infiltration curves, is maintained 

nearly the same. The measured and predicted curves are 

nearly parallel to each other, which indicates that they 

have approximately the same slope. Thus, whatever has 

contributed to the nonagreement between the curves should 

have happened initially. Under this idea, one might 

speculate that the water stored ini tially in the loose 

soil surface must have contributed to the difference. The 

developed model does not include the capability for 

predicting that amount of water, even though it could be 

modified to account for it. Katyal et al. (1987) 

considered this fact in developing regression infiltration 

expressions for the solution of Richards' equation They 
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included in the results an additional term to account for 

the amount of water that is instantaneously infiltrated 

into a loose soil layer that exists in a freshly 

cultivated furrow. 

In general, the infiltration results were not 

affected by the method used in the measurements. For all 

cases, except the second irrigation in section B, the 

model predicted about the same values of cumulative 

infiltration. The discrepancy in the results from the 

second irrigation in section A can be explained in light 

of the difference in furrow cross-section between the 

furrows. For a given water depth, the wetted perimeter 

from the furrow, in the FFI second irrigation test, was 

smaller than the corresponding one in the BFI test. As a 

matter of fact, the highest water depth for the FFI test 

was almost 1.0 cm higher than that of BFI test (Table C.3 

and C.4, appendix C). Nevertheless, it resulted in a 

wetted perimeter of 367 rom which was 18.0 % smaller than 

that of BFI. 

Zrriqation experiments 

The infiltration results from the 

experiment were obtained by combining the 

infiltrations from each of the four sections. 

irrigation 

predicted 

The input 

hydrograph used to represent each section was taken from 



Tables A.1 and A.2 (appendix 

measured hydrographat 13.71 m, 
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A). For example, the 

for the case of small 

furrow spacing (Table A.1), was taken to represent section 

A. However, in the case of large furrow spacing, the 

representative hydro graph for section A was that measured 

at 4.57 m because the hydrograph from the 13.71-m location 

was not available. Furthermore, as you can notice, there 

are only four available hydrographs (without counting the 

one at the furrow outlet) for each case of furrow 

spacing. Therefore, the alternative adopted was to use 

each available hydrograph to represent the depth variation 

of a given section. 

The initial time of the run, for each section, 

corresponded to the predicted advance time at the location 

halfway to each section. This was equivalent to 

translating the given hydrograph from its original 

location to the middle of the section. The error involved 

in this assumption in this case is supposed to be small 

since the advance rate was relatively fast (less than 15 

min for the entire furrow run). 

each section was simulated 

The infiltration run for 

until the end of 

recession. The resulting cumulative infiltration from 

each simulation was multiplied by the section length (25.9 

m) in order to obtain the total cumulative infiltration 

for the entire section. Furthermore, the infiltration 
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values from each section were combined by adding the 

values along the same time level with respect to the time 

when the inflow started at the furrow inlet. 

Figure 6.8 shows a comparison between the calculated 

infiltration, from a volume balance analysis (Table C.l 

and C.2, appendix C), and the predicted infiltration from 

the model FUR. The results are given for both small and 

large furrow spacings and they cover a time span from the 

start of the inflow at the furrow inlet until the cut off 

time. Similar to what happened to the infiltration 

experiment, under the conditions of first and second 

irrigation, the model underpredicts here cumulative 

infiltration for both furrow spacings. The degree of 

underprediction, at the end of the run, is about 20 % for 

both cases. Nevertheless, the general shape of both 

predicted and measured cumulative curves are qui te 

similar. Moreover, the results from each comparison 

(Figure 6.8) indicate that the slope of both predicted and 

measured cumulative infiltration curves are quite 

similar. This suggests that the difference must have 

happened in the earlier stages of the infiltration 

process. From this results, one can speculate that one of 

the reasons for the difference should stem for the fact 

that the irrigations for these experiments were conducted 
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Figure 6.8 Measured and predicted infiltration from 
furrow advance data in the irrigation experiment. 
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with the furrow freshly made and the infiltration model 

does not have yet the capability for predicting that. 

Evaluating furrow irrigation performance 

The infiltration results from the irrigation 

experiment are used here to carry out an analysis on the 

effect of furrow spacing on irrigation uniformity and 

efficiency. The analysis considers both the separate and 

combined effects of furrow irrigation on the variation of 

infiltrated depths in the longitudinal and transverse 

direction relative to the furrow centerline. In order to 

carry out this analysis, the soil strip between the furrow 

centerline and the line of symmetry between two furrows 

(Figure 6.1) was subdivided into four sections (A, B, C, 

and D). Each section was further subdivided into 30 soil 

strips parallel to the furrow centerline. In this way, 

the entire problem domain was subdivided into 120 

subareas. Furthermore, a representative furrow cross

section was taken from the middle of each section and used 

as the problem domain for predicting infiltration by the 

program FUR. 

Figure 6.9 shows the calculated and fitted 

dimensionless infiltrated depths for the representative 

cross-sections of the irrigated furrow, for both small and 

large spacings. The average infiltrated depth from all 
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the 

dimensionless 

sections, for each furrow spacing, 

reference value for calculating 

infiltrated depth for each section. Figure 6.9 clearly 

furrow spacings, the 

(no-flow) vertical 

indicates that for both 

wetting front did not 

cases 

reach 

of 

the 

boundary between two furrows. Therefore, a portion of the 

area between furrows did not receive any water. The 

results clearly show that the large furrow spacing 

performed much worse, in a distribution sense, than did 

the small spacing one. 

In order to assess the effect of overall variation 

of infiltrated depths as a result of the furrow spacing, 

the four water distribution profiles from each case were 

combined. The combination followed the principle of 

linear synthesis (Solomon, 1983), as expressed by equation 

(2.6). In this case however, because the available data 

are in a discrete format, the process of linear synthesis 

amounts to no more than the weighted average of the 

infiltrated depths from the four sections. In this case, 

the procedure consists of averaging the four infiltrated 

depths that are at the same relative distance from the 

furrow centerline. Furthermore, because the entire soil 

strip was subdivided into four equal subareas, the linear 

combination amounts to no more than a straight arithmetic 

average of the four water distribution profiles. 
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The combined results of the four transverse 

distributions, for both cases of furrow spacing, are given 

in Figure 6.10 (top). The same figure (bottom) shows the 

results of infiltrated depths in the longitudinal 

direction relative to the furrow centerline. The values 

of the longitudinal distribution are in fact the average 

infiltrated depths from each section. These average 

values were made dimensionless by using the average 

infiltrated depth from all sections. 

Figure 6.10 shows the striking difference, in terms 

of water distribution, between the transverse and 

longitudinal profiles. It should be emphasized here that 

the longitudinal water profile is the one generally used 

to assess the performance of furrow irrigation. Of 

course, if one takes into account only that longitudinal 

distribution of infiltrated depths, the conclusion will 

be that the irrigation uniformity, in this case, was 

very good. However, if one looks at those two examples 

of transverse water profile, the conclusion will be 

that the irrigation uniformity was indeed pretty 

bad. Coincidentally, the transverse irrigation 

uniformities for both cases of small and furrow spacings 

were unsatisfactory and being worse for the large furrow 

spacing. 
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Figure 6.10 Transverse and longitudinal water infiltrated 
depths, for small and large spacings, relative to furrow 
centerline and furrow inlet, respectively. 
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At this point, the reader may be wandering about the 

significance of these predicted uniformities on crop 

response. The answer to this question is rather complex 

and depends among other factors on the crop being used and 

its cuI ti vation pattern. For example, suppose that the 

irrigated crop is Tilheat and it is planted on the furrow 

ridge,. with rows parallel to the furrow run. Because this 

crop is cultivated with a small spacing between rows 

(around 20 em), the transverse distribution of infiltrated 

depths may have a significant effect on crop response. On 

the other hand, if the crop is corn, for example, which is 

often cultivated with one row per furrow, the transverse 

water distribution pattern may not be so immportant. Of 

course, the answers to these questions are not available 

from this research and further investigation is needed in 

order to relate this type of uniformi ty result to crop 

response in the field. 

Now the question is what is going to happen if both 

distributions are combined? Figure 6.11 is the answer to 

that question. The combination of distributions for such 

cases, known as distribution blending (Solomon, 1983), is 

a quite simple process for discrete distributions. In 

this case, since each furrow cross-section was subdivided 

into 30 equally spaced interval and the entire length of 

the furrow strip had four of those cross-sections, there 
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Figure 6.11 Global water distribution of infiltrated 
depths as a result of irrigation using a small and a large 
furrow spacing. 
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will be 120 subareas to be considered in the 

analysis. Thus, the process of building up the global 

distribution amounts to no more than ordering the 120 

calculated infiltrated depths from the largest to the 

smallest and associate to each one the corresponding value 

of area fraction. The resulting distribution is indeed 

the global distribution which reflects the combined 

effects of transverse and longitudinal variation of 

infiltrated depths as a result of furrow irrigation. 

Figure 6.11 clearly reveals that the uniformity of 

the overall distribution of infiltrated depths is not 

good despite the highly uniform longitudinal 

distribution. This leads to the conclusion that furrow 

spacing must be taken into consideration when designing or 

managing furrow irrigation systems. The longitudinal 

water profile alone should not be relied upon for defining 

the furrow irrigation performance, especially for the 

cases of closely spaced crops which are more prone to the 

variations of infiltrated depths in the direction 

transverse to the furrow run. 

Table 6.2 gives a summary of the performance 

measures and fitting parameters obtained for the separate 

distributions as well as for the combined ones. The 

results indicate that both cases of furrow spacing had a 

relatively good performance (uniformity and efficiency) 
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Table 6.2 Evaluating measures and fitting parameters for 
power distribution models for the irrigation 
experiment. Infiltrated depths were calculated by the 
furrow infiltration model RET. 

Case 

Sec. A 

Sec. B 

Sec. C 

Sec. D 

Comb. 

Long. 

Global 

Sec. A 

Sec. B 

Sec. C 

Sec. D 

Comb. 

Long. 

Global 

Performance measures maan Fittinq results r2 
UC aF AE (rom) Wu par c 

0.25 

0.25 

0.33 

0.19 

0.27 

0.89 

0.25 

0.91 

Small furrow spacing (HFS=45 cm) 

0.52 

0.53 

0.61 

0.53 

0.55 

0.48 

0.53 

0.72 19.4 1.61 0.69c 3.33 0.97 

0.67 20.8 1.76 0.67c 3.16 0.97 

0.56 27.5 2.17 0.75c 3.00 0.97 

0.60 22.6 2.04 0.66c 3.07 0.96 

0.64 22.6 1.90 0.71c 2.79 0.97 

0.95 22.6 1.25 0.80b 0.79 0.93 

0.62 22.6 2.00 0.71c 2.39 0.97 

Large furrow spacing (HFS=90 cm) 

0.32 

0.31 

0.33 

0.32 

0.32 

0.51 

0.35 

0.37 10.2 3.23 0.34c 3.85 0.98 

0.35 10.5 3.59 0.34c 3.02 0.97 

0.38 13.6 3.36 0.37c 2.92 0.97 

0.30 12.6 4.21 0.34c 3.27 0.98 

0.33 11.7 3.72 0.35c 3.45 0.98 

0.96 11.7 1.17 0.81b 1.11 0.92 

0.40 11.7 4.24 OJ45c 1.11 0.98 

1 c indicates that the given parameter is Xc (Eq. 6.2) 
while b indicates that the parameter is xL (Eq. 6.1). 

2 A dash (-) indicates that given UC is negative. 

3 The term (comb.) refers to the 
from all sections. The term 
water distribution in the 
direction. 

combined distributions 
(Long.) refers to the 

longitudinal furrow 
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when the longitudinal water distribution profile is 

considered alone. However, the overall performance 

dropped badly upon combining the longitudinal and 

transverse uniformity. 

The results are very conclusive with respect to the 

need of considering furrow spacing in the analysis of 

furrow irrigation performance. However, it should be 

emphasized that the analysis performed here is based 

solely on the outcome of infiltrated depths just after the 

end of the irrigation. It is recognized that because 

water redistribution takes place after infiltration 

ceases, it is expected that some improvement on irrigation 

performance will occur thereafter (Hart, 1972). Of 

course, whether the improvement is enough or not to reach 

a desirable level of uniformity will depend on the local 

conditions such as soil type, furrow, spacing, water 

advance rate, water required depth, among 

others. Furthermore, the relevance of having the entire 

furrow ridge completely irrigated will depend on the type 

of crop invol ved. The idea behind these analyses is to 

show that furrow spacing is indeed an important variable 

that needs to be considered in designing and managing 

furrow irrigation systems. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Studies on irrigation uniformity and efficiency 

have long been the subject of interest of many 

researchers. The need for improving the performance of an 

irrigation system has been one of the most important goals 

for irrigation designers and users. In the area of furrow 

irrigation, much of the accomplishment toward this goal 

has been toward modeling the hydraulics of surface 

flow. However, the description of the counterpart 

subsurface flow has relied mostly upon empirical models 

which have limited capability for describing field 

variability of infiltrated depths. Little has been done 

toward the development of physically-based infiltration 

models, applied to furrow irrigation, which, in principle, 

have the potential for better describing the variations of 

infiltrated depths in a furrow irrigated area. 

The research presented herein had as its main goal 

to develop a furrow infiltration model based on a solution 

of Richards' equation and to apply the model to analyze 

furrow irrigation uniformity and efficiency as affected by 

furrow spacing. To accomplish the objectives of the 

research several activities in the laboratory as well as 

in the field were necessary. The major laboratiry 
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activities were related to the determination of soil water 

retention and hydraulic conductivity functions. In the 

field, the work had the primary objective of obtaining 

measured data on infiltration and 

demonstrating the capability of the 

infiltration and irrigation uniformity. 

water 

model 

advance for 

to predict 

The problem domain which was the object of the 

furrow irrigation model was that defined by a half furrow 

cross-section in which the boundary conditions of the flow 

problem were taken to be either prescribed head 

or prescribed flux. Because of symmetry, it was assumed 

that there was no flow across the two vertical 

boundar ies . Furthermore, the lower boundary was 

considered to be a moving boundary with a constant flow 

proportional to the local Darcy's flux with a unit 

gradient. Moreover, it was assumed that evaporation 

across the top soil boundary, which is in contact with the 

atmosphere, was negligible for the time span of the 

irrigation. Finally, the water depth within the furrow 

was taken as the prescribed head values acting on the 

wetted furrow boundary. 

The governing flow equation in its mixed form was 

solved by using a finite element technique derived from 

the application of Galerkin's method of weighted 

residuals. The resulting set of ordinary differential 
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equations were discretized in the time domain by using a 

fully implicit finite differencing scheme. Because the 

problem is nonlinear, an iterative scheme is required to 

obtain the corresponding numerical solution and the method 

used in this case was the well-known Picard algorithm. 

Two computer programs, written in FORTRAN 77, were 

elaborated concurrently. One program was developed for 

predicting one dimensional infiltration from a rectangular 

grid and the other one was developed for predicting 

infiltration from a furrow cross-section grid. The one 

dimensional infiltration program was used mostly as a tool 

to check the major portions of the computer code for 

correctness of the programmed algorithm. The results from 

the one-dimensional program were successfully tested 

against published data. In general, it was found that the 

position of the one-dimensional wetting front obtained 

from Richards' equation in its mixed form was more 

accurate for the same grid size and time step than that 

obtained by using Richards' equation in the h-based 

form. The furrow irrigation model was obtained by simply 

replacing the rectangular grid with a two-dimensional grid 

containing the furrow cross-section. 

Both programs have the capability of auto generating 

the entire grid which reduces significantly the amount of 

data preparation and entry required by users. The furrow 
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irrigation model has the capability to output both 

cumulative infiltration of the entire furrow cross

section and the distribution of infiltrated depths as a 

function of the distance perpendicular to the furrow 

centerline. other information, such as infiltration rate 

and wetting front along the line of symmetry at the furrow 

centerline, are also available. The programs also have 

the capability to treat the bottom boundary as a moving 

boundary so that the physical problem can start small and 

grow as the wetting front approaches that boundary. This 

saves a great deal of computer time and storage. 

The furrow infiltration model was used to predict 

measured field infiltration obtained from furrow 

infiltrometer tests and furrow advance data. The model 

predicted quite well the infiltration results from the 

third irrigation but failed to predict measured 

infiltration from the first and second irrigation. The 

causes for the disagreement are speculated as being 

related to changes in surface conditions from one 

irrigation to another. Studies are needed in order to 

quantify the effect of changes in surface condi tion on 

infiltration in order to provide the necessary information 

to support modifications of the furrow infiltration 

program to account for those changes. 
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receive any water. The results from the analysis of 

uniformity and efficiency are very conclusive in that the 

use of the longitudinal water distribution profile alone 

is not enough to assess the performance of furrow 

irrigation. The transverse distribution of infiltrated 

depths which is a function of the choice of furrow spacing 

plays a significant role in determining the overall furrow 

irrigation performance. Therefore, it should be 

considered in the design and management of furrow 

irrigation systems. 
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APPENDIX A 

FLOW DEPTHS DURING ADVANCE AND RECESSION PHASES OBSERVED 
IN THE IRRIGATION EXPERIMENT 

This appendix contains the flow depths measured 

during the advance and recession phases at some selected 

sites along the furrow for both cases of small and large 

spacing for the irrigation experiment. 
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Table A.1 Flow depths during advance and recession phases 
for the small furrow spacing in the irrigation experiment. 
cutoff time was at 133.0 min. The average furrow slope 
was 0.1 %. Information on inflow is in Table C.1. 

Time 
(min) 4.57 

0.47* 0.00 
1.35* 
3.05* 
5.20* 
.2..:1.Q 
7.50* 
8.50 
9.50 

10.50* 
11.50 
12.50 
14.00* 
15.00 
16.00 
17.00 
18.00 
19.00 
22.00 
27.00 
32.00 
42.00 
52.00 
62.00 
72.00 
82.00 
92.00 

102.00 
112.00 
122.00 
132.00 
133.00 
131.00 
132.00 
133.00 
134.00 
134.50 
135.00 
136.00 
137.00 
138.00 

Distance from the furrow inlet (m) 
13.71 27.43 45.72 64.00 86.87 103.63 

0.00 
3.90 
3.96 
3.96 
3.96 
3.96 
3.96 
3.99 
4.02 
4.08 
4.15 
4.21 
4.24 
4.27 
4.27 
4.33 
4.39 
4.45 
4.57 
4.66 
4.82 
4.88 
4.94 
5.03 
5.12 
5.15 
5.18 
5.18 
5.18 
5.18 
5.18 
5.18 
5.18 
3.96 
3.50 
3.05 
2.13 
1.66 
1.46 

0.00 
0.00 
2.13 
3.66 
3.96 
3.96 
3.97 
3.99 
4.02 
4.05 
4.08 
4.11 
4.11 
4.12 
4.15 
4.24 
4.33 
4.39 
4.54 
4.57 
4.66 
4.69 
4.72 
4.85 
4.88 
4.88 
4.88 
4.88 
4.88 
4.88 
4.88 
4.88 
4.88 
4.63 
4.33 
3.81 
3.35 
2.90 

0.00 
1.82 
3.35 
3.62 
3.81 
3.93 
3.93 
3.96 
3.96 
3.96 
3.96 
3.96 
3.96 
3.96 
4.11 
4.21 
4.35 
4.42 
4.43 
4.51 
4.56 
4.57 
04.,57 
4.57 
4.57 
4.57 
4.89 
4.89 
4.89 
4.89 
4.89 
4.51 
3.96 
3.50 
3.17 

0.00 
2.29 
2.90 
3.54 
3.66 
3.66 
3.81 
3.81 
3.81 
3.81 
3.81 
3.81 
3.90 
4.05 
4.11 
4.11 
4.11 
4.11 
4.11 
4.14 
4.14 
4.14 
4.14 
4.14 
4.14 
4.14 
4.14 
4.14 
4.14 
3.81 
3.51 
3.20 

0.00 
1.52 
3.05 
3.51 
3.63 
3.66 
3.66 
3.66 
3.66 
3.69 
3.72 
3.75 
3.81 
3.81 
3.81 
3.96 
3.96 
3.96 
3.96 
3.96 
3.98 
3.90 
3.90 
3.90 
3.90 
3.22 
2.99 
2.26 
2.20 
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Table A.1 (continued) 

Time Distance from the furrow inlet (m} 
(min) 4.57 13.71 27.43 45.72 64.00 86.87 103.63 

139.00 1.22 2.59 2.47 3.05 1.98 
140.00 0.98 2-.29 2.44 2.90 1.83 
141.00 0.91 2.13 2.29 2.65 1.68 
142.00 1.83 2.10 2.59 1.52 
143.00 1.67 1.83 2.29 1.37 
144.00 1.52 1.68 2.13 1.22 
145.00 1.37 1.52 1.98 1.07 
146.00 1.22 1.71 1.83 0.98 
147.00 1.16 1.37 1.77 0.88 
148.00 1.07 1.22 1.67 0.76 
150.00 0.91 0.91 1.43 0.67 
152.00 1.37 0.46 
154.00 1.28 
156.00 1.13 
158.00 1.07 
160.00 1.00 
162.00 0.91 
164.00 
168.00 

Notes: 

1. A point ( • ) indicates a reading which is either zero 
or small enough to be neglected. 

2. A dash (-) indicates that the information was 
obtained but it was not reliable. In most of these 
cases the communication conduits for transferring 
the water level from the furrow to stilling 
near the water stage recorder was plugged. 

3. An asterisk (*) indicates a time level at which the 
advancing front reached a previously-defined position 
along the furrow. 
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Table A.2 Flow depths during advance and recession phases 
for the small furrow spacing in the irrigation experiment. 
cutoff time was at 129.5 min. The average furrow slope 
was 0.1 %. Information on inflow is in Table C.2. 

Time 
(min) 4.57 

0.40* 0.00 

Distance from the furrow inlet(ml 
13.71 27.43 45.72 64.00 86.87 103.63 

1.45* 2.83 0.00 
2.45 3.59 
3.43* 5.04 
4.43 6.00 
5.28* 6.01 
6.28 6.02 
7.28 6.05 
8.17* 6.08 
9.17 6.09 

10.17 6.10 
11.25* 
12.50 
13.50 
14.63* 
16.63 
17.63 
18.63 
19.63 
22.00 
27.00 
32.00 
42.00 
52.00 
62.00 
72.00 
82.00 
92.00 

102.00 
112.00 
122.00 
129.50 
130.00 
131.00 
131. 50 
132.00 
133.00 
134.00 
135.00 
136.00 

6.10 
6.10 
6.10 
6.10 
6.10 
6.10 
6.10 
6.10 
6.10 
6.10 
6.10 
6.11 
6.12 
6.16 
6.25 
6.34 
6.36 
6.40 
6.40 
6.40 
6.40 
5.18 
3.81 
3.35 
3.11 
2.59 
2.29 
2.13 
1.98 

0.00 
3.65 
4.03 
4.82 
4.87 
4.87 
5.09 
5.09 
5.12 
5.12 
5.12 
5.15 
5.15 
5.15 
5.17 
5.18 
5.19 
5.19 
5.22 
5.27 
5.43 
5.49 
5.53 
5.61 
5.63 
5.67 
5.67 
5.67 
5.67 
5.67 
5.67 
5.67 
5.67 
5.67 
5.49 
4.88 
4.27 

0.00 
1.98 
4.26 
4.72 
4.75 
4.76 
4.78 
4.80 
4.80 
4.81 
4.83 
4.83 
4.83 
4.84 
4.86 
4.87 
4.88 
4.94 
5.03 
5.06 
5.07 
5.12 
5.12 
5.12 
5.12 
5.12 
5.12 
5.12 
5.12 
5.12 
5.12 
4.88 
4.57 
4.27 
3.96 

0.00 
2.13 
3.65 
3.99 
4.21 
4.30 
4.37 
4.42 
4.45 
4.48 
4.48 
4.52 
4.57 
4.60 
4.72 
4.82 
4.87 
4.88 
4.88 
4.88 
4.88 
4.88 
4.89 
4.89 
4.89 
4.89 
4.89 
4.89 
4.89 
4.57 
4.11 
3.66 

0.00 

0.00 
3.01 
3.23 
3.72 
3.84 
3.87 
3.96 
4.15 
4.32 
4.45 
4.45 
4.45 
4.45 
4.45 
4.45 
4.45 
4.46 
4.47 
3.98 
3.98 
3.95 
3.90 
3.90 
3.90 
3.81 
3.66 
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Table A.2 (continued) 

Time Distance from the furrow inlet {m} 
(min) 4.57 13.71 27.43 45.72 64.00 86.87 103.63 

137.00 1.67 3.66 3.66 3.35 3.50 
138.00 1.52 3.20 3.35 3.05 2.90 
139.00 1.37 2.99 3.05 2.50 2.59 
140.00 1.12 2.74 2.74 2.29 2.29 
141.00 0.98 2.50 2.44 2.13 1.98 
142.00 2.44 2.13 1.92 1.66 
143.00 2.19 1.83 1.83 1.37 
144.00 2.13 1.52 1.68 1.22 
145.00 1.98 1.46 1.52 1.09 
146.00 1.85 1.37 1.37 1.07 
147.00 1.83 1.28 1.22 0.91 
148.00 1. 76 1.25 1.19 0.79 
150.00 1.68 1.21 0.98 0.76 
152.00 1.55 1.07 0.76 
154.00 1.52 0.91 0.45 
156.00 1.40 
158.00 1.28 
160.00 1.02 
162.00 0.85 
164.00 
168.00 

Notes: 

1. A point ( . ) indicates a reading which is either zero 
or small enough to be neglected. 

2. A dash (-) indicates that the information was 
obtained but it was not reliable. In most of these 
cases the communication conduits for transferring 
the water level from the furrow to stilling 
near the water stage recorder was plugged. 

3. An asterisk (.,.) indicates a time level at which the 
advancing front 
along the furrow. 

reached a previously-defined position 
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VOLUMETRIC WATER CONTENTS BEFORE IRRIGATION AND 
INFILTRATION EXPERIMENTS 

297 

The initial values of volumetric water contents for 

the irrigation and infiltration experiments are presented 

in tables B.1 through B.4 of this appendix. For the 

infiltration tests two methods are considered: (1) BFI 

which stands for Blocked Furrow Infiltrometer and (2) FFI 

which stands for Flowing Furrow Infiltrometer. In 

addition, the tests include two furrow spacings: one small 

(0.90 m) and the other one large (1.80 m). 



298 

Table B.l Volumetric water content (%) at each depth at 
some selected positions along the furrow before irrigation 
for the case of small furrow spacing in the irrigation 
exper intent. 

Depth Dist. from the furrow centerline (cm) Ave. 
section (cm) 0.0 22.5 45.0 67.5 90.0 

A 

B 

c 

D 

Note: 

15 
30 
45 
60 
75 
90 

105 

15 
30 
45 
60 
75 
90 

105 

15 
30 
45 
60 
75 
90 

105 

15 
30 
45 
60 
75 
90 
105 

6.80 
13.57 9.49 

17.27 19.29 18.20 
18.86 18.50 

17.97 18.38 16.93 
17.08 15.77 

13.66 13.31 13.00 

9.55 
11.34 11.18 

13.90 13.05 14.19 
11.90 11.51 

10.13 11.43 12.65 
8.67 7.97 

12.52 13.16 14.27 

9.38 
12.29 11.86 

14.90 14.68 14.29 
12.96 12.97 

9.01 9.52 9.24 
10.00 10.20 

13.23 12.95 12.44 

9.60 
12.71 13.18 

12.41 12.49 11.17 
12.53 11.72 

12.58 13.55 13.08 
13.71 12.76 

13.31 12.76 13.19 

6.80 
11.53 
18.22 
18.68 
17.76 
16.43 
13.32 

9.55 
11.26 
13.71 
11.71 
11.40 
8.32 

13.32 

9.38 
12.08 
14.62 
12.97 
9.26 

10.10 
12.87 

9.60 
12.95 
12.02 
12.13 
13.07 
13.24. 
13.09 

1. A dash (-) indicates that the reading was not taken. 
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Table B.2 Volumetric water content (%) at each depth at 
some selected positions along the furrow before irrigation 
for the case of large furrow spacing in the irrigation 
experiment. 

Depth Dist. from the furrow centerline (cm) Ave. 
Section (cm) 0.0 22.5 45.0 67.5 90.0 

A 

B 

c 

D 

Note: 

15 
30 
45 
60 
75 
90 

105 

15 
30 
45 
60 
75 
90 

105 

15 
30 
45 
60 
75 
90 

105 

15 
30 
45 
60 
75 
90 
105 

5.47 
10.62 8.77 

13.71 14.89 14.35 
17.16 16.78 

15.56 15.94 15.26 
15.86 14.90 

13.48 12.93 12.69 

6.95 
7.99 8.42 

9.96 8.55 9.92 
9.85 9.05 

7.83 8.14 9.95 
8.19 7.73 

11.77 12.13 12.90 

7.25 
8.88 8.40 

9.34 9.38 8.96 
10.61 10.39 

7.26 7.35 7.50 
9.09 9.33 

10.55 12.26 12.00 

8.37 
9.61 11.12 

9.36 9.14 8.91 
10.92 10.37 

10.54 10.43 11.19 
12.44 11.55 

11.85 11.23 11.71 

5.47 
9.70 

14.32 
16.97 
15.59 
15.30 
13.03 

6.95 
8.21 
9.48 
9.45 
8.64 
7.96 

12.27 

7.25 
8.64 
9.23 

10.50 
7.37 
9.21 

11.60 

8.37 
10.37 

9.14 
10.65 
10.72 
12.00 
11.60 

1. A dash (-) indicates that the reading was not taken. 
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Table B.,3 Volumetric water content (%) as function of 
depth from section A before an ~nfiltration test. 

Depth Dist. from the furrow centerline (cm) Ave. 
section (cm) 0.0 22.5 45.0 67.5 90.0 

BFI 15 
(S-2) 30 

45 
60 
75 
90 

105 

FFI 15 
(S-2) 30 

45 
60 
75 
90 

105 

BFI 15 
(L-3) 30 

FFI 
(L-3) 

45 
60 
75 
90 

105 

15 
30 
45 
60 
75 
90 
105 

0.29 
9.64 9.07 

21.15 20.19 19.96 
16.95 18.97 

15.76 16.59 16.85 
14.10 16.15 

11.92 13.24 14.02 

1.73 
10.87 11.50 

19.52 19.43 19.78 
18.80 19.92 

17.35 16.96 18.53 
11.79 14.37 

10.14 10.41 13.61 

2.03 
12.60 10.89 

22.01 20.88 21.23 
17.39 19.98 

16.06 17.27 17.24 
14.66 17.72 

13.92 14.62 15.18 

2.76 
11.96 13.40 

20.76 20.33 20.80 
19.86 20.53 

19.50 18.26 19.95 
14.69 15.19 

15.74 14.21 17.02 

0.29 
9.36 

20.43 
17.96 
16.40 
15.13 
13.06 

1.73 
11.19 
19.58 
19.36 
17.61 
13.08 
11.39 

2.03 
11.75 
21.37 
18.69 
16.86 
16.19 
14.57 

2.76 
12.68 
20.63 
20.20 
19.24 
14.94 
15.66 

1. A dash (-) indicates that the reading was not taken. 

2. S-l refers to small spacing (0.90 m) and first 
irrigation. S-2 refers to small spacing (0.90 m) in 
the second irrigation. L-2 refers to large spacing 
(1.80 m) in the second irrigation. L-3 refers to 
large spacing (1.80 m) in the third irrigation 

3. BFI and FFI refer to Blocked Furrow Infiltrometer and 
Flowing Furrow Infiltrometer, respectively. 
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Table B.4 Volumetric water content (%) as function 
of depth from section B before an infiltration test. 

Depth Dist. from the furrow centerline (cm) Ave. 
section (cm) 0.0 22.5 45.0 67.5 90.0 

BFI 15 
(S-l) 30 

45 
60 
75 
90 

105 

FFI 15 
(S-l) 30 

45 
60 
75 
90 

105 

BFI 15 
(S-2) 30 

FFI 
(S-2) 

45 
60 
75 
90 

105 

15 
30 
45 
60 
75 
90 
105 

. 1.03 
8.65 6.92 

14.20 14.24 14.63 
10.88 12.27 

6.80 11.36 9.76 
4.79 5.18 

5.46 6.06 6.08 

0.82 
7.50 6.77 

15.75 15.47 15.42 
10.43 12.45 

9.93 6.31 12.27 
6.98 7.31 

6.05 6.09 8.17 

2.46 
12.47 11.70 

17.24 16.77 16.83 
16.49 13.55 

8.36 15.33 11.30 
9.17 5.64 

7.48 10.23 8.35 

2.45 
14.69 12.37 

17.67 17.31 17.52 
11.52 13.92 

10.45 6.95 13.83 
6.68 7.33 

6.98 6.89 8.82 

1.03 
7.74 

14.36 
11.58 

9.31 
4.99 
5.51 

0.82 
7.20 

15.55 
11.44 
9.50 
7.15 
6.77 

2.46 
12.09 
16.95 
15.02 
11.66 
7.41 
8.69 

2.45 
13.53 
15.91 
12.72 
10.41 
7.00 
7.56 
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Table B.4 (continued) 

Depth Dist. from the furrow centerline (cm) Ave. 
section (cm) 0.0 22.5 45.0 67.5 90.0 

BFI 15 3.01 3.01 
(L-3) 30 8.50 10.29 9.40 

45 15.14 15.10 14.60 14.95 
60 15.23 13.10 14.17 
75 9.04 14.17 11.37 11.53 
90 9.61 6.91 8.26 

105 8.11 10.54 9.06 9.24 
----------------------------------------------------------

FFI 15 3.53 3.53 
(L-3) 30 12.18 10.43 11.31 

45 15.85 15.82 15.89 15.85 
60 11.66 13.81 12.74 
75 10.65 8.18 13.24 10.69 
90 7.36 8.69 8.03 

105 7.94 7.92 9.25 8.37 

Notes: 

1. A dash (-) indicates that the reading was not taken. 

2. S-l refers to small spacing (0.90 m) and first 
irrigation. S-2 refers to small spacing (0.90 m) in 
the second irrigation. L-2 refers to large spacing 
(1.80 m) in the second irrigation. L-3 refers to 
large spacing (1.80 m) in the third irrigation 

3. BFI and FFI.refer to Blocked Furrow Infiltrometer and 
Flowing Furrow Infiltrometer, respectively. 
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This appendix provides the results of a volume 

balance analysis for the determination of infiltration 

from two irrigation and ten infiltration experiments. The 

infiltration from the irrigation tests are determined by 

using information from water depths along the furrow 

during advance, continuing and recession phases as well as 

the net inflow during the irrigation period. It includes 

the two irrigation cases of small and large furrow 

spacing. The results from the infiltration tests includes 

two methods (BFI and FFI) and also two furrow 

spacings. The results are also differentiated by the 

furrow surface conditions after the test (first, second, 

or third irrigation). 
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Table C.1 Cumulative infiltration from a volume balance 
analysis during the advance and continuing phases of 
irrigation for the small furrow spacing in the irrigation 
experiment (Dec.30, 1988). 

Time 
(min) 

3.05 
5.20 
~ 
7.50 
8.50 
9.50 

10.50 
11.50 
12.50 
14.00 
15.00 
16.00 
17.00 
18.00 
19.00 
22.00 
27.00 
32.00 
42.00 
52.00 
62.00 
72.00 
82.00 
92.00 

102.00 
112.00 
122.00 
132.00 
133.00 

Inflow 
per period 

(m3 ) 

0.2726 
0.1922 
0.0894 
0.1162 
0.0894 
0.0894 
0.0894 
0.0894 
0.0894 
0.1341 
0.0894 
0.0894 
0.0894 
0.0894 
0.0894 
0.2682 
0.4470 
0.4470 
0.8940 
0.8940 
0.8940 
0.8940 
0.8940 
0.8940 
0.8940 
0.8940 
0.8940 
0.8940 
0.0894 

Storage 

0.1671 
0.2669 
0.2726 
0.3720 
0.4279 
0.5029 
0.5643 
0.5724 
0.6264 
0.6861 
0.7085 
0.7459 
0.7717 
0.7778 
0.7871 
0.7987 
0.8117 
0.8358 
0.8676 
0.9049 
0.9251 
0.9374 
0.9526 
0.9754 
0.9851 
0.9900 
0.9388 
0.9388 
0.9388 

0.1671 
0.0998 
0.0056 
0.0995 
0.0559 
0.0750 
0.0614 
0.0081 
0.0540 
0.0597 
0.0224 
0.0374 
0.0258 
0.0061 
0.0093 
0.0116 
0.0130 
0.0241 
0.0318 
0.0373 
0.0192 
0.0123 
0.0152 
0.0228 
0.0097 
0.0049 
0.0000 
0.0000 
0.0000 

Outflow 
per ~riod 

(m3 ) 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0148 
0.0486 
0.0622 
0.0671 
0.0671 
0.2013 
0.3355 
0.3355 
0.6966 
0.7051 
0.7051 
0.7221 
0.7221 
0.7221 
0.7730 
0.7730 
0.7730 
0.7230 
0.0773 

Infiltration 
Change Accum 

(m3 ) (m
3 ) 

0.1671 0.1055 
0.1202 0.1979 
0.0838 0.2817 
0.0167 0.2984 
0.0335 0.3319 
0.0144 0.3463 
0.0280 0.3743 
0.0813 0.4556 
0.0354 0.4910 
0.0744 0.5654 
0.0522 0.6176 
0.0034 0.6210 
0.0014 0.6224 
0.0162 0.6386 
0.0130 0.6516 
0.0553 0.7069 
0.0985 0.8054 
0.0874 0.8928 
0.1656 1.0584 
0.1516 1.2100 
0.1697 1.3797 
0.1596 1.5393 
0.1567 1.6960 
0.1491 1.8451 
0.1113 1. 9564 
0.1161 2.0725 
0.1210 2.1935 
0.1710 2.3645 
0.0121 2.3767 
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Table C.2 Cumulative infiltration from a volume balance 
analysis during the advance and continuing phases of 
irrigation for the large furrow spacing in the irrigation 
experiment (Feb. 11, 1989). 

Time 
(min) 

1.45 
2.45 
3.43 
4.43 
5.28 
6.28 
7.28 
8.17 
9.17 

10.17 
11.25 
12.50 
13.50 
14.63 
16.63 
17.63 
18.63 
19.63 
22.00 
27.00 
32.00 
42.00 
52.00 
62.00 
72.00 
82.00 
92.00 

102.00 
112.00 
122.00 
129.50 

Inflow 
per period 

(m3 ) 

0.1546 
0.1066 
0.1045 
0.1066 
0.0906 
0.1066 
0.1066 
0.0949 
0.1066 
0.1066 
0.1151 
0.1333 
0.1066 
0.1205 
0.2132 
0.1066 
0.1066 
0.1066 
0.2526 
0.5330 
0.5330 
1.0660 
1.0660 
1.0660 
1.0660 
1.0660 
1.0660 
1.0660 
1.0660 
1.0660 
0.7995 

storage 

0.0361 
0.0837 
0.1798 
0.2762 
0.3530 
0.3954 
0.4666 
0.5265 
0.5393 
0.6043 
0.6643 
0.7023 
0.7348 
0.7736 
0.7913 
0.8030 
0.8298 
0.8354 
0.8417 
0.8483 
0.8647 
0.8881 
0.9138 
0.9276 
0.9405 
0.9528 
0.9528 
0.9593 
0.9593 
0.9593 
0.9593 

0.0361 
0.0476 
0.0961 
0.0964 
0.0768 
0.0424 
0.0712 
0.0599 
0.0128 
0.0650 
0.0600 
0.0380 
0.0325 
0.0388 
0.0200 
0.0117 
0.0268 
0.0056 
0.0063 
0.0066 
0.0164 
0.0234 
0.0257 
0.0138 
0.0129 
0.0123 
0.0000 
0.0065 
0.0000 
0.0000 
0.0000 

outflow 
per ~riod 

(m3 ) 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0972 
0.0530 
0.0697 
0.0722 
0.1752 
0.3865 
0.4137 
0.8869 
0.9413 
0.9413 
0.9413 
0.9413 
0.9413 
0.9413 
0.9413 
0.9413 
0.7263 

Infiltration 
Change Accum 

(m3 ) (m3 ) 

0.1185 0.1185 
0.0590 0.1775 
0.0084 0.1859 
0.0102 0.1961 
0.0138 0.2099 
0.0642 0.2741 
0.0354 0.3095 
0.0350 0.3445 
0.0938 0.4383 
0.0416 0.4799 
0.0551 0.5350 
0.0953 0.6303 
0.0741 0.7044 
0.0817 0.7861 
0.0960 0.8821 
0.0419 0.9240 
0.0101 0.9341 
0.0288 0.9629 
0.0711 1. 0340 
0.1399 1.1739 
0.1029 1.2768 
0.1557 1.4325 
0.0990 1. 5315 
0.1118 1. 6433 
0.1118 1.7551 
0.1124 1.8675 
0.1247 1. 9922 
0.1182 2.1104 
0.1247 2.2351 
0.1247 2.3598 
0.0732 2.4330 
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Table 0.3 Cumulative infiltration from a volume balance 
analysis for BFI test in area A with small furrow spacing, 
and second irrigation in the infiltration experiment 
(April 22, 1989). 

Time Inflow 
(min) (L) 

0.0 
1.0 
2.0 
3.5 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.5 
18.0 
19.0 
20.0 
21.0 
21.5 
22.0 
22.5 
23.0 
24.5 
25.0 
26.5 
27.0 
28.0 
29.0 
30.0 
31.0 
32.0 
33.0 
34.0 

0.00 
51.22 
51.22 
76.83 

4.20 
2.07 
2.07 
3.67 
2.60 
2.60 
2.08 
1.55 
2.08 
2.13 
1.55 
2.08 
2.08 
2.67 
1.60 
1. 60 
2.13 
2.13 
2.67 
1. 07 
2.67 
1. 07 
2.67 
1.60 
2.67 
0.53 
1.60 
2.13 
1.60 
2.13 
1.60 
1. 07 
1.60 

Furrow 
Depth storage Change 

(cm) (L) (L) 

2.74 
4.72 
6.35 
8.53 
8.41 
8.38 
8.35 
8.34 
8.32 
8.32 
8.32 
8.32 
8.32 
8.32 
8.32 
8.32 
8.32 
8.32 
8.32 
8.32 
e.32 
8.32 
8.32 
8.32 
8.32 
8.32 
8.32 
8.32 
8.32 
8.32 

, 8.34 
8.35 
8.35 
8.36 
8.36 
8.36 
8.38 

27.66 
66.55 

107.54 
173.37 
169.44 
168.47 
167.49 
167.17 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
166.52 
167.77 
167.49 
167.49 
167.82 
167.82 
167.82 
168.47 

0.00 
38.94 
41.00 
65.83 
-3.93 
-0.98 
-0.97 
-0.32 
-0.65 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.65 
0.32 
0.00 
0.32 
0.00 
0.00 
0.65 

Infiltration 
Change Cumul. 

(L) 

0.00 
12.28 
10.22 
11.00 
8.13 
3.05 
3.04 
3.99 
3.25 
2.60 
2.08 
1.55 
2.08 
2.13 
1.55 
2.08 
2.08 
2.67 
1.60 
1.60 
2.13 
2.13 
2.67 
1.07 
2.67 
1.07 
2.67 
1.60 
2.67 
0.53 
0.95 
1.81 
1.60 
1.81 
1.60 
1.07 
0.95 

0.00 
12.28 
22.50 
33.50 
41.63 
44.68 
47.72 
51.71 
54.96 
57.56 
59.64 
61.19 
63.27 
65.40 
66.95 
69.03 
71.11 
73.78 
75.38 
76.98 
79.11 
81.24 
83.91 
84.98 
87.65 
88.72 
91.39 
92.99' 
95.66 
96.19 
97.14 
98.95 

100.55 
102.35 
103.95 
105.02 
105.97 



Table e.3 (continued) 

Time Inflow 
(min) (L) 

35.0 
36.0 
37.0 
38.0 
39.0 
41.0 
43.0 
45.0 
47.0 
49.0 
51.0 
53.0 
55.0 
57.0 
59.0 
61.0 
66.0 
71.0 
76.0 
81.0 
86.0 
91.0 

101.0 
111.0 
121.0 
131.0 
141.0 
151.0 
171.0 
191.0 

Note: 

1.60 
1.60 
1.60 
1.07 
2.13 
2.67 
3.20 
3.20 
2.67 
3.20 
3.20 
2.13 
3.73 
2.67 
3.20 
2.67 
5.87 
5.33 
4.80 
4.80 
4.80 
3.73 
9.60 
9.06 
9.06 
8.53 
9.06 
9.06 

18.66 
17.06 

Furrow 
Depth storage Change 

(cm) (L) (L) 

8.38 
8.39 
8.39 
8.39 
8.40 
8.41 
8.41 
8.43 
8.44 
8.45 
8.47 
8.48 
8.49 
8.51 
8.52 
8.54 
8.54 
8.54 
8.54 
8.54 
8.54 
8.54 
8.54 
8.54 
8.48 
8.46 
8.42 
8.38 
8.32 
8.29 

168.47 
168.79 
168.79 
168.79 
169.12 
169.44 
169.44 
170.10 
170.42 
170.75 
171.40 
171. 73 
172.06 
172.71 
173.04 
173.70 
173.70 
173.70 
173.70 
173.70 
173.70 
173.70 
173.70 
173.70 
171. 73 
171.08 
169.77 
168.47 
166.52 
165.55 

0.00 
0.33 
0.00 
0.00 
0.33 
0.33 
0.00 
0.65 
0.33 
0.33 
0.65 
0.33 
0.33 
0.66 
0.33 
0.66 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

-1.97 
-0.65 
-1.31 
-1.30 
-1.95 
-0.97 
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Infiltration 
Change Cumul. 

(L) 

1.60 
1.27 
1.60 
1.07 
1.80 
2.34 
3.20 
2.55 
2.34 
2.87 
2.55 
1.80 
3.40 
2.01 
2.87 
2.01 
5.87 
5.33 
4.80 
4.80 
4.80 
3.73 
9.60 
8.54 

11.03 
9.18 

10.37 
10.36 
20.61 
18.03 

107.57 
108.85 
110.45 
111.52 
113.32 
115.67 
118.87 
121.41 
123.76 
126.63 
129.18 
130.98 
134.38 
136.40 
139.27 
141.28 
147.15 
152.48 
157.28 
162.08 
166.88 
170.61 
180.21 
188.75 
199.78 
208.97 
219.33 
229.70 
250.30 
268.33 

1. The time zero corresponds to 1. 0 minute after the 
water front reached the stage recorder (4.5 m from 
the inlet point). At this time, the water surface 
elevation at the stage recorder was 2.74 cm high 
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Table e.4 Cumulative infiltration from a volume balance 
analysis for FFI test in area A with small furrow spacing 
and second irrigation in the infiltration experiment 
(April 22, 1989). 

Furrow Infiltration 
Time Inflow Depth storage Change Change Cumul. 
(min) (L) (cm) (L) (L) (L) 

0.0 0.00 6.50 101. 27 0.00 0.00 0.00 
1.0 38.40 7.43 127.90 26.63 11.77 11.77 
2.0 15.36 7.67 135.20 7.30 8.06 19.83 
3.0 7.68 7.57 132.14 -3.06 10.74 30.58 
4.0 26.88 8.12 149.35 17.21 9.67 40.25 
5.0 23.00 8.55 163.42 14.08 8.92 49.17 
6.0 24.96 9.10 182.21 18.79 6.17 55.34 
7.0 7.68 9.12 182.91 0.70 6.98 62.32 
8.0 3.84 9.14 183.61 0.70 3.14 65.46 
9.0 3.84 9.17 184.67 1.05 2.79 68.25 

10.0 1.92 9.17 184.67 0.00 1.92 70.17 
11.0 3.84 9.19 185.37 0.70 3.14 73.30 
12.0 1.92 9.19 185.37 0.00 1.92 75.22 
13.0 3.84 9.20 185.72 0.35 3.49 78.71 
14.0 1.92 9.20 185.72 0.00 1.92 80.63 
15.0 1. 92 9.20 185.72 0.00 1.92 82.55 
16.0 1.92 9.20 185.72 0.00 1.92 84.47 
17.0 3.84 9.21 186.08 0.35 3.49 87.96 
18.0 1.92 9.21 186.08 0.00 1.92 89.88 
19.0 1.92 9.21 186.08 0.00 1.92 91.80 
20.0 1.54 9.21 186.08 0.00 1.54 93.34 
21.0 1.54 9.21 186.08 0.00 1.54 94.88 
22.0 0.77 9.21 186.08 0.00 0.77 95.65 
23.0 1.54 9.21 186.08 0.00 1.54 97.19 
24.0 2.30 9.22 186.43 0.35 1.95 99.14 
25.0 0.38 9.22 186.43 0.00 0.38 99.52 
26.0 1.15 9.22 186.43 0.00 1.15 100.67 
27.0 2.30 9.22 186.43 0.00 2.30 102.97· 
28.0 0.38 9.22 186.43 0.00 0.38 103.35 
29.0 1.15 9.22 186.43 0.00 1.15 104.50 
31.0 2.30 9.22 186.43 0.00 2.30 106.80 
33.0 3.84 9.23 186.78 0.35 3.49 110.28 
35.0 3.84 9.24 187.14 0.35 3.49 113.77 
38.0 1.92 9.24 187.14 0.00 1.92 115.69 
41.0 3.84 9.25 187.49 0.35 3.49 119.18 
44.0 2.69 9.25 187.49 0.00 2.69 121.87 
47.0 3.84 9.26 187.84 0.35 3.49 125.35 
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Table C.4 (continued) 

Furrow Infiltration 
Time Inflow Depth storage Change Change Cumul. 
(min) (L) (cm) (L) (L) eL) 

51.0 6.91 9.30 189.26 1.42 5.49 130.84 
55.0 3.84 9.30 189.26 0.00 3.84 134.68 
61.0 6.91 9.30 189.26 0.00 6.91 141. 59 
66.0 2.69 9.30 189.26 0.00 2.69 144.28 
71.0 5.76 9.31 189.62 0.36 5.40 149.69 
76.0 3.84 9.31 189.62 0.00 3.84 153.53 
81.0 3.84 9.31 189.62 0.00 3.84 157.37 
86.0 3.84 9.33 190.33 0.71 3.13 160.50 
91. 0 4.61 9.34 190.69 0.36 4.25 164.75 

101.0 10.75 9.36 191. 40 0.71 10.04 174.79 
111.0 9.60 9.36 191. 40 0.00 9.60 184.39 
121. 0 7.68 9.37 191. 76 0.36 7.32 191. 71 
131. 0 9.60 9.39 192.47 0.72 8.88 200.59 
141. 0 15.36 9.40 192.83 0.36 15.00 215.60 
151. 0 3.84 9.40 192.83 0.00 3.84 219.44 
171. 0 17.28 9.40 192.83 0.00 17.28 236.72 
191.0 17.28 9.40 1.92.83 0.00 17.28 254.00 

Note: 

1. The time zero corresponds to 1.0 minute after the 
water front reached the stage recorder ( 4.5 m from 
the inlet point). At this time, the water surface 
elevation at the stage recorder was 6.5 cm high 
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Table C.5 Cumulative infiltration from a volume balance 
analysis for BFI test in area A with large furrow spacing 
and third irrigation in the infiltration experiment (May 
6, 1989). 

Furrow Infiltration 
Time Inflow Depth storage Change Change Cumul. 
(min) (L) (cm) (L) (L) (L) 

0.0 0.00 4.27 58.51 0.00 0.00 0.00 
1.0 53.45 6.10 103.70 45.20 8.25 8.25 
2.0 53.45 7.72 151. 34 47.63 5.82 14.07 
2.3 16.04 8.18 166.07 14.73 1.31 15.38 
2.7 2.13 8.18 166.07 0.00 2.13 17.51 
3.7 6.93 8.23 167.70 1.63 5.30 22.81 
4.7 4.26 8.23 167.70 0.00 4.26 27.07 
5.7 3.73 8.23 167.70 0.00 3.73 30.80 
6.7 3.73 8.23 167.70 0.00 3.73 34.53 
7.7 4.26 8.26 168.68 0.98 3.28 37.80 
8.7 3.73 8.26 168.68 0.00 3.73 41.53 
9.7 4.26 8.29 169.67 0.98 3.28 44.81 

10.7 3.73 8.31 170.32 0.66 3.07 47.88 
11. 7 3.20 8.36 171. 97 1.65 1.55 49.44 
12.7 3.20 8.43 174.29 2.32 0.88 50.32 
13.7 2.13 8.47 175.62 1.33 0.80 51.12 
14.7 2.13 8.50 176.62 1.00 1.13 52.25 
15.7 2.67 8.53 177.62 1.00 1.67 53.92 
16.7 1.60 8.53 177.62 0.00 1.60 55.52 
17.7 1.60 8.53 177.62 0.00 1. 60 57.12 
18.7 1. 60 8.53 177.62 0.00 1.60 58.72 
19.7 1.60 8.53 177.62 0.00 1. 60 60.32 
20.7 1.60 8.53 177.62 0.00 1.60 61.92 
21.7 1. 60 8.53 177.62 0.00 1.60 63.52 
22.7 1.60 8.53 177.62 0.00 1.60 65.12 
23.7 1.60 8.53 177.62 0.00 1.60 66.72 
24.7 1.07 8.53 177.62 0.00 1.07 67.79 . 
25.7 1.60 8.53 177.62 0.00 1.60 69.39 
26.7 1.60 8.53 177.62 0.00 1.60 70.99 
27.7 1.07 8.53 177.62 0.00 1.07 72.06 
28.7 1.60 8.53 177.62 0.00 1.60 73.66 
29.7 1.60 8.53 177.62 0.00 1.60 75.26 
30.7 1.60 8.53 177.62 0.00 1.60 76.86 
32.7 3.20 8.53 177.62 0.00 3.20 80.06 
34.7 2.13 8.53 177.62 0.00 2.13 82.19 
36.7 3.20 8.55 178.29 0.67 2.53 84.72 
38.7 2.67 8.55 178.29 0.00 2.67 87.39 



Table C.S (continued) 

Time Inflow 
(min) (L) 

40.7 
42.7 
44.7 
46.7 
48.7 
50.7 
52.7 
58.7 
63.7 
68.7 
73.7 
83.7 
93.7 

103.7 
113.7 
123.7 
133.7 
143.7 
153.7 
163.7 
173.7 
183.7 

Note: 

2.67 
2.67 
2.67 
3.73 
2.67 
2.67 
2.13 
5.33 
6.93 
6.40 
6.40 

11.20 
12.80 
12.80 
13.33 
12.80 
13.33 
11.73 
11.73 
11.20 
11.20 
10.66 

Furrow 
Depth storage Change 

(cm) (L) (L) 

8.55 
8.56 
8.56 
8.58 
8.59 
8.60 
8.60 
8.66 
8.69 
8.72 
8.78 
8.79 
8.84 
8.86 
8.99 
9.02 
9.08 
9.11 
9.14 
9.14 
9.14 
9.14 

178.29 
178.62 
178.62 
179.29 
179.63 
179.96 
179.96 
181. 90 
183.00 
184.01 
186.05 
186.39 
188.09 
188.77 
193.24 
194.28 
196.35 
197.40 
198.44 
198.44 
198.44 
198.44 

0.00 
0.33 
0.00 
0.67 
0.34 
0.34 
0.00 
2.02 
1.01 
1.01 
2.04 
0.34 
1.70 
0.68 
4.46 
1.04 
2.08 
1.04 
1.04 
0.00 
0.00 
0.00 
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Infiltration 
Change Cumul. 

(L) 

2.67 
2.34 
2.67 
3.06 
2.33 
2.33 
2.13 
3.31 
5.92 
5.39 
4.36 

10.86 
11.10 
12.12 
8.87 

11.76 
11.25 
10.69 
10.69 
11.20 
11.20 
10.66 

90.06 
92.40 
95.07 
98.13 

100.46 
102.80 
104.93 
108.24 
114.15 
119.54 
123.90 
134.76 
145.85 
157.97 
166.84 
178.60 
189.85 
200.54 
211.23 
222.43 
233.63 
244.29 

1. The time zero corresponds to 1. 0 minute after the 
water front reached the stage recorder (4.5 m from 
the inlet point). At this time, the water surface 
elevation at the stage recorder was 4.27 cm high 
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Table e.G Cumulative infiltration from a volume balance 
analysis for FFI test in area A with large furrow spacing 
and third irrigation in the infiltration experiment (May 
6, 1989). 

Furrow Infiltration 
Time Inflow Depth storage change Change Cumul. 
(min) (L) (cm) (L) (L) (L) 

0.0 0.00 7.47 149.44 0.00 0.00 0.00 
0.7 39.03 8.45 181.12 31.67 7.36 7.36 
2.7 35.48 9.08 202.61 21.49 13.99 21.35 
3.7 7.10 9.14 204.70 2.09 5.01 26.36 
4.7 6.39 9.23 207.85 3.15 3.24 39.59 
5.7 4.26 9.30 210.31 2.46 1.80 31.39 
6.7 3.55 9.33 211. 37 1.06 2.49 33.88 
7.7 3.55 9.35 212.08 0.71 2.84 36.73 
8.7 3.55 9.37 212.79 0.71 2.84 39.57 
9.7 3.55 9.40 213.85 1.06 2.49 42.05 

10.7 3.55 9.42 214.56 0.71 2.84 44.89 
11.7 1.77 9.42 214.56 0.00 1.77 46.66 
12.7 3.55 9.44 215.27 0.71 2.84 49.50 
13.7 1. 77 9.44 215.27 0.00 1.77 51.27 
14.7 3.55 9.45 215.63 0.36 3.19 54.46 
15.7 1. 77 9.45 215.63 0.00 1. 77 56.23 
16.7 1.77 9.45 215.63 0.00 1.77 58.00 
17.7 1.77 9.45 215.63 0.00 1.77 59.77 
18.7 3.55 9.47 216.34 0.71 2.84 62.61 
20.7 1.77 9.47 216.34 0.00 1.77 64.38 
22.7 5.32 9.51 217.77 1.43 3.89 68.27 
24.7 3.55 9.54 218.84 1.07 2.48 70.75 
26.7 5.32 9.57 219.91 1.07 4.25 75.00 
28.7 7.10 9.60 220.99 1.08 6.02 81.02 
30.7 6.39 9.63 222.07 1.08 5.31 86.34 
32~7 3.55 9.63 222.07 0.00 3.55 89.89 
34.7 4.26 9.66 223.15 1.08 3.18 93.07 
36.7 1.77 9.66 223.15 0.00 1.77 94.84 . 
40.7 8.87 9.72 225.31 2.16 6.71 101.54 
42.7 3.55 9.74 226.03 0.72 2.83 104.37 
46.7 1.77 9.74 226.03 0.00 1.77 106.14 
50.7 3.55 9.74 226.03 0.00 3.55 109.69 
56.7 1.77 9.60 220.99 -5.05 6.82 116.50 
62.7 1.42 9.45 215.63 -5.36 6.78 123.28 
67.7 4.97 9.45 215.63 0.00 4.97 128.25 
72.7 5.68 9.45 215.63 0.00 5.68 133.93 
82.7 11. 00 9.45 215.63 0.00 11.00 144.93 
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Table 0.6 (continued) 

Furrow Infiltration 
Time Inflow Depth storage change change Cumul. 
(min) (L) (cm) (L) (L) (L) 

92.7 10.64 9.45 215.63 0.00 10.64 155.57 
102.7 8.87 9.45 215.63 0.00 8.87 164.44 
112.7 12.42 9.45 215.63 0.00 12.42 176.86 
122.7 7.10 9.45 215.63 0.00 7.10 183.96 
132.7 8.87 9.45 215.63 0.00 8.87 192.83 
142.7 8.87 9.45 215.63 0.00 8.87 201.70 
152.7 8.87 9.45 215.63 0.00 8.87 210.57 
162.7 8.87 9.45 215.63 0.00 8.87 219.44 
172.7 7.10 9.45 215.63 0.00 7.10 226.54 
178.7 6.03 9.45 215.63 0.00 6.03 232.57 

Note: 

1. The time zero corresponds to 1. 0 minute after the 
water front reached the stage recorder (4.5 m from 
the inlet point). At this time, the water surface 
elevation at the stage recorder was 7.47 cm high 
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Table 0.7 Cumulative infiltration from a volume balance 
analysis for BFI test in area B with small furrow spacing 
and first irrigation in the infiltration experiment (April 
29, 1989). 

Furrow Infiltration 
Time Inflow Depth storage Change Change Cumul. 
(min) (L) (cm) (L) (L) (L) 

0.0 0.00 2.74 30.23 0.00 0.00 0.00 
1.0 78.96 4.88 74.20 43.97 34.99 34.99 
2.0 78.96 7.01 130.36 56.16 22.80 57.79 
2.3 23.69 7.16 134.72 4.37 19.32 77.11 
3.3 1.07 6.71 121. 78 -12.94 14.01 91.13 
4.3 1.87 6.43 113.97 -7.81 9.68 100.81 
5.3 4.00 6.40 113.14 -0.83 4.83 105.64 
6.3 4.27 6.36 112.04 -1.10 5.37 111.00 
7.3 17.06 6.49 115.63 3.58 13.48 124.48 
8.3 12.26 6.64 119.81 4.18 8.08 132.56 
9.3 2.13 6.64 119.81 0.00 2.13 134.64 

10.3 3.47 6.64 119.81 0.00 3.47 138.16 
11.3 3.20 6.64 119.81 0.00 3.20 141.36 
12.3 3.47 6.64 119.81 0.00 3.47 144.83 
13.3 4.27 6.64 119.81 0.00 4.27 149.10 
14.3 4.00 6.64 119.81 0.00 4.00 153.10 
15.3 4.00 6.64 119.81 0.00 4.00 157.10 
16.3 4.00 6.64 119.81 0.00 4.00 161.10 
17.3 3.73 6.64 119.81 0.00 3.73 164.83 
18.3 3.73 6.64 119.81 0.00 3.73 168.56 
19.3 4.00 6.64 119.81 0.00 4.00 172.56 
20.3 4.00 6.64 119.81 0.00 4.00 176.56 
21.3 3.47 6.64 119.81 0.00 3.47 180.03 
21.3 3.47 6.64 119.81 0.00 3.47 183.50 
22.3 2.93 6.64 119.81 0.00 2.93 186.43 
22.3 3.20 6.64 119.81 0.00 3.20 189.63 
23.3 2.94 6.64 119.81 0.00 2.94 192.57 
24.3 3.20 6.65 120.09 0.28 2.92 195.49 
25.3 4.00 6.66 120.37 0.28 3.72 199.21. 
26.3 3.20 6.66 120.37 0.00 3.20 202.41 
27.3 3.20 6.67 120.66 0.28 2.92 205.32 
28.3 3.20 6.67 120066 0.00 3.20 208.52 
29.3 3.47 6.68 120.94 0.28 3.19 211.71 
31.3 6.13 6.69 121. 22 0.28 5.85 217.56 
33.3 6.13 6.70 121. 50 0.28 5.85 223.41 
35.3 7.46 6.71 121.78 0.28 7.18 230.59 
37.3 5.87 6.71 121. 78 0.00 5.87 236.46 
39.3 5.60 6.71 121. 78 0.00 5.60 242.06 
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Table C.7 (continued) 

Furrow Infiltration 
Time Inflow Depth storage Change Change Cumul. 
(min) (L) (cm) (L) (L) (L) 

41.3 5.07 6.71 121. 78 0.00 5.07 247.13 
43.3 5.33 6.71 121. 78 0.00 5.33 252.46 
45.3 3.73 6.71 121. 78 0.00 3.73 256.19 
47.3 5.33 6.71 121. 78 0.00 5.33 261.52 
49.3 5.87 6.74 122.63 0.85 5.02 266.54 
51.3 5.33 6.74 122.63 0.00 5.33 271.87 
53.3 4.53 6.74 122.63 0.00 4.53 276.40 
55.3 4.53 6.74 122.63 0.00 4.53 280.93 
57.3 4.53 6.74 122.63 0.00 4.53 285.46 
59.3 5.07 6.74 122.63 0.00 5.07 290.53 
61.3 4.00 6.74 122.63 0.00 4.00 294.53 
63.3 4.53 6.74 122.63 0.00 4.53 299.06 
65.3 3.47 6.74 122.63 0.00 3.47 302.53 
67.3 4.53 6.74 122.63 0.00 4.53 307.06 
69.3 2.67 6.70 121.50 -1.13 3.80 310.86 
71.3 3.20 6.70 121. 50 0.00 3.20 314.06 
73.3 4.27 6.70 121.50 0.00 4.27 318.33 
75.3 3.73 6.70 121. 50 0.00 3.73 322.06 
77.3 4.00 6.70 121. 50 0.00 4.00 326.06 
79.3 3.73 6.75 122.91 1.41 2.32 328.38 
81.3 3.73 6.77 123.48 0.57 3.16 331.54 
83.3 3.73 6.80 124.33 0.85 2.88 334.42 
85.3 3.47 6.80 124.33 0.00 3.47 337.89 
87.3 3.20 6.80 124.33 0.00 3.20 341.09 
89.3 3.73 6.80 124.33 0.00 3.73 344.82 
91.3 3.47 6.80 124.33 0.00 3.47 348.29 
94.3 4.27 6.80 124.33 0.00 4.27 352.56 
97.3 5.87 6.80 124.33 0.00 5.87 358.43 

100.3 5.33 6.80 124.33 0.00 5.33 363.76 
103.3 5.07 6.80 124.33 0.00 5.07 368.83 
106.3 5.60 6.80 124.33 0.00 5.60 374.43 
109.3 4.80 6.80 124.33 0.00 4.80 379.23' 

Note: 

1. The time zero corresponds to 1. 0 minute after the 
water front reached the stage recorder (4.5 m from 
the inlet point). At this time, the water surface 
elevation at the stage recorder was 2.74 cm high 
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Table C.8 Cumulative infiltration from a volume balance 
analysis for FFI test in area B with small furrow spacing 
and first irrigation in the infiltration experiment (April 
29, 1990). 

Furrow Infiltration 
Time Inflow Depth storage Change Change Cumul. 
(min) (L) (cm) (L) (L) (L) 

0.0 0.00 5.03 61.62 0.00 0.00 0.00 
1.3 38.43 5.64 74.99 13.37 25.06 25.06 
2.3 33.70 6.16 87.24 12.25 21.45 46.51 
3.3 26.61 6.55 96.92 9.69 16.92 63.43 
4.3 28.38 7.01 108.89 11.97 16.41 79.84 
5.3 30.16 7.52 122.84 13.94 16.22 96.06 
6.3 30.16 7.99 136.30 13.46 16.70 112.76 
7.3 26.61 8.40 148.52 12.22 14.39 127.15 
8.3 17.74 8.60 154.64 6.12 11.28 138.43 
9.3 10.64 8.63 155.56 0.93 9.71 148.14 

10.3 7.10 8.69 157.42 1.86 5.24 153.38 
11.3 7.10 8.72 158.36 0.93 6.17 159.55 
12.3 7.10 8.75 158.81 0.93 6.17 166.52 
13.3 2.84 8.69 157.42 -0.93 3.77 170.29 
15.3 1.42 8.55 153.10 -4.33 5.75 176.04 
17.3 0.00 8.41 148.82 -4.28 4.28 180.32 
19.3 0.00 8.29 145.20 -3.62 3.62 183.94 
21.3 0.00 8.14 140.72 -4.48 4.48 188.42 
23.3 1.06 7.92 134.26 -6.46 7.52 195.94 
25.3 5.32 7.92 134.26 0.00 5.32 201.26 
27.3 5.32 7.92 134.26 0.00 5.32 206.58 
29.3 5.32 7.92 134.26 0.00 5.32 211.90 
31.3 7.10 7.92 134.26 0.00 7.10 219.00 
33.3 5.32 7.92 134.26 0.00 5.32 224.32 
35.3 5.32 7.92 134.26 0.00 5.32 229.64 
37.3 3.55 7.92 134.26 0.00 3.55 233.19 
39.3 5.32 7.92 134.26 0.00 5.32 238.51 
41.3 8.87 7.92 134.26 0.00 8.87 247.38· 
43.3 7.10 7.92 134.26 0.00 7.10 254.48 
45.3 5.32 7.92 134.26 0.00 5.32 259.80 
47.3 3.55 7.92 134.26 0.00 3.55 363.35 
49.3 5.32 7.92 134.26 0.00 5.32 268.67 
51.3 3.55 7.92 134.26 0.00 3.55 272.22 
53.3 4.26 7.92 134.26 0.00 4.26 276.48 
55.3 4.61 7.92 134.26 0.00 4.61 281.09 
57.3 3.55 7.92 134.26 0.00 3.55 284.64 
59.3 5.32 7.92 134.26 0.00 5.32 289.96 



317 

Table C.8 (continued) 

Furrow Infiltration 
Time Inflow Depth storage Change Change Cumul. 
(min) (L) (cm) (L) (L) (L) 

61.3 3.55 7.92 134.26 0.00 3.55 293.51 
64.3 3.55 7.92 134.26 0.00 3.55 297.06 
68.3 7.10 7.92 134.26 0.00 7.10 304.16 
72.3 7.10 7.92 134.26 0.00 7.10 3i1.26 
77.3 7.10 7.92 134.26 0.00 7.10 318.36 
82.3 14.19 7.92 134.26 0.00 14.19 332.55 
87.3 10.64 7.92 134.26 0.00 7.92 340.47 
92.3 10.64 7.92 134.26 0.00 10.64 351.11 
97.3 7.81 7.92 134.26 0.00 7.81 358.92 

102.3 9.93 7.92 134.26 0.00 9.93 368.85 
107.3 8.33 7.92 134.26 0.00 8.33 377.18 
111. 3 5.32 7.92 134.26 0.00 5.32 382.50 

Note: 

1. The time zero corresponds to 1.0 minute after the 
water front reached the stage recorder ( 4. 5 m from 
the inlet point). At this time, the water surface 
elevation at the stage recorder was 5.03 cm high 
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Table e.9 Cumulative infiltration from a volume balance 
analysis for BFI test in area B with small furrow spacing 
and second irrigation in the infiltration experiment (May 
20,1989). 

Time 
(min) 

0.0 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 
18.0 
19.0 
20.0 
21.0 
21.0 
22.0 
23.0 
24.0 
25.0 
26.0 
27.0 
28.0 
29.0 
30.0 
31.0 
32.0 
33.0 
34.0 
35.0 

Inflow 
(L) 

0.00 
84.22 
84.22 

4.27 
3.20 
3.73 
3.73 
3.73 
3.73 
4.27 
2.67 
3.73 
3.20 
3.73 
3.20 
2.93 
2.40 
2.67 
3.20 
1.87 
3.47 
2.13 
2.13 
2.67 
2.67 
2.13 
2.13 
1.60 
2.13 
2.40 
1.87 
1. 60 
2.67 
2.13 
2.67 
1. 60 
1. 60 

Depth 
(cm) 

4.57 
6.85 
9.14 
9.02 
8.93 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.90 
8.92 
8.92 
8.92 

Furrow 
storage 

(L) 

65.45 
121. 46 
188.71 
184.94 
182.12 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181.19 
181. 81 
181. 81 
181. 81 

Change 
(L) 

0.00 
56.01 
67.25 
-3.77 
-2.81 
-0.93 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.62 
0.00 
0.00 

Infiltration 
Change Cumul. 

(L) 

0.00 
28.21 
16.97 
8.04 
6.01 
4.66 
3.73 
3.73 
3.73 
4.27 
2.67 
3.73 
3.20 
3.73 
3.20 
2.93 
2.40 
2.67 
3.20 
1.87 
3.47 
2.13 
2.13 
2.67 
2.67 
2.13 
2.13 
1. 60 
2.13 
2.40 
1.87 
1.60 
2.67 
2.13 
2.05 
1.60 
1.60 

0.00 
28.21 
45.18 
53.22 
59.23 
63.89 
67.62 
71.35 
75.08 
79.35 
82.02 
85.75 
88.95 
92.68 
95.88 
98.81 

101.21 
103.88 
107.08 
108.95 
112.42 
114.55 
116.68 
119.35 
122.02 
124.15 
126.28 
127.88. 
130.01 
132.41 
134.28 
135.88 
138.55 
140.68 
142.73 
144.33 
145.93 



Table e.9 (continued) 

Time Inflow 
(min) (L) 

37.0 
39.0 
41.0 
43.0 
45.0 
47.0 
49.0 
51.0 
53.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
96.0 

100.0 
105.0 
110.0 
115.0 
121.0 
125.0 
130.0 
138.0 
149.0 
156.0 
157.0 

Note: 

4.27 
3.20 
2.13 
3.73 
3.73 
3.20 
2.67 
3.20 
2.67 
2.13 
8.00 
7.20 
8.80 
8.00 

10.13 
6.67 
7.73 
8.53 
4.80 
9.86 
6.67 
8.53 
8.80 
5.33 
9.33 

13.86 
17.60 
17.60 

0.53 

Furrow 
Depth storage Change 

(cm) (L) (L) 

8.94 
8.94 
8.94 
8.94 
8.94 
8.94 
8.94 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 
8.96 

182.44 
182.44 
182.44 
182.44 
182.44 
182.44 
182.44 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 
183.06 

0.62 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.62 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
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Infiltration 
Change Cumul. 

(L) 

3.65 
3.20 
2.13 
3.73 
3.73 
3.20 
2.67 
2.58 
2.67 
2.13 
8.00 
7.20 
8.80 
8.00 

10.13 
6.67 
7.73 
8.53 
4.80 
9.86 
6.67 
8.53 
8.80 
5.33 
9.33 
2.60 
3.30 
3.30 
0.53 

149.57 
152.77 
154.90 
158.63 
162.36 
165.56 
168.23 
170.81 
173.48 
175.61 
183.61 
190.81 
199.61 
207.61 
217.74 
224.41 
232.14 
240.67 
245.47 
255.33 
262.00 
270.53 
279.33 
284.66 
293.99 
296.59 
299.89 
303.19 
303.72 

1. The time zero corresponds to 1.0 minute after the 
water front reached the stage recorder ( 4 • 5 m from 
the inlet point). At this time, the water surface 
elevation at the stage recorder was 4.57 cm high 
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Table 0.10 Cumulative infiltration from a volume balance 
analysis for FFI test in area B with small furrow spacing 
and second irrigation in the infiltration experiment 
(April 29, 1989). 

Time Inflow Depth 
(min) (L) (cm) 

0.0 
0.7 
1.7 
2.7 
3.7 
4.7 
5.7 
6.7 
7.7 
8.7 
9.7 

10.7 
11.7 
12.7 
13.7 
14.7 
15.7 
16.7 
17.7 
19.3 
21.3 
23.3 
25.3 
27.3 
29.3 
31.3 
33.3 
35.3 
37.3 
42.3 
47.3 
52.3 
57.3 
62.3 
67.3 
72.3 
77.3 

0.00 
75.60 
24.84 
26.61 
10.64 
8.87 
5.32 
5.32 
7.10 
5.32 
5.32 
3.55 
3.55 
3.55 
5.32 
3.55 
3.55 
3.55 
3.55 
7.10 
5.32 
5.32 
7.10 
5.32 
5.32 
5.32 
5.32 
3.55 
5.32 
5.32 
5.32 
7.10 
5.32 
5.32 
5.32 
5.32 
5.32 

5.03 
6.86 
7.01 
7.32 
7.38 
7.44 
7.47 
7.48 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.59 
7.59 
7.59 
7.65 
7.65 
7.73 
7.76 
7.80 
7.86 
7.88 
7.91 
7.93 
7.96 
7.96 
7.98 
7.98 
7.98 
7.98 
7.98 
7.98 
7.98 
7.98 
7.98 

Furrow 
storage Change 

(L) (L) 

77.07 
127.58 
132.14 
141.76 
143.65 
145.55 
146.51 
146.83 
147.47 
147.47 
147.47 
147.47 
147.47 
147.47 
150.35 
150.35 
150.35 
152.29 
152.29 
154.88 
155.86 
157.17 
159.14 
159.79 
160.78 
161.44 
162.44 
162.44 
163.10 
163.10 
163.10 
163.10 
163.10 
163.10 
163.10 
163.10 
163.10 

0.00 
50.51 
4.56 
9.62 
1.89 
1.90 
0.95 
0.32 
0.64 
0.00 
0.00 
0.00 
0.00 
0.00 
2.88 
0.00 
0.00 
1.94 
0.00 
2.60 
0.98 
1.31 
1.97 
0.66 
0.99 
0.66 
0.99 
0.00 
0.66 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Infiltration 
Change Cumul. 

(L) 

0.00 
25.09 
20.28 
16.99 

8.75 
6.97 
4.37 
5.00 
6.46 
5.32 
5.32 
3.55 
3.55 
3.55 
2.44 
3.55 
3.55 
1.61 
3.55 
4.50 
4.34 
4.01 
5.13 
4.66 
4.33 
4.66 
4.33 
3.55 
4.66 
5.32 
5.32 
7.10 
5.32 
5.32 
5.32 
5.32 
5.32 

0.00 
25.09 
45.37 
62.36 
71.10 
78.07 
82.44 
87.44 
93.90 
99.22 

104.54 
108.09 
111.64 
115.19 
117.63 
121.18 
124.73 
126.34 
129.89 
134.39 
138.74 
142.75 
147.88 
152.54 
156.87 
161.53 
165.86 
169.41. 
174.07 
179.39 
184.71 
191.81 
197.13 
202.45 
207.77 
213.09 
218.41 
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Table C.10 (continued) 

Furro~ Infiltration 
Time Inflow Depth storage Change Change Cumul. 
(min) (L) (cm) (L) (L) (L) 

82.3 3.55 7.98 163.10 0.00 3.55 221.96 
87.3 7.10 7.98 163.10 0.00 7.10 229.06 
97.3 10.64 7.98 163.10 0.00 10.64 239.70 

107.3 10.64 7.98 163.10 0.00 10.64 250.34 
117.3 12.42 7.98 163.10 0.00 12.42 262.76 
127.3 8.87 7.89 160.12 -2.98 11.85 274.61 
137.3 10.64 7.89 160.12 0.00 10.64 285.25 
147.3 12.42 7.89 160.12 0.00 12.42 297.67 
159.3 12.42 7.89 160.12 0.00 12.42 310.09 

Note: 

1. The time zero corresponds to 1. 0 minute after the 
water front reached the stage recorder ( 4 • 5 m from 
the inlet point). At this time, the water surface 
elevation at the stage recorder was 5.03 cm high 
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Table C.ll Cumulative infiltration from a volume balance 
analysis for BFI test in area B with large furrow spacing 
and third irrigation in the infiltration experiment (June 
7, 1989). 

Furrow Infiltration 
Time Inflow Depth storage Change Change Cumul. 
(min) (L) (cm) (L) (L) (L) 

0.0 0.00 6.57 136.15 0.00 0.00 0.00 
0.5 74.63 8.53 194.56 58.41 16.22 16.22 
1.5 1.07 8.23 185.27 - 9.30 10.35 26.57 
2.5 1. 07 8.14 182.50 -2.76 3.83 30.40 
3.5 1.07 8.11 181. 58 -0.92 1.99 32.39 
4.5 1.60 8.08 180.67 -0.92 2.52 34.91 
5.5 1.60 8.06 180.05 -0.61 2.21 37.12 
6.5 1.60 8.05 179.75 -0.31 1.91 39.03 
7.5 1.87 8.03 179.14 -0.61 2.48 41.51 
8.5 1. 33 7.99 177.92 -1.22 2.55 44.06 
9.5 1.60 7.96 177.01 -0.91 2.51 46.57 

10.5 2.13 7.96 177.01 0.00 2.13 48.70 
11.5 1.60 7.96 177.01 0.00 1.60 50.30 
12.5 1. 60 7.96 177.01 0.00 1. 60 51.90 
13.5 1.60 7.96 177.01 0.00 1. 60 53.50 
14.5 2.13 7.96 177.01 0.00 2.13 55.63 
15.5 1.33 7.96 177.01 0.00 1.33 56.96 
16.5 1.87 7.96 177.01 0.00 1.87 58.83 
17.5 1.87 7.96 177.01 0.00 1.87 60.70 
18.5 1.87 7.96 177.01 0.00 1.87 65.27 
20.5 1.60 7.96 177.01 0.00 1.60 64.17 
21.5 1.87 7.96 177.01 0.00 1.87 66.04 
22.5 1.60 7.96 177.01 0.00 1.60 67.64 
23.5 1. 60 7.96 177.01 0.00 1.60 69.24 
24.5 2.13 7.96 177.01 0.00 2.13 71.37 
25.5 1.33 7.96 177.01 0.00 1.33 72.70 
26.5 1.60 7.96 177.01 0.00 1.60 74.30 
27.5 1.87 7.96 177.01 0.00 1.87 76.17· 
28.5 1. 07 7.96 177.01 0.00 1.07 77.24 
30.5 4.00 7.96 177.01 0.00 4.00 81.24 
32.5 1.87 7.96 177.01 0.00 1.87 83.11 
34.5 3.73 7.96 177.01 0.00 3.73 86.64 
36.5 3.20 7.96 177.01 0.00 3.20 90.04 
38.5 4.80 7.96 177.01 0.00 4.80 98.00 
40.5 2.93 7.96 177.01 0.00 2.93 100.93 
42.5 2.40 7.96 177.01 0.00 2.40 103.33 
45.5 2.67 7.96 177.01 0.00 2.67 106.00 



Table C.ll (continued) 

Time 
(min) 

47.5 
49.5 
51.5 
53.5 
55.5 
57.5 
59.5 
61.5 
63.5 
65.5 
69.5 
75.5 
81.5 
85.5 
90.5 
99.5 

110.5 
122.5 
130.5 
140.5 
150.5 
160.5 
170.5 
180.5 

Note: 

Inflow 
(L) 

4.00 
1.87 
2.67 
2.67 
2.13 
3.20 
1.87 
2.40 
2.13 
2.67 
4.80 
5.87 
6.93 
3.20 
5.33 
8.53 

10.13 
9.86 
7.20 
9.06 

10.13 
9.06 
8.00 
7.20 

Depth 
(cm) 

7.96 
7.96 
7.99 
7.99 
7.99 
7.99 
7.99 
7.99 
7.99 
7.99 
7.99 
7.99 
7.99 
7.99 
7.99 
7.99 
7.99 
7.96 
7.92 
7.89 
7.89 
7.89 
7.89 
7.80 

Furrow 
storage 

(L) 

177.01 
177.01 
177.92 
177.92 
177.92 
177.92 
177.92 
177.92 
177.92 
177.92 
177.92 
177.92 
177.92 
177.92 
177.92 
177.92 
177.92 
177.01 
175.79 
174.88 
174.88 
174.88 
174.88 
172.16 

change 
(L) 

0.00 
0.00 
0.91 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

-0.91 
-1.22 
-0.91 

0.00 
0.00 
0.00 

-2.72 
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Infiltration 
Change Cumul. 

(L) 

4.00 
1.87 
1.76 
2.67 
2.13 
3.20 
1.87 
2.40 
2.13 
2.67 
4.80 
5.87 
6.93 
3.20 
5.33 
8.53 

10.13 
10.77 
8.42 
9.97 

10.13 
9.06 
8.00 
9.92 

110.00 
111.87 
113.63 
116.30 
118.43 
121.63 
123.50 
125.90 
128.03 
130.70 
135.50 
141.37 
148.30 
151.50 
156.83 
165.36 
175.49 
186.26 
194.68 
204.65 
214.78 
223.84 
231. 84 
241.76 

1. The time zero corresponds to 1. 0 minute after the 
water front reached the stage recorder (4.5 m from 
the inlet point). At this time, the water surface 
elevation at the stage recorder was 6.57 cm high 
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Table C.12 Cumulative infiltration from a volume balance 
analysis for FFI test in area B with large furrow spacing 
and third irrigation in the infiltration experiment (June 
7, 1989). 

Time Inflow Depth 
(min) (L) (cm) 

0.0 
0.5 
1.5 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 

10.5 
12.5 
14.5 
16.5 
18.5 
20.5 
22.5 
25.5 
27.5 
32.5 
37.5 
42.5 
47.5 
52.5 
57.5 
62.5 
67.5 
72.5 
82.5 
92.5 

102.5 
112.5 
122.5 
132.5 
142.5 
152.5 

0.00 
59.87 
12.42 
21.29 
1.77 
8.87 
3.55 
3.55 
3.55 
1.77 
1.77 
3.55 
5.32 
5.32 
3.55 
5.32 
3.55 
3.55 
7.10 
3.55 
7.10 

10.64 
7.10 
3.55 
5.32 
7.10 
5.32 
6.03 
3.55 

11.00 
11.35 
10.64 
10.64 
10.64 
10.64 
8.87 

10.64 

5.61 
6.95 
7.16 
7.50 
7.50 
7.56 
7.59 
7.60 
7.62 
7.62 
7.62 
7.65 
7.67 
7.68 
7.68 
7.71 
7.71 
7.74 
7.77 
7.78 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 
7.83 

Furrow 
storage Change 

(L) (L) 

103.44 
144.17 
150.98 
162.24 
162.24 
164.25 
165.26 
165.60 
166.28 
166.28 
166.28 
167.29 
167.97 
168.31 
168.31 
169.33 
169.33 
170.35 
171.38 
171.72 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 
173.43 

0.00 
40.73 

6.81 
11.26 

0.00 
2.02 
1.01 
0.34 
0.68 
0.00 
0.00 
1.02 
0.68 
0.34 
0.00 
1. 02 
0.00 
1. 02 
1. 03 
0.34 
1.71 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Infiltration 
Change Cumul. 

(L) 

0.00 
19.14 
5.61 

10.03 
1.77 
6.85 
2.54 
3.21 
2.87 
1.77 
1. 77 
2.53 
4.64 
4.98 
3.55 
4.30 
3.55 
2.53 
6.07 
3.21 
5.39 

10.64 
7.10 
3.55 
5.32 
7.10 
7.83 
6.03 
3.55 

11.00 
11.35 
10.64 
10.64 
10.64 
10.64 
8.87 

10.64 

0.00 
19.14 
24.75 
34.79 
36.56 
43.41 
45.95 
49.16 
52.03 
53.80 
55.57 
58.11 
62.75 
67.73 
71.28 
75.58 
79.13 
81.66 
87.73 
92.94 
96.33 

106.97 
114.07 
117.62 
122.94 
130.04 
137.87 
143.90 
147.45 
158.45 
169.80 
180.44 
191.08 
201.72 
212.36 
221.23 
231.87 



325 

Table 0.12 (continued) 

Furrow Infiltration 
Time Inflow Depth storage Change Change Cumul. 
(min) (L) (cm) (L) (L) (L) 

162.5 10.64 7.83 173.43 0.00 10.64 242.51 
172.5 10.64 7.83 173.43 0.00 10.64 253.15 
182.5 9.58 7.83 173.43 0.00 9.58 262.73 

Note: 

1. The time zero corresponds to 1.0 minute after the 
water front reached the stage recorder (4.5 m from 
the inlet point). At this time, the water surface 
elevation at the stage recorder was 5.61 cm high 
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APPENDIX D 

AVERAGE FURROW CROSS-SECTION DATA FROM THE IRRIGATION AND 
INFILTRATION EXPERIMENTS. 

The average furrow cross-section data measured after 

irrigation is given for both irrigation and infiltration 

experiments. The average values for the irrigation 

experiment were calculated from a number of 11 

measurements along the central furrow. However, in the 

case of the infiltration experiment, the averaged furrow 

cross-section values were calculated from a set of 3 

measured data taken from the central furrow test of each 

infiltration experiment. separate measurements from both 

sides of the furrow cross-section were taken for all 

cases. 
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Table D.l Average after-irrigation furrow cross-section 
values obtained from measured data along the central 
furrow in the irrigation experiment. 

Half Top Del2th (cm) 
width Small ,urrow sl2acing Large furrow sl2acing 
(cm) West East* West East 

2.54 0.31 0.41 0.36 0.41 
5.08 0.84 0.56 1.22 1. 02 
7.62 1.52 1.03 2.08 2.11 

10.16 2.77 2.09 3.05 3.25 
12.70 3.85 3.62 3.91 4.04 
15.24 5.94 5.54 5.38 5.36 
17.78 7.65 7.02 6.93 7.65 
20.32 8.92 8.51 8.36 8.59 
22.86 10.11 10.43 10.11 10.39 
25.40 11.51 12.12 10.97 11.28 
27.90 13.08 13.72 12.53 12.70 

An asterisk (*) refers to either west or east side of the 
half furrow cross-section. 
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Table D.2 Average furrow cross-section data from the 
infiltration experiment in section A obtained after 
irrigation for an infiltration test (After Nyawakira, 
1989). 

Half Top 
width 
(cm) 

2.54 
5.08 
7.62 

10.16 
12.70 
15.24 
17.78 
20.32 
22.86 

2.54 
5.08 
7.62 

·10.16 
12.70 
15.24 
17.78 
20.32 
22.86 

Depth (cm) 
Small (1) Small (2) Large (3) 

West* East* West East West East 

Blocked Furrow Infiltrometer (BFI) 

0.127 
1.143 
2.667 
4.064 
5.715 
7.112 
9.398 

11.430 
14.986 

0.381 
1.016 
1.143 
2.540 
4.191 
5.715 
7.239 
8.763 

10.795 

0.254 
1.270 
2.540 
4.191 
5.588 
7.493 
9.525 

12.573 
14.478 

0.254 
0.762 
1.143 
1.905 
3.556 
5.080 
6.223 
8.255 

10.033 

0.010 
0.635 
2.032 
3.556 
5.080 
6.731 
9.271 

11.176 
13.970 

Flowing Furrow Infiltrometer (FFI) 

0.889 
2.032 
3.175 
4.572 
6.604 
8.128 

10.287 
13.081 
13.208 

0.381 
1.397 
2.413 
3.302 
4.699 
6.731 
8.001 
9.525 

12.319 

0.508 
1.651 
2.794 
3.302 
5.969 
7.747 
9.525 

12.446 
13.589 

0.010 
0.381 
1.143 
2.413 
3.683 
4.699 
6.096 
8.001 
9.779 

0.381 
1.524 
2.794 
4.064 
5.715 
7.239 
9.398 

11.430 
13.081 

0.381 
0.508 
1.270 
2.286 
3.683 
5.207 
6.350 
8.382 

11.176 

0.127 
0.254 
0.762 
1.397 
2.667 
3.683 
5.461 
7.112 
8.890 

Small (1) and small (2) refer to small furrow spacing 
(0.90 m) for first and second irrigation. 

Large (3) refers to large furrow spacing (1.90 m) for 
third irrigation. 

An asterisk (*) refers to either west or east side of the 
half furrow cross-section. 
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Table D.3 Average furrow cross-section data from the 
infiltration experiment in section B obtained after 
irrigation for an infiltration test (After Nyawakira, 
1989). 

-----------------------------------------------------------
Half Top De12th {cm) 
width Small (2) Large (3) 
(cm) West* East* West East 

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

Blocked Furrow Infiltrometer (BFI) 

2.54 0.254 0.686 0.584 0.178 
5.08 0.584 1.448 1.524 0.686 
7.62 1.448 2.464 2.718 1.346 

10.16 2.718 3.556 4.064 2.362 
12.70 4.572 4.826 5.588 3.378 
15.24 5.910 6.172 8.890 4.496 
17.78 8.814 8.712 9.906 6.096 
20.32 11.176 10.744 12.446 7.696 
22.86 13.208 12.446 14.554 11.176 

Flowing Furrow Infiltrometer (FFIl 

2.54 0.686 0.610 0.076 0.508 
5.08 1.270 1.524 0.584 1.346 
7.62 2.464 2.616 1.956 2.540 

10.16 3.734 3.734 2.972 3.378 
12.70 4.928 5.004 4.140 5.004 
15.24 6.274 6.604 5.080 6.274 
17.78 7.544 8.992 6.274 8.636 
20.32 9.576 10.262 8.306 10.160 
22.86 12.040 11. 862 10.592 11.938 

Small (2) refers· to small furrow spacing (0.90 m) and 
second irrigation. 

Large (3) refers to large furrow spacing (1.90 m) and third 
irrigation. 

An asterisk (*) refers to either west or east side of the 
half furrow cross-section. 
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.APPENDIX E 

SOIL WATER DIFFUSIVITY PROGRAM, DIF 

This appendix contains a sample input with the 

corresponding output and a listing of the program 

DIF. Other information required to run the program are 

supplied interactively during running time. 
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Table E.1 Sample data input1 from the core sample taken 
from section A at 105 cm depth in the field experiment. 

0.70 0.02 
1.58 0.04 
2.83 0.05 
5.17 0.07 

10.90 0.10 
15.55 0.13 
23.38 0.15 
30.83 0.18 
37.83 0.20 
45.83 0.23 
52.83 0.25 
63.93 0.27 
80.33 0.31 
94.33 0.34 

105.37 0.36 
119.05 0.38 
128.50 0.40 
147.83 0.44 
184.83 0.47 
212.83 0.50 
254.83 0.56 
300.83 0.60 
326.12 0.63 
384.83 0.67 
494.83 0.74 
586.83 0.78 
684.83 0.82 
941.83 0.89 

1348.83 0.95 
1507.83 0.96 

1. The first and second columns are time (min) and 
volume (ml). They can be separated by comma or blank 
spaces and have to be in text format. 
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Table E.2. Sample output for program DIF. 

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 
+ + 
+ NON-LINEAR REGRESSION PROGRAM By Euzebio M. Silva + 
+ 
+ 
+ large EXP(-T*An/L**2) 
+ EQUATION: F = SUM ---------------------
+ n = 1 Bn*(A + CSC(Bn)**2) 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ PARAMETERS: An = D*(ALPHAn**2) =>TH(l) + 
+ Bn = Angle of the series =>TH(2) + 
+ A = COT(Bn)/Bn + 
+ L = sample length in the flow direction + 
+ 
+ 
+ VARIABLES: F = fractional Discharge 

+ 
+ 
+ 
+ 
+ 

+ T = cumulative time 
+ 
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

Results by Iterations: 
----------------------
ITER. SUM SQUARES MOD A1 ALPHA DIFF 

0 2.2350575009 2 .156250 1.25000000 .100000 
1 .7894298208 2 .092087 .95663470 .100625 
2 .0290363977 2 .032598 1.14269233 .024965 
3 .0077601820 2 .031414 1.44145340 .015119 
4 .0027594331 2 .027927 1.47070609 .012911 
5 .0015526460 2 .026542 1.49835901 .011822 
6 .0009931833 2 .025694 1.51569437 .011184 
7 .0007655939 2 .025170 1. 52614426 .010807 
8 .0006834944 2 .024856 1. 53229415 .010586 
9 .0006572050 2 .024672 1.53584266 .010460 

10 .0006499740 2 .024567 1.53786083 .010388 
11 .0006485379 2 .024508 1. 53899791 .010347 
12 .0006485379 2 .024508 1.53899792 .010347 

Correlation Matrix: 
-------------------

A1 ALPHA 
A1 1.0000 

ALPHA -.7117 1.0000 
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Table E.2 (continued) 

R-Square for regression of observed vs fitted = .998393 

------------------- statistical Results -------------------
Parameter 95% Confidence Interval 

Name Value StdErr T-Value Lower Upper 

A1 .01035 .00038 27.4 .00997 .01072 
ALPHA 1.53900 .00484 317.7 1.53415 1.54384 

--------------- Regression Fitting ---------------

# Fractional volume 
Cumul. Time Observed Fitted Residual 

1 .700 .9792 .9816 -.0024 
2 1.580 .9583 .9674 -.0091 
3 2.830 .9479 .9523 -.0044 
4 5.170 .9271 .9307 -.0036 
5 10.900 .8958 .8922 .0036 
6 15.550 .8646 .8680·· -.0034 
7 23.380 .8438 .8342 .0095 
8 30.830 .8125 .8070 .0055 
9 37.830 .7917 .7842 .0075 

10 45.830 .7604 .7606 -.0002 
11 52.830 .7396 .7416 -.0020 
12 63.930 .7188 .7139 .0049 
13 80.330 .6771 .6770 .0001 
14 94.330 .6458 .6483 -.0025 
15 105.370 .6250 .6272 -.0022 
16 119.050 .6042 .6026 .0016 
17 128.500 .5833 .5864 -.0030 
18 147.830 .5417 .5550 -.0134 
19 184.830 .5104 .5006 .0098 
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Table E.3. List of the program DIF. 

* .... :--------------------------------------------------------------
PROGRAM DIF 
IMPLICIT NONE 

* •• Purpose: 
* To calculate by nonlinear regression the fitting parameters of 
* Miller and Elrick's (1958) equation and obtain the soil-water 
* diffusivity value. 
* •• Declare constants: 

INTEGER M,MP 
PARAMETER (M=200,MP=2) 

* •• Declare variables: 
INTEGER N,NPF,U1,MOD,SEL 
REAL X(M),XUP,XL 
DOUBLEPRECISION DFDTH(M,MP),Y(M),TH(MP),YUP 
CHARACTER NMP*6(MP),FL1*5,ANSl*5,FN6*20,MS49*49,MS18*18 

* •• Declare function called: 
CHARACTER YN*5,FNAME*20 

* •• Execution: 
* ••• Input data: 

CALL DIFINP (X,Y,N,M,TH,NPF,MP,NMP,U1,FL1,XUP,YUP,SEL,XL) 
* ••• Compute fitting parameters and print iterations: 

CALL DIFMQT (X,Y,N,M,TH,DFDTH,NPF,MP,NMP,U1,FL1,MOD,XL) 
* ••• Output regression results on file: 

MS49=' DO YOU WANT TO SAVE REGRESSION FITTING (YIN)? ' 
ANS1=YN(MS49) 
IF (ANS1.EQ.'Y') THEN 

MS18=' TYPE FILENAME: ' 
FN6=FNAME(MS18) 
OPEN(UNIT=9,FILE=FN6,STATUS='UNKNOWN') 
CALL DIFOUT (X,Y,M,TH,DFDTH,MP,MOD,XUP,YUP,SEL,XL) 

ENDIF 
WRITE(6,1130) 

1130 FORMAT(IIIT30,'GOOD BYE, THANK YOU') 
END 

* .... :---------------------------------------------------------------
SUBROUTINE DIFINP (X,Y,N,M,TH,NPF,MP,NMP,U1,FL1,XUP,YUP,SEL,XL) 
IMPLICIT NONE 

* •• Purpose: 
* To read cumulative outflow and select data to fit. 
* •• Declare global variables and arrays: 

INTEGER N,M,NPF,MP,U1,SEL 
REAL X(M),P,XL,XUP 
DOUBLEPRECISION Y(M),TH(MP),YUP 
CHARACTER NMP*6(MP),FL1*5 

* •• Declare local variables and arrays: 
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INTEGER IOS,I,K 
CHARACTER 

FNl*40,FNO*40,MS33*33,MS42*42,XNAME*20,YNAME*20,FL2*5, 
MS55*55,MS35*35,MS16*16,MS32*32,ANSl*1 

* •• Declare function called: 
CHARACTER YN*5, FNAME*40 

* •• Execution: 
* ••• Display program opening on screen. 

WRITE(*,lOOO) 
1000 FORMAT ( 
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://T17,30(lH+,lX)/T17,1(lH+),T75,1(lH+)/T17,1(lH+),T19, 
:'NON-LINEAR REGRESSION PROGRAM',6X,'By Euzebio M. Silva',T75, 
:l(lH+)/ 2(T17,1(lH+),T75,1(lH+)/), T17,1(lH+), T19,T33,'large', 
:T43,'EXP(-T*An/L**2)',T75,1(lH+)/T17,1(lH+),T19, 
:'EQUATION: F = SUM ',T40,2l(lH-),T75,1(lH+)/T17,1(lH+), T33, 
:'n = l',T4l,'Bn*(A + CSC(Bn)**2)',T75,1(lH+)/2(T17,1(lH+),T75, 
:1(lH+)/),T17,1(lH+),T19, 
:'PARAMETERS: An = D*(ALPHAn**2) =>TH(1)',T75,1(lH+)/,T17, 
:1(lH+),T3l,'Bn = Angle of the series =>TH(2)',T75,1(lH+)/T17, 
:1(lH+),T31,'A = COT(Bn)/Bn',T75,1(lH+)/,T75,1(lH+),T17,1(lH+), 
:T3l'L = sample length in the flow direction',T75,1(lH+),T75, 
:1(lH+)/2(T17,1(lH+),T75,1(lH+)/),T17,1(lH+),T19, 
:'VARIABLES: F = fractional Discharge ',T75,1(lH+)/T17,1(lH+), 
:T30,'T = cumulative time',T75,1(lH+),2(T17,1(lH+),T75,1(lH+)/), 
:T17,30(lH+,lX)/) 

PAUSE 'Press <ENTER> to continue' 
* ••• Select type of data to enter: 

WRITE(*,'(T5,A/)') 'INDICATE THE TYPE OF DATA TO ENTER' 
SEL=6 

13 IF (SEL.LT.l.OR.SEL.GT.3) THEN 
WRITE(*,'(3(T15,A/»') 

:' (1) Time (T) vs Outflow (Q)', 
:' (2) Time (T) vs Outflow ratio (Q/Qf)', 
:' (3) Time (T) vs Fractional Outflow (l-Q/Qf)' 

WRITE(*,'(/T5,A\)') 'SELECT ONE CHOICE: ' 
READ (*,*) SEL 
GOTO 13 

ENDIF 
* ••• Give filename to open input data file: 

MS33='ENTER FILENAME (Time vs Volume): ' 
FNO=FNAME(MS33) 
OPEN (UNIT=lO,FILE=FNO,STATUS='OLD') 

* ••• Define input names: 
XNAME='TlME (min)' 
IF (SEL.EQ.1) THEN 

YNAME=' OUTFLOW (ml)' 
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ELSEIF (SEL.EQ.2) THEN 
YNAME='OUTFLOW RATIO' 

ELSEIF (SEL.EQ.3) THEN 
YNAME='FRACTIONAL OUTFLOW' 

ENDIF 
* ••• Read input data: 

1=1 
60 READ(10,*,IOSTAT=IOS) X(I),Y(I) 

IF(IOS.LT.O) GOTO 70 
1=1+1 
GOTO 60 

70 N=I-1 
* ••• Check type of data entry 

MS55='THE TYPE OF OUTFLOW SELECTED IS INCORRECT' 
MS16='TRY SELECTION # ' 
IF(Y(N).LT.Y(1).AND.(SEL.EQ.1.0R.SEL.EQ.2»THEN 

WRITE(*,'(2(/T10,A»') MS55,MS16//'3' 
STOP 

ELSE IF «Y(N).GT.Y(1).AND.Y(N).LE.1).AND. 
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(SEL.EQ.1.0R.SEL.EQ.3» THEN 
MS32=' IS IT AND OUTFLOW RATIO (Y/N)? ' 
ANS1=YN(MS32) 
IF (ANS1.EQ.'Y') THEN 

SEL=2 
ELSE 

SEL=l 
ENDIF 

ELSEIF «Y(N).GT.Y(1).AND.Y(N).GT.1.0).AND. 
(SEL.EQ.2.0R.SEL.EQ.3.» THEN 

WRITE(*,'(2(/T10,A»') MS55,MS16//'1' 
STOP 

ENDIF 
* ••• Echo check X and Y values. 

K=l 
WRITE(6,l040) 'INPUT DATA','ORDER',XNAME,YNAME 
IF (FL1.EQ.'Y') THEN 

WRITE(U1,1040) 'INPUT DATA','ORDER',XNAME,YNAME 
ENDIF 

1040 FORMAT(///T17,18(lH-),lX,A,lX,25(lH-)//T19,A,T35,A,T50,A) 
DO 80 I=l,N 

WRITE(6,1050) I,X(I),Y(I) 
* ••• Pause after each 20 values are shown on screen 

IF (I.EQ.K*20) THEN 
PAUSE 'Press <ENTER> to continue' 
K=K+1 

ENDIF 
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IF (FL1.EQ.'Y') WRITE(Ul,1050) I,X(I),Y(I) 
1050 FORMAT(T20,I3,T29,F13.4,T49,F13.4) 

80 CONTINUE 
PAUSE 'Press <ENTER> to continue' 

* ••• Select range of data to fit: 
WRITE(*,'(//TS,A\)') 
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'ENTER PERCENT OF TOTAL VOLUME TO FIT (Ex.:15,SO,7S,100): ' 
READ(*,*) P 

* ••• Get fractional discharge where it applies: 
XUP=X(N) 
IF (SEL.EQ.1.0R.SEL.EQ.2.0R.SEL.EQ.3) THEN 

I=l 
91 IF (SEL.EQ.1) THEN 

YUP=Y(N) 
Y(I)=(YUP-Y(I»/YUP 

ENDIF 
IF (SEL.EQ.2) THEN 

Y(I)=1.0-Y(I) 
ENDIF 
IF (1.0-Y(I).LE.P/100.AND.I.LT.N) THEN 

I=I+l 
GOTO 91 

ENDIF 
N=I-l 

ENDIF 
* ••• Initialize input parameters: 

NPF = 2 
NMP(l)=' Al 
NMP(2)='ALPHA1' 
WRITE (*,'(/T5,A\)') 'ENTER DIFFUSIVITY GUESS (Try 0.11): ' 
READ(*,*) TH(l) 

* WRITE(*,'(T5,A\)') 'ENTER ALPHA1 GUESS: ' 
* READ(*,*) TH(2) 

TH (2) =1. 25 
TH(1)=TH(1)*TH(2)**2 
XL=3.0 
WRITE(*,'(/T5,A,F5.2,A/T5,A)') 

'LENGTH (XL) OF THE SOIL SAMPLE IS ',XL,' CM' 
MS35=' DO YOU WANT CHANGE IT (Y/N)? ' 
FL2=YN(MS35) 
IF (FL2.EQ.'Y') THEN 

WRITE(*,'(T10,A\)')'ENTER YOUR VALUE FOR XL: ' 
READ(*,*) XL 
WRITE (*, , (/) , ) 

ENDIF 
* ••• Give name and open output data file. 
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MS42='DO YOU WANT TO SAVE PROGRAM OUTPUT(Y/N)? 
FL1=YN(MS42) 
IF(FL1.EQ.'Y') THEN 

U1=12 
MS33=' ENTER FILENAME FOR OUTPUT: ' 
FN1=FNAME(MS33) 
OPEN(UNIT=U1,FILE=FN1,STATUS='UNKNOWN') 

* .•• Save program opening on file. 
WRITE(Ul,1000) 

ENDIF 
RETUltN 
END 

* .... :----------------------------------------------------
CHARACTER FUNCTION YN*S(MSG) 
IMPLICIT NONE 

* .. Purpose: 
* To receive a message and return a yes (Y) or no (N) 
* .. Declare global variables 

CHARACTER MSG*(*) 
* .. Declare local variables. 

CHARACTER ANS*S 
* .• Execute. 

ANS='F' 
10 IF( (ANS.NE. 'Y') .AND. (ANS.NE. 'N'» THEN 

WRITE (*,'(TS,A\)') MSG 
READ (*,'(A)') ANS 
IF(ANS.EQ. 'y') ANS='Y' 
IF(ANS.EQ.'n') ANS='N' 
GOTO 10 

ENDIF 
YN=ANS 
RETURN 
END 

* .... :----------------------------------------------------
CHARACTER FUNCTION FNAME*40 (MSG) 
IMPLICIT NONE 

* •• Purpose: 
* To handle the assignment of a name to a file: 
* •. Declare global variables: 

CHARACTER*(*) MSG 
* •. Declare local variables. 

CHARACTER ANS*20 
* .• Execute. 

ANS=' 
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10 IF (ANS.EQ.' ') THEN 
WRITE(*,'(/TS,A\)') MSG 
READ (*,'(A)') ANS 
GOTO 10 

ENDIF 
FNAME=ANS 
RETURN 
END 
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* .... :---------------------------------------------------------------
SUBROUTINE DIFMQT (X,Y,N,M,TH,DFDTH,NPF,MP,NMP,U1,FL1,MOD,XL) 
IMPLICIT NONE 
INTEGER N,M,NPF,MP,U1,MOD 
REAL X(M) ,XL 
DOUBLEPRECISION Y(M),TH(MP),DFDTH(M,MP) 
CHARACTER NMP*6(MP),FL1*S 

* •• Purpose: 
* To perform nonlinear regression upon a given model and set of 
* data. It follows the algorithm put up Marquardt (1963). The 
* statistical analysis of tbe fitted parameters are set forth 
* according to Beck and Arnold (1977). Reference is also made to 
* Kool et a~.(198Sa, 1985b) 
* •• Declaration of Local Constants: 

INTEGER MIT,MB 
REAL NU 
DOUBLEPRECISION LOW,HIGH,PI,TINY,EPS,ELOW,EHIGH 
PARAMETER ( 

MIT=2000,MB=200,EPS=lE-8,LOW=0.001,HIGH=1.S700, 
PI=3.141S926S2,TINY=lE-08,NU=10.0) 

* •• Declaration of local variables and arrays: 
INTEGER IT,I,J,K,DF,MOD,IFLAG,KH,KL 
REAL 

LAMBDA,SUMY,SUMF,SUMYY,SUMFF,SUMYF,VARY,VARF,COVYF,RSQ,Z, 
TV,SE(2),A(2,2),AA(2,2),D(2) 

DOUBLEPRECISION 
CRT,SSR,SSQ,SSQOLD,SSQNEW,ABSSR,SM,SP,TVP,TLP,TUP, 
R (MB ) , F (MB) , TMP 

CHARACTER FL7*S,MSG6*60,MSG7*60 
* •• Declaration of function called: 

DOUBLE PRECISION SUMSQ 
CHARACTER YN*S 

* •• Execution: 
WRITE(6,1100) (NMP(J),J=l,MP),'DIFF' 
IF (FL1.EQ.'Y') WRITE(U1,1100) (NMP(J),J=l,MP),'DIFF' 

1100 FORMAT(//T17,'Results by Iterations:'/T17,22(lH-)//T18,'ITER.', 
T26,'SUM SQUARES',T39,'MOD',T46,AS,TS7,AS,T68,AS/) 
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* ••• Initialize variables 
IT=O 
LAMBDA=0.2 
CRT=lO*EPS 
MOD=2 
MSG6='Alpha has hlt its upper limit 10 times' 
MSG7='Is MEMBRANE NEGLIGIBLE (Y/N)?' 

* ••• Get the current value of the objective function. 
SSQNEW= SUMSQ(X,Y,F,R,N,M,TH,DFDTH,MP,MOD,XL) 
IF (FL1.EQ.'Y') THEN 

WRITE(U1,1200) IT,SSQNEW,MOD,TH(1),TH(2),TH(1)/TH(2)**2 
ENDIF 
WRITE(6,1200) IT,SSQNEW,MOD,TH(1),TH(2),TH(1)/TH(2)**2 

1200 FORMAT ( 
T17,I4,T22,F14.10,T40,I1,T42,F10.6,T52,F12.8,T66,F12.6) 

* •• Start Iteration: 
IFLAG=O 
KH=l 
KL=l 

25 ABSSR=ABS(l-SSR) 
IF «CRT.GT.EPS).AND.(IT.LT.MIT).AND.(ABSSR.GT.TINY» THEN 

SSQOLD=SSQNEW 
IT=IT+1 
LAMBDA=LAMBDA/NU 
IF (MOD.EQ.2) THEN 
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CALL DIFITR ( 
X,Y,F,N,M,TH,DFDTH,NPF,MP,IT,CRT,SSR,AA,D,SE,SSQOLD, 
SSQNEW,LAMBDA,TINY,U1,FL1,MOD,LOW,HIGH,XL) 

ELOW=ABS(1-TH(2)/LOW) 
EHIGH=ABS(1-TH(2)/HIGH) 
IF (EHIGH.LT.TINY) THEN 

IFLAG=IFLAG+1 
IF (IFLAG.GT.10*KH) THEN 

WRITE (*,'(T5,A)') MSG6 
FL7=YN(MSG7) 
IF (FL7.EQ.'Y') THEN 

MOD=3 
NPF=l 
TH(2)=PI/2. 
TH(1)=TH(1)/(TH(2)**2) 
SSQNEW= SUMSQ(X,Y,F,R,N,M,TH,DFDTH,MP,MOD,XL) 

ELSE 
KH=KH+1 

ENDIF 
ENDIF 

ENDIF 
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Table E.3 (continued) 

ELSEIF (MOD.EQ.1.0R.MOD.EQ.3) THEN 
CALL DIFITR ( 

X,Y,F,N,M,TH,DFDTH,NPF,MP,IT,CRT,SSR,AA,D,SE,SSQOLD, 
SSQNEW,LAMBDA,TINY,U1, FL1,MOD, LOW, HIGH, XL) 

ENDIF 
GOTO 25 

ENDIF 
SSQ=SSQOLD 

* •• End of Iteration: 
* ••• Print total number of necessary iterations. 

IF (IT.EQ.MIT) THEN 
WRITE(6,1210) MIT 
IF (FL1.EQ.'Y') WRITE(U1,1210) MIT 

1210 FORMAT ( 
//T17,'Convergence criteria was NOT met in ',I3, 
, iterations') 

ENDIF 
PAUSE 'Press <ENTER> to continue' 
CALL GAUSSJ (AA,D,NPF,MP) 

* ••• Compute standard error of the parameter estimates: 
DO 140 J=1,NPF 

SE(J)=DSQRT(AA(J,J» 
IF (SE(J).EQ.O.O) SE(J)=1.E-30 

140 CONTINUE 
* ••• Output of the correlation matrix only if NPF > 1. 

IF (NPF.GT.1) THEN 
WRITE (6,1225) (NMP(J),J=1,NPF) 
IF(FL1.EQ.'Y') WRITE (U1,1225) (NMP(J),J=1,NPF) 

1225 FORMAT ( 
///T17,'Correlation Matrix:'/T17,19(1H-),//T28,4(A5,5X» 

DO 142 J=1,NPF 
DO 144 K=1,J 

A(K,J)=AA(K,J)/(SE(J)*SE(K» 
144 CONTINUE 

WRITE(6,1230) NMP(J), (A(K,J),K=1,J) 
IF(FL1.EQ.'Y') WRITE(U1,1230) NMP(J), (A(K,J),K=1,J) 

1230 FORMAT(T18,A5,T26,4(F8.4,2X» 
142 CONTINUE 

ENDIF 
* ••• Compute correlation coefficient of the regression. 

SUMY=O.O 
SUMF=O.O 
SUMYY=O.O 
SUMFF=O.O 
SUMYF=O.O 
DO 150 I=1,N 
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SUMY=SUMY+Y(I) 
SUMF=SUMF+F(I) 
SUMYY=SUMYY+Y(I)*Y(I) 
SUMFF=SUMFF+F(I)*F(I) 
SUMYF=SUMYF+Y(I)*F(I) 

150 CONTINUE 
VARY = (SUMYY-SUMY*SUMY/N) **2 
VARF=(SUMFF-SUMF*SUMF/N) **2 
COVYF=(SUMYF-SUMY*SUMF/N) **2 
RSQ=COVYF/(SQRT(VARY*VARF» 
WRITE(6,1240) RSQ 
IF(FL1.EQ.'Y') WRITE (U1, 1240) RSQ 

1240 FORMAT ( 

342 

: IIT18,'R-Square for regression of observed vs fitted = ',F8.6) 
* ••• Compute 95% confidence interval for parameters. 

DF=N-NPF 
Z=l·/FLOAT(N-NPF) 
SM=DSQRT(SSQ*Zi 
TV=1.96+Z*(2.3779+Z*(2.7135+Z*(3.187936+2.466666*Z**2)» 
IF (NPF.EQ.1) THEN 

WRITE(6,1242) 
IF (FL1.EQ.'Y') WRITE(U1,1242) 

1242 FORMAT ( 
IIIT17,19(lH-),lX,'Statistical Results',lX,19(lH-)/T22, 
'Parameter',T53,'95% Confidence Interval'/T22,'#',T20, 
'Name',T28,'Value',T42,'StdErr',T58,'Lower',T69,'Upper 'I) 

ELSE 
WRITE(6,1250) 
IF (FL1.EQ.'Y') WRITE(U1,1250) 

1250 FORMAT (1IIT17,19(lH-),lX,'Statistical Results',lX,19(lH-) 
IT22,'Parameter',T53,'95% Confidence Interval'/T22,'#',T20, 
'Name',T28,'Value',T37,'StdErr',T46,'T-Value',T58,'Lower', 
T69, 'Upper' I) 

ENDIF 
TMP=TH(l) 
TH(1)=TH(1)/TH(2)**2 
DO 160 J=1,NPF 

SP=SE(J)*SM 
TVP=TH(J)/SP 
TLP=TH(J)-SP 
TUP=TH(J)+SP 
IF (NPF.EQ.l) THEN 

WRITE (U1,1060) NMP(J),TH(J),SP,TLP,TUP 
IF (FL1.EQ.'Y') THEN 

WRITE (6,1060) NMP(J),TH(J),SP,TLP,TUP 
1060 FORMAT ( 
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T19,A5,T24,F9.5,T40,F8.5,T54,FIO.5,T65,FIO.5) 
ENDIF 

ELSE 
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WRITE (6,1070) NMP(J),TH(J),SP,TVP,TLP,TUP 
IF(FL1.EQ.'Y')WRITE (Ul,1070) NMP(J),TH(J),SP,TVP,TLP,TUP 

1070 FORMAT ( 
T19,A5,T24,F9.5,T35,F8.5,T44,F12.3,T54,FIO.5,T65,FIO.5) 

ENDIF 
160 CONTINUE 

TH(l)=TMP 
PAUSE 'Press <ENTER> to continue' 

* ••• Output regression fitting on screen. 
WRITE (6,1080) 
IF(FL1.EQ.'Y') WRITE (Ul,1080) 

1080 FORMAT(//T17,15(lH-),lX,'Regression Fitting',lX,15(lH-)//T40, 
:'Cumulat. Time'/T18,'#',T20,'Fractional volume',T38, 
:'Observed Fitted Residual'/) 

DO 200 I=l,N 
R(I)=Y(I)-F(I) 
WRITE(6,1102) I,X(I),Y(I),F(I),R(I) 
IF(FLl.EQ. 'Y') WRITE(Ul,1l02) I,X(I) ,Y(I) ,F(I) ,R(I) 

1102 FORMAT(T17,I3,T22,F12.3,T38,3(F8.4,2X» 
200 CONTINUE 

RETURN 
END 

* .... :--------------------------------------------------------------
SUBROUTINE DIFITR ( 

X,Y,F,N,M,TH,DFDTH,NPF,MP,IT,CRT,SSR,AA,D,SE,SSQOLD,SSQNEW, 
LAMBDA,TINY,Ul,FL1,MOD,LOW,HIGH,XL) 

IMPLICIT NONE 
INTEGER N,M,NPF,MP,IT,MOD,Ul 
REAL X(M),AA(2,2),D(2),SE(2),LAMBDA,XL 
DOUBLE PRECISION 

Y(M),F(M),TH(MP),SSQOLD,SSQNEW,DFDTH(M,2),CRT,SSR,TINY,LOW, 
HIGH 

CHARACTER FL1*5 
* •• Purpose: 
* To perform iterations for DIFMQT subroutine. 
* •• Declaration of Local Constants: 

INTEGER MB 
REAL NU, GAMA 
DOUBLEPRECISION TAU,PI 
PARAMETER ( 

NU=10.0,GAMA=10.0,MB=200,TAU=lE-20,PI=3.14159265) 
* •• Declaration of Local Variables and Arrays: 
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INTEGER I,J,K,IHIT 
REAL FAC,TEMP(2),G(2),GG(2),GAMMA,A(2,2),DD(2) 
DOUBLEPRECISION 

COSGAM,SINGAM,THI(2),R(MB),SUMG,SUMD,SUMDG,PARl,PAR2,DIFF 
* •• Execution: 
* ••• Compute function values and its derivatives. 

IF (IT.GT.l) CALL DIFMOD (X,F,TH,DFDTH,N,M,MP,MOD,XL) 
* ••• Compute non-scaled vector gradient (GG) 

DO 30 J=l,NPF 
GG(J)=O. 
DO 40 I=l,N 

R(I)=Y(I)-F(I) 
GG(J)=GG(J) + R(I)*DFDTH(I,J) 

40 CONTINUE 
30 CONTINUE 

* ••• Compute non-scaled moment matrix (AA) 
DO 50 J=l,NPF 

DO 60 K=l,J 
AA(J,K)=O. 
DO 70 I=l,N 

AA(J,K)=AA(J,K)+DFDTH(I,J)*DFDTH(I,K) 
70 CONTINUE 

AA(K,J)=AA(J,K) 
60 CONTINUE 

* ••• Standard error of each fitted parameter. 
SE(J)=DSQRT(AA(J,J» 
IF (SE(J).EQ.O.) SE(J)=lE-30 

50 CONTINUE 
* ••• Iterate for LAMBDA until SSQNEW is less than SSQOLD. 

GAMMA=GAMA 
SSR=l.l 

85 IF (SSR.GT.l.+TINY) THEN 
* ••• Find the scaled matrix (A) and the vector (G) 

DO 80 J=l,NPF 
DO 90 K=l,NPF 

A(J,K)=AA(J,K)/(SE(J)*SE(K» 
90 CONTINUE 

G(J)=GG(J)/SE(J) 
TEMP(J)=G(J) 
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* ••• Add LAMBDA to the main diagonal of A to get Marquardt's 
* moment matrix. 

A(J,J)=A(J,J) + LAMBDA 
80 CONTINUE 

* ••• Compute scaled correction vector (D). 
CALL GAUSSJ (A,TEMP,NPF,MP) 
FAC=l.O 
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95 IF «GAMMA.LE.GAMA).AND.(SSR.GT.1.+TINY» THEN 
IHIT=l 
DO 98 J=l,NPF 

D(J)=TEMP(J) 

* ••• Find the non-scaled correction vector. 
DD(J)=D(J)/SE(J) 

* ••• Find an improved parameter estimate. 
THI(J)=TH(J)+FAC*DD(J) 
IF (THI(J)*TH(J).LE.O.) IHIT=O 

* ••• Impose constraints on paramters. 
IF (THI(l).LE.O.O) THI(1)=1.0E-8 
IF (THI(2).LT.LOW) THI(2)=LOW 
IF (THI(2).LT.LOW.AND.MOD.EQ.2) THI(2)=LOW 
IF (THI(2).GT.HIGH.AND.MOD.EQ.2) THI(2)=HIGH 

* ••• Recalculate the scaled correction vector. 

* 

* 

D(J)=(THI(J)-TH(J»*SE(J)/FAC 
98 CONTINUE 

IF (IHIT.EQ.1) THEN 
SSQNEW=O.O 
CALL DIFMOD (X,F,THI,DFDTH,N,M,MP,MOD,XL) 
DO 100 I=l,N 

R(I)=Y(I)-F(I) 
SSQNEW=SSQNEW+R(I)*R(I) 

100 CONTINUE 

110 

SSR=SSQNEW/SSQOLD 
ENDIF 

••• Compute the angle formed by the vectors GG and DD. 
SUMG=O.O 
SUMD=O.O 
SUMDG=O.O 
DO 110 I=l,NPF 

SUMG=SUMG+G(I)*G(I) 
SUMD=SUMD+D(I)*D(I) 
SUMDG=SUMDG+D(I)*G(I) 

CONTINUE 
COSGAM=SUMDG/DSQRT(SUMD*SUMG) 
SINGAM=O.O 
IF (NPF.GT.1) SINGAM=DSQRT(l.-COSGAM*COSGAM) 
GAMMA=DATAN2(SINGAM,COSGAM)*(180./PI) 

••• Check size of GAMMA and revalue FAC and LAMBDA 
IF «GAMMA.LE.GAMA).AND.(SSR.GT.l.O» THEN 

FAC=FAC/2. 
ELSEIF «GAMMA.GT.GAMA).OR.(SSR.GT.1.0» THEN 

LAMBDA=NU * LAMBDA 
ENDIF 
GOTO 95 
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ENDIF 
GAMMA=GAMA 
GOTO 85 

ENDIF 
* ••. Print fitted parameters after each iteration. 

IF (MOD.EQ.3) THEN 
PAR1=THI(1)*«PI/2)**2) 
PAR2=PI/2 
DIFF=THI(l) 

ELSEIF(MOD.EQ.2) THEN 
PAR1=THI(1) 
PAR2=THI(2) 
DIFF=THI(1)/(THI(2)**2) 

ENDIF 
WRITE(6,1200) IT,SSQNEW,MOD,PAR1,PAR2,DIFF 
IF(FL1.EQ.'Y') WRITE(U1,1200)IT,SSQNEW,MOD,PAR1,PAR2,DIFF 

1200 FORMAT ( 
T17,I4,T22,F14.10,T40,I1,T42,FI0.6,T52,F12.8,T66,F12.6) 

* ... Get convergence criteria and update parameter values 
DO 130 J=1,NPF 

CRT=DABS(DD(J)/(TAU+DABS(THI(J»» 
TH(J)=THI(J) 

130 CONTINUE 
RETURN 
END 
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* .... :-------------------------------------------------------------
DOUBLEPRECISION FUNCTION SUMSQ ( 

X,Y,F,R,N,M,TH,DFDTH,MP,MOD,XL) 
IMPLICIT NONE 
INTEGER N,M,MP,MOD 
REAL X (M) ,XL 
DOUBLEPRECISION Y(M),F(M),R(M),DFDTH(M,2),TH(MP) 

* .• Purpose: 
* Calculate sum of squares. 
* .. Declaration of local variable: 

INTEGER I 
DOUBLEPRECISION SSQ 

* .• Routine Execution: 
CALL DIFMOD (X,F,TH,DFDTH,N,M,MP,MOD,XL) 
SSQ=O. 
DO 20 I=l,N 

R(I)=Y(I)-F(I) 
SSQ=SSQ+R(I)*R(I) 

20 CONTINUE 
SUMSQ=SSQ 
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RETURN 
END 
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(continued) 

* .... :---------------------------------------------------------------
SUBROUTINE DIFMOD (X,F,TH,DFDTH,N,M,MP,MOD,XL) 
IMPLICIT NONE 
INTEGER N,M,MP,MOD 
REAL X(M) ,XL 
DOUBLE PRECISION F(M),TH(MP),DFDTH(M,MP) 

* •• Purpose: 
* This subprogram computes the function value and its derivatives 
* for the Miller and Elrick equation to calculate diffusivity. 
* •• Declaration of Local constants: 

REAL XACC 
DOUBLE PRECISION PI,SM1,SM2,SM3 
PARAMETER ( 

PI=2*1.570796327,XACC=1E-7,SM1=1E-8,SM2=1E-6,SM3=0.0001) 
* •• Declaration of Local Variables: 

INTEGER K,L,NN,I,J 
REAL N2 
DOUBLE PRECISION X1,X2,NEWF,OLDF,DF,NEWDF(2),TH1,DD,OLDDF(2), 

DDF(2),T1,T2,T3,T4,T5,PHI,AA 
* •• Declaration of Called Functions: 

DOUBLE PRECISION RTSAFE 
* •• Subprograma Execution: 

IF (MOD.EQ.2) THEN 
* ••• Consider the complete model;O.O <PHI1< PI/2 

12 

DO 10 I = 1, N 
••• Initialize variables. 

NEWF=O.O 
OLDF=O.O 
DF=10.0 
DO 12 L=1,2 

NEWDF(L)=O.O 
OLDDF(L)=O.O 
DDF(L)=10.0 

CONTINUE 
J=1 
K=1 

* ••• Calculates the value of AA based on TH(2) 
TH1=TH(1) 
PHI=TH(2) 
DD=TH1/(PHI**2) 
AA=1.0/(PHI*TAN(PHI» 

15 IF (DF.GT.SM2.0R.DDF(1).GT.SM2.0R.DDF(2).GT.SM2) THEN 
* ••• Get value of the function F at current TH. 
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* 

* 

* 

* 

IF (DF.GT.SM2) THEN 
T1=EXP(-TH1*X(I)/(XL**2» 
T2=(PHI**2)*(AA + (1.0/SIN(PHI)**2» 
NEWF = NEWF + 2.0*(T1/T2) 
DF=ABS(NEWF-OLDF) 
OLDF=NEWF 

ENDIF 
••• Get analyt. the derivative of the function. 

IF (DDF(1).GT.SM2) THEN 
•• Partial derive of F with respect to TH(l) 

T1=X(I)*EXP(-TH1*X(I)/(XL**2» 
T2=«XL*PHI)**2)*(AA+(1.0/SIN(PHI)**2» 
NEWDF(1)=NEWDF(1)+(-2*T1/T2) 
DDF(l)=ABS(NEWDF(l)-OLDDF(l» 
OLDDF(l)=NEWDF(l) 

ENDIF 
IF (DDF(2).GT.SM2) THEN 
••• Partial derive of F with respect to TH(2) 

T1=EXP(-TH1*X(I)/(XL**2» 
T2=(1.0/(SIN(PHI)**2» 
T3=(PHI**4)*«AA+T2)**2) 
T4=COS(PHI)/SIN(PHI) 
T5=PHI*T2*(1.0-2*PHI*T4)+T4 
NEWDF(2)=NEWDF(2)+(-2*T1*T5/T3) 
DDF(2)=ABS(NEWDF(2)-OLDDF(2» 
OLDDF(2)=NEWDF(2) 

ENDIF 
••• Calc. X1,X2 that brackets the root PHI. 

J=J+1 
X1=(J-1)*PI 
X2=«2*J-1)*PI/2) 
PHI=RTSAFE(X1,X2,XACC,AA) 
TH1=DD*(PHI**2) 
GOTO 15 

ENDIF 
F(I)=NEWF 
DO 20 L=1,2 

DFDTH(I,L) = NEWDF(L) 
20 CONTINUE 
10 CONTINUE 

ELSEIF (MOD.EQ.3) THEN 
* ••• Considers the special case of PHI1=PI/2 

DO 40 I=l,N 
NEWF=O.O 
OLDF=O.O 
DF=10.0 
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* 

* 

NEWDF(l)=O.O 
OLDDF(l)=O.O 
DDF(l)=lO.O 
NN=O 

50 IF «DF.GT.SM2).OR.(DDF(1).GT.SM2» THEN 
NN=NN+l 
N2=(2*NN-l)**2 

••• Get value of the function F at current TH 
IF (DF.GT.SM2) THEN 

Tl=EXP(-N2*(PI**2)*TH(1)*X(I)/(4*XL**2» 
T2=8*(1.0/N2)/(PI**2) 
NEWF=NEWF+Tl*T2 
DF=ABS(NEWF-OLDF) 
OLDF=NEWF 

ENDIF 
•.• Get anal.the derivative of the function. 

IF (DDF(1).GT.SM2) THEN 
Tl=EXP(-N2*(PI**2)*TH(1)*X(I)/(4*XL**2» 
T2=-2*X(I)/(XL**2) 
NEWDF(1)=NEWDF(1)+Tl*T2 
DDF(l)=ABS(NEWDF(l)-OLDDF(l» 
OLDDF(l)=NEWDF(l) 

ENDIF 
GOTO 50 

ENDIF 
F(I)=NEWF 
DFDTH(I,l) = NEWDF(l) 

40 CONTINUE 
ENDIF 
RETURN 
END 
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* .... :---------------------------------------------------------------
DOUBLE PRECISION FUNCTION FNT(PHI,AA) 
IMPLICIT NONE 
DOUBLE PRECISION PHI,AA 

* •• Purpose: 
* Calculate the root alpha f = cot(alpha)-a*alpha 

FNT=COS(PHI)/SIN(PHI) - AA * PHI 
RETURN 
END 

* .... :---------------------------------------------------------------
DOUBLE PRECISION FUNCTION DFNT(PHI,AA) 
IMPLICIT NONE 
DOUBLE PRECISION PHI,AA 
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* •• Purpose: 
* Get derivative for FNT. 

DFNT=-(1.O/(SIN(PHI)**2) + AA ) 
RETURN 
END 

350 

* .... :----------------------------------------------------------------
DOUBLE PRECISION FUNCTION RTSAFE(X1,X2,XACC,AA) 
IMPLICIT NONE 
REAL XACC 
DOUBLE PRECISION X1,X2,AA 

* •• Purpose: 
* Calculate root of an equation given the interval in which it is 
* brackected. Refer to Press et al. (1986). 
* •• Definition of symbols 
* Xl = lower limit of the root brackets 
* X2 = upper limit of the root brackets 
* FL = upper value of the function within the bracket 
* FH = lower value of the function within the bracket. 
* •• Definition of local constants, variables and arrays: 

INTEGER MAXIT 
PARAMETER (MAXIT=lOO) 
INTEGER J 
DOUBLE PRECISION XL,XH,FL,FH,SWAP,DXOLD,DF,F,DX,TEMP 

* •• Definition of esternal function called: 
DOUBLE PRECISION FNT,DFNT 

* •. Program execution: 
FL=FNT(Xl,AA) 
FH=FNT(X2,AA) 
IF(FL*FH.GE.O.) PAUSE 'root must be bracketed' 
IF(FL.LT.O.)THEN 

XL=Xl 
XH=X2 

ELSE 
XH=Xl 
XL=X2 
SWAP=FL 
FL=FH 
FH=SWAP 

ENDIF 
RTSAFE=.5*(X1+X2) 
DXOLD=ABS(X2-X1) 
DX=DXOLD 
F=FNT(RTSAFE,AA) 
DF=DFNT(RTSAFE,AA) 
DO 11 J=l,MAXIT 
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IF«(RTSAFE-XH)*DF-F)*«RTSAFE-XL)*DF-F).GE.O • 
• OR. ABS(2.*F).GT.ABS(DXOLD*DF) ) THEN 
DXOLD=DX 
DX=O.5*(XH;"XL) 
RTSAFE=XL+DX 
IF(XL.EQ.RTSAFE)RETURN 

ELSE 
DXOLD=DX 
DX=F/DF 
TEMP=RTSAFE 
RTSAFE=RTSAFE-DX 
IF(TEMP.EQ.RTSAFE)RETURN 

ENDIF 
IF(ABS(DX).LT.XACC) RETURN 
F=FNT(RTSAFE,AA) 
IF(F.LT.O.) THEN 

XL=RTSAFE 
FL=F 

ELSE 
XH=RTSAFE 
FH=F 

ENDIF 
11 CONTINUE 

PAUSE 'RTSAFE exceeding maximum iterations' 
RETURN 
END 
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* .... :---------------------------------------------------------------
SUBROUTINE DIFOUT (X,Y,M,TH,DFDTH,MP,MOD,XUP,YUP,SEL,XL) 
IMPLICIT NONE 
INTEGER M,MP,MOD,SEL 
REAL X(M),XUP,XL 
DOUBLEPRECISION Y(M),DFDTH(M,MP),TH(MP),YUP 

* •• purpose: 
* T~ provide a fitted set of Time vs Volume. 
* •• Description of symbols. 
* XLOWER = the lowest value of t-ime 
* STEP = incremental value to calculate the set of X-values. 
* •• Declaration of local variables and arrays. 

INTEGER I,J,KK 
REAL STEP,SUM,XLOWER,LOW 

* •• Subprogram execution: 
XLOWER=X(l) 
KK=40 

* ••• Define the lowest value of XCI) and first STEP. 
LOW=lE-06 
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IF (XLOWER.LE.LOW) THEN 
X(l)=LOW 
STEP=LOW/2. 

ELSE 
5 IF (XLOWER.GT.LOW) THEN 

LOW=LOW*10. 
GOTO 5 

ENDIF 
STEP=LOW/KX 
SUM=O.O 

10 IF (SUM. LT. XLOWER) THEN 
SUM=SUM+STEP 
GOTO 10 

ENDIF 
X(l)=SUM-STEP 

ENDIF 
* ... Compute the vector X(M). 

I=l 
50 IF «X(I).LT.XUP» THEN 
40 IF «X(I).LT. KX*STEP).AND.(X(I).LE.XUP» THEN 

X(I+l)=X(I)+STEP 
I=I+l 
GOTO 40 

ENDIF 
STEP=STEP*10. 
GOTO 50 

ENDIF 
X(I)=XUP 
CALL DIFMOD (X,Y,TH,DFDTH,I,M,MP,MOD,XL) 
DO 60 J=l,I 

* ... Save output in same format of the input data 
IF (SEL.EQ.l) THEN 

Y(J)=YUP*(l-Y(J» 
ELSEIF (SEL.EQ.2) THEN 

Y (J)=1. O-Y (J) 
ENDIF 
WRITE(9,1300) X(J),Y(J) 

1300 FORMAT(10X,F16.8,10X,F16.8) 
60 CONTINUE 

RETURN 
END 
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* .... :--------------------------------------------------------------
SUBROUTINE GAUSSJ (AB,B,N,M) 
IMPLICIT NONE 
INTEGER N,M 
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REAL AB(M,M),B(M) 
* •• Purpose: 
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* To solve a set 0 linear equations by Gauss-Jordan elimination. 
* Refer to Press et al. (1986). 
* •• Local constants. 

INTEGER MP 
PARAMETER (MP=2) 

* •• Local variables. 
INTEGER IPIV(MP),INDXR(MP),INDXC(MP),IROW,ICOL,I,J,L,LL,K 
REAL TEMP,BIG,DUM,PIVINV 

* •• Execute. 
DO 510 J = 1, N 

IPIV(J) = 0 
510 CONTINUE 

540 

DO 520 I = 1, N 
BIG = O. 
DO 530 J = 1, N 

IF (IPIV(J).NE.1) THEN 
DO 540 K = 1, N 

IF (IPIV(K).EQ.O) THEN 
IF (ABS(AB(J, K».GE.BIG) THEN 

BIG = ABS(AB(J, K» 
IROW = J 
ICOL = K 

ENDIF 
ELSEIF (IPIV(K).GT.1) THEN 

PRINT *,'singular matrix' 
STOP 

END IF 
CONTINUE 

END IF 
530 CONTINUE 

IPIV(ICOL) = IPIV(ICOL) + 1 
IF (IROW.NE.ICOL) THEN 

DO 550 L = 1, N 
TEMP = AB(IROW, L) 
AB(IROW, L) = AB(ICOL, L) 
AB(ICOL, L) = TEMP 

550 CONTINUE 
TEMP = B(IROW) 
B(IROW) = B(ICOL) 
B(ICOL) = TEMP 

END IF 
INDXR(I) = IROW 
INDXC(I) = ICOL 
IF (AB(ICOL, ICOL).EQ.O.) THEN 
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PRINT *,'singular matrix' 
STOP 

END IF 
PIVINV = 1. / AB(ICOL, lCOL) 
AB(ICOL, ICOL) = 1. 
DO 560 L = 1, N 

AB(ICOL, L) = AB(ICOL, L) * PIVINV 
560 CONTINUE 

B(ICOL) = B(ICOL) * PIVINV 
DO 570 LL = 1, N 

IF (LL.NE.ICOL) THEN 
DUM = AB(LL, ICOL) 
AB(LL, ICOL) = O. 
DO 580 L = 1, N 

AB(LL, L) = AB(LL, L) - AB(ICOL, L)*DUM 
580 CONTINUE 

B(LL) = B(LL) - B(ICOL) * DUM 
END IF 

570 CONTINUE 
520 CONTINUE 

DO 600 L = N,1,-i 
IF ( INDXR(L).NE.INDXC(L) ) THEN 

DO 610 K = 1, N 
TEMP = AB(K, INDXR(L» 
AB(K, INDXR(L» = AB(K, INDXC(L» 
AB(K, INDXC(L» = TEMP 

610 CONTINUE 
END IF 

600 CONTINUE 
END 
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APPENDIX F 

INFILTRATION PROGRAMS: FUR AND RET. 

This appendix provides a listing of the main modules 

of the programs FUR and RET and all the subroutines and 

functions used to compose both programs. Table' F.l 

contains the list of the subroutines and functions 

corresponding to each program. Table F.2 gives a sample 

of input data for for each program. Table F.3. gives some 

of the main variables used in both programs. Table F. 4 

and F. 5 present the list of the main programs, 

RET, respectively. Table F.6 and F.7 list 

FUR and 

all the 

subroutines and functions used to compose both programs. 
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Table F.l. List of the subroutines and functions used to 
compose both programs: FUR and RET. 

Modules 

Main 

FUR RET 

Subroutines 

RMB RMB 
INP INR 
GNP GNR 
GEP GER 
DFEL DFEL 
AVE AVE 

TOP TOR 
INC INC 
BDC BDC 
ASB ASB 

SEQ SEQ 
MEQ MEQ 

RED RED 

SOL SOL 
SBD SBD 

Functions 

ROOT 
QB 
LOCLAY 
HEAD 
WATER 
SWCAP 
RELHYD 
TRIANG 
TRAPEZ 

LOCLAY 
HEAD 
WATER 
SWCAP 
RELHYD 
TRIANG 
TRAPEZ 

Purpose 

Control program execution 

Remove blank spaces from filename. 
Data input and error checking 
Generate grid and number all nodes 
Generate and number all elements 
Subdivide a quadrilateral into triangles. 
Calculate initial value of head along 
soil interfaces between layers. 
Define type of top boundary nodes 
Give the initial conditions 
Set the boundary conditions 
Assemble the coefficients matrices and 
vectors 
Set the system of equations to solve 
Modify the system of equations to account 
for any prescribed head node 
Reduce the coefficient matrix to lower 
and upper diagonal through Cholesky 
algoritm 
Solve the system of equations 
Calculate cumulative infiltration for 
each subdivision of the soil-cross 
section. 

Get the roots of a nonlinear equation 
Calculate furrow quadrant boundaries. 
Find the layer location of a given node 
Compute head for a given water content 
Compute water content for a given head 
Calculate soil capacity 
Calculate hydraulic conductivity 
Compute area of a triangle 
Compute area of a trapez 
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Table F.2. sample of input data for programs: FUR and RET. 

Line Input data 
# 
1: B 
2: 1.0, 1.0, 10.0 
3: 4.5, 60.0, 10, 45.0 

Program FUR 

4: 2, 30.0, 30.0, 30.0, 30.0 
5: W 
6: 0.0990, 0.1958, 0.1761, 0.1139 
7: 1.617, 1.341, 1.311, 1.621 
8: 0.0133, 0.0114, 0.0170, 0.0255 
9: 0.3375, 0.4952, 0.4425, 0.4348 

10: 0.08955, 0.0768, 0.0842, 0.1058 
11: 0.00250, 0.005451, 0.0014, 0.0038861 
12: 0.00250, 0.005451, 0.0014, 0.0038861 
13: 1.0, 1.0 
14: 0.0 
15: 8 
16: 0.00,1.00,2.00,3.00,6.00,17.00,31.00,141.0 
17: 6.71,7.62,7.38,7.47,9.10, 9.21, 9.22, 9.4 
18: 1 
19: 4.8568, 0.6181, 15.0 

Line Input data 
# 
1: f 
2: 60, 3.0, 7200 
3: 1.0, 100.0, 2, 2.0 

Program RET 

4: 5, 20.0, 20.0, 20.0, 20.0, 20.0 
5: H 
6: -1000.,-1000.,-1000.,-1000.,-1000. 
7: 2.239,1.3954,2.239,1.3954,2.239,1.3954 
8: 0.028, 0.0104, 0.028, 0.0104, 0.028 
9: 0.3658, 0.4686, 0.3658, 0.4686, 0.3658 

10: 0.0286, 0.1060, 0.0286, 0.1060, 0.0286 
11: 3.76E-l,9.07E-3,3.76E-1,9.07E-3,3.76E-1 
12: 3.76E-1,9.07E-3,3.76E-1,9.07E-3,3.76E-1 
13: 1.0, 1.0 
14: Q 
15: 1 
16: 0.0 
17: 0.001388889 

Input variable 

VIEW 
DTPINF,MAXDT,MAXTIM 
GS,MAXZ,NSB,HFS 
NLY,(LAYER(L),L=l,NLY) 
INIT 
(PAR(l,L),L=l,NLY) 
(PAR(2,L),L=1,NLY) 
(PAR(3,L),L=1,NLY) 
(PAR(4,L),L=1,NLY) 
(PAR(5,L),L=1,NLY) 
(PAR(6,L),L=1,NLY) 
(PAR(7,L),L=1,NLY) 
KSFY,KSFZ 
QTFLUX 
NTOP 
(TOPTIM(I),I=l,NTOP) 
(ZHYD(I),I=l,NTOP) 
NUMFUR 
A1,B1,ZDEEP 

Input variable 

VIEW 
DTPINF,MAXDT,MAXTIM 
GS,MAXZ,NSB,MAXY 
NLY,(LAYER(L),L=l,NLY) 
INIT 
(PAR(l,L),L=l,NLY) 
(PAR(2,L),L=1,NLY) 
(PAR(3,L),L=1,NLY) 
(PAR(4,L),L=1,NLY) 
(PAR(5,L),L=1,NLY) 
(PAR(6,L),L=1,NLY) 
(PAR(7,L),L=1,NLY) 
KSFY,KSFZ 
TOPTYP 
NTOP 
(TOPTIM(I),I=l,NTOP) 
(TOPVAL(I),I=l,NTOP) 

Note: The input filename should always have an extension (.dat). 
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Table F.3. Description of the input variables and 
parameters used in both programs: FUR and RET. 

variable 
name 

VIEW 
DTPINF 
MAXDT 
MAXTIM 
GS 
MAXZ 
NSB 

HFS 
MAXY 
NLY 
LAYER(L) 
INIT 
PAR(l,L) 

PAR(2,L) 

PAR(3,L) 

PAR(4,L) 

PAR(S,L) 

PAR(6,L) 

PAR (7 ,L) 

KSFY 

KSFZ 

QTFLUX 

TOPTYP 
NTOP 

Program Description 

Both 
Both 
Both 
Both 
Both 
Both 
Both 

FUR 
RET 
Both 
Both 
Both 
Both 

Both 

Both 

Both 

Both 

Both 

Both 

Both 

Both 

FUR 

RET 
FUR 

Input Variables 

Port of output results (S=Screen, F=file, B=both). 
Base time interval (min) for printing results. 
Maximum time step (min) 
Running time (min) limit. 
Estimate grid size (cm) 
Maximum depth (cm) for the infiltration event. 
Number of vertical strips by which the cross
section is subdivided. 
Half spacing (cm) between furrows 
Width (cm) of the rectangular soil-cross section 
Number of layers of the soil-cross section. 
Thickness (cm) of each soil layer (L=l,NLY) 
Type of initial condition (H=head,W=water content) 
Values of initial pressure head (cm) or volumetric 
water content for each layer (L=l,NLY). 
van Genuchten's parameter, n, for the soil-water 
retention curve. 
van Genuchten's parameter, alpha, for the soil
water retention curve. 
Measured or fitted saturated water content, 
thetaS, for van Genuchten's soil-water retention. 
Fitted residual water content, thetaR, for the 
soil water retention curve. 
Measured or fitted saturated hydraulic 
conductivity (cm/min) along the horizontal 
direction 
Measured or fitted saturated hydraulic 
conductivity (cm/min) along the vertical 
direction. 
Factor to account for changes in surface saturated 
hydraulic conductivity for the y-direction. 
Factor to account for changes in surface saturated 
hydraulic conductivity 
Value to account for constant flux (cm/min) along 
the boundary nodes exposed to the atmosphere. 
Type of top boundary node (H=head, Q=flux) 
Number of values used to describe the time 
variation of the head values (cm) along the ponded 
part of the top boundary of the furrow cross
section 
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Variable 
name 

TOPTIM(I) 

ZHYD(I) 

NTOP 

TOPTIM(I) 

TOVAL(I) 

Al 

Bl 

MLY 
MDZ 
MSQ 
MND 
MT 
MEL 
MB 
MHT 
MQT 
MHP 
MBW 
MSB 

MU 
WF 

MTOP 

MINDT 
MAXMIT 
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(Continued). 

Program Description 

FUR 

FUR 

RET 

RET 

RET 

FUR 

FUR 

Both 
Both 
Both 
Both 
Both 
Both 
Both 
Both 
Both 
Both 
Both 
Both 

Both 
FUR 

Both 

Both 
Both 

Discrete values of time (min) of the furrow 
hydro graph (I=l, NTOP). 
Discrete values of water depth (cm) at the 
furrow centerline corresponding to TOPTIM(I). 
Number of values used to describe the time 
variation of either head or flux values assigned 
to the top nodes of the rectangular cross-section. 
Discrete values of time (min) to discribe the 
variation of the either prescribed head values or 
fluxes assign to the top boundary nodes (I=l,NTOP) 
Discrete values of either pressure head (cm) or 
flux (cm/min) corresponding to TOPTIM(I). 
Coefficient of the power law equation describing 
the furrow cross-section. 
Exponent of the power law equation describing the 
the furrow cross-section. set Bl= 0 if the cross
is rectangular. Set Bl=l if the cross-section is 
triangular. 

Parameter variables 

Number of layers 
Number of subdivisions along z-axis 
Number of nodal sequences along y-direction 
Total number of nodes 
Number of nodes along the top boundary 
Number of elements 
Number of nodes along the bottom boundary 
Number of head nodes along the top boundary 
Number of top flow boundary nodes 
Number soil-water parameters 
Reduced bandwidth of the coefficient matrix 
Number of vertical subdivisions of the cross
section 
Number of files to be open in the program. 
Factor used to calculate LV and LH from the 
maximum dimensions of the furrow cross-section. 
Number of points used to describe the time 
variation of the top boundary values. 
Minimum value of time step (min) 
Maximum number of iterations for convergence when 
the step is constrained to its minimum value. 
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Table F.3. (Continued). 

Variable 
name 

NIT 

MIT 

INDT 
DEDT 
HETOL 
HBTOL 

MBTOL 

INIDT 
SMALL 
FPWTF 

FPOUT 

FPSBD 

NSTIM 

NSTIM 

YTOP 
ZDEEP 
HFS 
LH 

LV 

Program Description 

Both 

Both 

Both 
Both 
Both 
Both 

Both 

Both 
Both 
RET 

Both 

Both 

RET 

FUR 

FUR 
FUR 
FUR 
FUR 

FUR 

Upper limit in the number of iterations per time 
step to trigger an increase of 20% in the time 
step. 
Maximum number of iterations when the time step is 
larger than the minimum value (MINOT). If this 
limit is reached the time step is reduced by 50%. 
Factor by which the time step is increased. 
Factor by which the time step is decreased. 
Prescribed tolerance value (cm) for head closure 
Prescribed tolerance value (cm) for head to 
trigger the automatic procedure to extend the 
lower boundary. 
Prescribed tolerance value (cm) for residual 
closure 
Initial value for the time step (min) 
A prescribed small constant value 
Factor relative to DTINF to define the time 
interval in which the wetting front is to be 
stored. For instance, if the time interval (DTINF) 
to store infiltration is 2 min. then the time 
interval for storing the wetting front results 
will be 10 min. 
Factor relative to DTINF to save information about 
the time evolution of mass balance error. 
Factor realtive to DTINF to save results about 
cumulative infiltration per vertical strip. 
Number of subdivision between every two time 
values used to describe the time variation of the 
top boundary values. 
Number of subdivision between every two time 
values used to describe the time variation of the 
water depth in the furrow. 

Other variables 

Half top width (cm) of the furrow 
Furrow depth (cm) at the centerline 
Half furrow spacing (cm) 
The Y-coordinate (cm) of the closest vertical grid 
line greater than WF*ZDEEP (Figure 5.4). 
Absolute value of the Z-coordinate (cm) of the 
closest vertical vertical grid line greater than 
WF*YTOP (Figure 5.4). 



Table F.l. 

Variable 
name 

NCS 

NSH 
NSV 
NSBV 

NSBH 
ND 
NBW 
NEL 
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(continued) • 

Program Description 

FUR 

FUR 
FUR 
FUR 

FUR 
Both 
Both 
Both 

Number of segments by which the lines joining the 
furrow boundary and the quadrant formed by LV and 
LH are divided (Figure 5.4). 
Number of subdivisions of LH 
Number of subdivisions of LV 
Number of subdivisions beyond LV for the case of 
a cross-section with only one furrow. 
Number of subdivisions beyond LH. 
Number of nodes 
Reduced bandwidth 
Number of elements 
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Table F.4. Types of output files generated by the programs 
FUR and RET. 

Filename 
extension 

CMI 

CMI 

DCI 

IFR 

IFR 

SUB 

SYM 

Program Purpose 

FUR To store the values of cumulative infiltration 
as a function of time, expressed in cm3 of water 
per cm of furrow for a half cross-section. The 
time interval between savings is controlled,by 
the user through the input datum DTPINF. 

RET The same for FUR but expressed in cm3 of water 
per cm for the entire width (cm) of the soil 
cross-section. 

FUR To store cumulative infiltration as a function 
of time, expressed in liters of water for 900 cm 
of furrow length and full cross-section The 
time interval between savings is also controlled 
through DTPINF. 

FUR 

FUR 

FUR 

To store infiltration rate as function of time, 
expressed in cm3 /min per cm of furrow for a half 
cross-section. The time interval between 
savings is defined by DTPINF. 

The same as that for FUR but expressed as 
cm3/min per cm for the entire width (cm) of the 
cross-section. 

To store cumulative infiltration as function of 
time for each vertical strip numbered from left 
to right. The values are expressed in cm3 per cm 
of furrow for the entire width (cm) of the strip 
(HFS/NSB) in half furrow cross-section. 

To store pressure head (cm) as f~nction of depth 
along the furrow centerline. The time interval 
for outputing the file is controlled by the 
parameter FPOUT and the time to output the file, 
TFPOUT, is defined as TFPOUT=FPOUT*DTPINF. 



Table F.4. 

Filename 
extension 

HTF 

WTF 

OUT 
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(Continued). 

Program Purpose 

RET To store average pressure head (cm) as function 
of depth (cm) for the rectangular grid cross
section. The time interval for outputing the 
file is controlled by the parameter FPWTF. The 
time to output the results is defined as 
TPWTF=FPWTF*DTPINF. 

RET To store average volumetric water content as 
function of depth (cm) corresponding to those 
values given by HTF. 

Both To store information on the time evolution of 
the mass balance error. The time interval for 
outputing the results is controlled by the 
parameter input variable DTPINF in the same way 
as calculated for HTF and SYM. 
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Table F.S. List of main program FUR. 

* .... :---------------------------------------------------------------
PROGRAM FUR 
IMPLICIT NONE 

* •• Purpose: 
* To calculate furrow infiltration using finite elements. 
* This program uses Richard's equation in its original 
* mixed formulation. 
* •. Declare constants: 

INTEGER 
MLY,MDZ,MSQ,MND,MT,MEL,MB,MHT,MQT,MHP,MBW,MSB,MU,MTOP, 
MAXMIT,NIT,MIT,NSTIM 

REAL 
WF,INDT,DEDT,HETOL,HBTOL,MBTOL,FPSBD,FPOUT 

DOUBLE PRECISION 
MINDT,INIDT,SMALL 

PARAMETER ( 
MLY=5,MDZ=20,MSQ=21,MT=50,MND=356,MEL=650,MHT=30, 
MB=40,MQT=50,MHP=7,MBW=45,MSB=20,MU=6,WF=1.25,MTOP=20, 
MAXMIT=50,NIT=5,MIT=8,INDT=1.2,DEDT=O.5,MINDT=lE-6, 
HETOL=O.Ol,HBTOL=O.1,MBTOL=O.Ol,FPSBD=5.0,FPOUT=lO.O, 
SMALL=lE-12,NSTIM=lO,INIDT=lE-2) 

* .. Note on dimensions: 
* The dimension values of MT,MB,MHT,MQT,MND,MEL are computed 
* in the subroutine GNP and checked agianst their corresponding 
* values given in the PARAMETER list. If a given value is less 
* than the corresponding calculated one, the program execution 
* is stopped and the correct value is printed. 
* .• Declare variables and arrays: 

INTEGER 
NLY,NDZ,NDZL(MDZ),NDY,SI(MSQ),SF(MSQ),NT,NHP,TOPND(MT), NSQ, 
ND,ILS,FLS,NODE(MEL,3),NCS,NQT,NEL,OLDNEL,NEWNEL,NB, 
BOTND(MB) ,NHT,HTND(MHT) ,QTND(MQT),IT,NBW,I,J,FLAG,NSBV, L, 
NTOP,NBD(MBW) ,U(O:MU) ,NSH,NBL(MBW),FLAGIT,NOD,NSB, 
NUMNOD(MSB),NSVH,NSV,NUMFUR,INBW,NTP,FTIME,JS 

REAL 
GS,LAYER(O:MLY),DY,DZ(MDZ),YC(MND),ZC(MND),HTVAL(MHT), 
QTLEN(MQT,2),QTVAL(MQT),PAR(MHP,MLY),KSFY,KSFZ,QTFLUX, 
HO(MND),HP(MND),QB(MND),QN(MND),MAXZ,CA(MND),B(MND), 
ZFACE(MLY),MAXTIM,CUMVOL,CUMIFL,NETIFL,WDEPTH,Tl,T2, 
SUMSBD,HI(MND),MAXHP,HECHK,MBCHK,HER,MAXERR,VOLIN, 
VOLOUT,INFR,SUMQ,PMBDT,PMBT,VSB(MSB),WSB,EMB,CEMB,TDVEL, 
HFS,Al,Bl,LH,LV,YTOP,ZDEEP,TOPTIM(MTOP),ZHYD(MTOP), 
HTLOW,SUM,CINF,BASE,WCP(MND),WCO(MND),SWC(MND),CR(MND) 

DOUBLE PRECISION 
NEWDT,MAXDT,TIME,OLDDT,DH(MND),TMPT,TMPDT,TMPODT, 
KA(MBW,MND),RB(MND),MAXDH,MAXRB,DTPINF,TFPINF,TFPOUT, 



Table P.S. (Continued). 

TFPSBD,STIM,TFINT 
CHARACTER 

INIT*1,VIEW*1,MS1*SO,EXT(O:MU)*4,NAM*12,MS6*22,BASFIL*8, 
ANS*3 

* •• Execution: 
* ••• Data statements: 

DATA (EXT(I),I=O,MU) 
I' .dat',' .out',' .cmi',' .ifr',' .sub',' .sym',' .dci' I 

* ••• Initialize unit numbers 
DO 3 J=O,MU 

U(J)=lO+J 
3 CONTINUE 

* ••• Initialize infiltration variables 
CUMVOL=O.O 
CUMIFL=O.O 
CEMB=O.O 

* ••• Open data file name: 
WRITE(*,'(A)') , Enter data filename (without extension) , 
MS6='THE DATA FILE NAME IS ' 
READ(*,'(A)') BASFIL 
NAM=BASFILIIEXT(O) 
CALL RMB (NAM) 
WRITE(*,'(TS,A)') MS611NAM 
OPEN(UNIT=U(O),FILE=NAM,STATUS='OLD') 
CALL INP ( 
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HFS,GS,Al,Bl,LAYER,NLY,MLY,NDZL,DZ,DY,NDZ,MDZ,NDY,NSVH, 
NSV,NSH,LV,LH,YTOP,ZDEEP,NTOP,MTOP,ZHYD,NHP,MHP,PAR,INIT, 
KSFY,KSFZ,QTFLUX,MAXZ,ZFACE,MINDT,MAXDT,DTPINF,MAXTIM,NSB, 
VIEW,MU,U,HTLOW,NUMFUR,WF,ANS,TOPTIM) 

* ... Initialize change in storage per strip 
DO 7 I=l,NSB 

VSB(I)=O.O 
7 CONTINUE 

* ... Open files for output 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

DO 4 J=l,MU 
NAM=BASFILIIEXT(J) 
CALL RMB(NAM) 
OPEN(UNIT=U(J),FILE=NAM,STATUS='UNKNOWN') 

4 CONTINUE 
ENDIF 

* ... Nodes and coordinates up to LV 
CALL GNP ( 

HFS,GS,Al,Bl,YTOP,ZDEEP,NSV,NSH,NSVH,NSBV,LH,LV,DY,DZ, 
MDZ,SI,SF,NSQ,MSQ,YC,ZC,ND,MND,NT,MT,TOPND,NB,MB,BOTND, 
NDY,NCS,NUMFUR,MEL,NDZ,MHT,MQT,VIEW,U,MU) 

* •.. Initialize water depth: 
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WDEPTH=ZHYD(l) 
NTP=l 
CALL TOP ( 

NT,MT,TOPND,ZDEEP,WDEPTH,NHT,MHT,HTND,HTVAL,NQT,MQT,QTND, 
QTLEN,MND,YC,ZC) 

STIM=(TOPTIM(2)-TOPTIM(1»/FLOAT(NSTIM) 
TFINT=STIM 

* ••• Elements above up to HQB plus ONE grid size 
ILS=2 
NSQ=NSQ+O 
FLS=NSQ 
NEL=O 
OLDNEL=NEL 
CALL GEP ( 

ILS,FLS,NSQ,MSQ,SI,SF,ND,MND,YC,ZC,MDZ,DZ,NSVH,NSV,NCS, 
NSBV,NEL,MEL,NODE,NDY,DY,NUMFUR,NB,MB,BOTND,NBW,MBW,INBW) 

IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 
WRITE(U(l), 1034) 
'BANDWITH IS',NBW,' IN ELEMENT',INBW 

ENDIF 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE(*, 1034) 
'BANDWITH IS',NBW,' IN ELEMENT',INBW 

ENDIF 
1034 FORMAT (/T15,A,I4,A,I4//) 

NEWNEL=NEL 
* ••• Initialize nodal head values for the first time 
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CALL INC ( 
INIT,OLDNEL,NEWNEL,MEL,NODE,MHP,NLY,MLY,PAR,NDZL,DZ,MDZ,MND, 
HO,HP,ZC,HI,ZFACE,MAXHP) 

* ••• Set boundary conditions 
CALL BDC ( 

NHT,MHT,HTND,HTVAL,NQT,MQT,QTND,QTFLUX,ND,MND,HO,HP,NB, 
MB,QN,BOTND,NDY,DY,NEL,MEL,NODE,QB,QTVAL,QTLEN,MLY,MHP,PAR, 
NDZL,DZ,MDZ,ZC,HI,NLY) 

* ••• Setting for time to print results 
TFPINF=DTPINF 
TFPSBD=FPSBD*DTPINF 
TFPOUT=FPOUT*DTPINF 
FTIME=l 
FLAG=l 
FLAGIT=l 

* ••• Set up time starting values: 
NEWDT=INIDT 
OLDDT=NEWDT 
TMPODT=OLDDT 
TMPDT=NEWDT 



Table P.S. (continued) • 

TlME=TOPTIM(l) 
WRITE (*,'(/A,F16.8,lOX,A,F16.8)') 

'+TlME(min) '" ',TlME,'TlME STEP(min) = ',NEWDT 
* ••• Build up solution in the time domain: 

10 IF (TlME.LE.MAXTIM) THEN 
IT=O 
HECHK=lE+IO 
MBCHK=lE+IO 

20 IF (HECHK.GT.HETOL.OR.MBCHK.GT.MBTOL) THEN 
* ••• Check condition at the lower boundary 

* 

* 

* 

* 

L=NSQ 
MAXERR=O.O 
DO 15 I=SI(L),SF(L) 

HER=ABS(HP(I)-HI(I» 
MAXERR=MAX (MAXERR, HER) 

15 CONTINUE 
••• Extend grid and define new elements. 

IF (MAXERR.GT.HBTOL.AND.NSQ.LT.NDZ+l) THEN 
••• Generate new elements 

ILS=FLS+l 
•.• If FLS=ILS then the grid is extended one line only 

FLS=ILS+l 
OLDNEL=NEL 
CALL GEP ( 

ILS,FLS,NSQ,MSQ,SI,SF,ND,MND,YC,ZC,MDZ,DZ,NSVH, 
NSV,NCS,NSBV,NEL,MEL,NODE,NDY,DY,NUMFUR,NB,MB, 
BOTND,NBW,MBW,INBW) 

NEWNEL=NEL 
••• Initialize head values for new nodes: 

CALL INC ( 
INIT,OLDNEL,NEWNEL,MEL, NODE,MHP,NLY,MLY, PAR,NDZL, 
DZ,MDZ,MND,HO,HP,ZC,HI,ZFACE,MAXHP) 

ELSEIF (MAXERR.GT.HBTOL.AND.NSQ.EQ.NDZ+l) THEN 
MS1=' THE GRID HAS REACHED THE MAXIMUM DEPTH' 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE(*,'(A)') MSl 
ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE(U(l),'(A)') MSl 
ENDIF 

ENDIF 
••• Iterate until convergence is attained 

rf (IT.GE.MIT.AND.NEWDT.GE.MINDT/DEDT) THEN 
••• Increase time step if convergence is slow 

NEWDT=DEDT*NEWDT 
IT=O 
FLAGIT=O 

367 
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Table F.S. (Continued). 

ELSEIF(IT.GT.MAXMIT) THEN 
MS6=' TIME STEP IS TOO LOWl' 
MSl=' ITERATION IS NOT CONVERGING' 
WRITE (U(1),'(2(A/»') MS6,MSI 
WRITE (1<,'(2(A/»') MS6,MSI 
STOP 

ENDIF 
1< ••• Initialize matrices and vectors 

DO 35 I=l,ND 
DO 40 J=l,NBW 

KA(J,I)=O.O 
40 CONTINUE 

CA(I)=O.O 
CR(I)=O.O 
B(I)=O.O 
QN(I)=O.O 
QB(I)=O.O 
IF (IT.EQ.O) THEN 

HP(I)=HO(I) 
DH(I)=O.O 

ENDIF 
35 CONTINUE 

1< ••• Reset boundary conditions: 
CALL BDC ( 

NHT,MHT,HTND,HTVAL,NQT,MQT,QTND,QTFLUX,ND,MND,HO, 
HP,NB,MB,QN,BOTND,NDY,DY,NEL,MEL,NODE,QB,QTVAL,QTLEN, 
MLY,MHP,PAR,NDZL,DZ,MDZ,ZC,HI,NLY) 

1< ••• Assembly of capacitance and conductance matrices 

1< 

1< 

1< 

1< 

1< 

CALL ASB ( 
NEL,MEL,NODE,MND,YC,ZC,B,CA,HO,HP,MBW,KA,NLY,MHP, 
MLY,PAR,MDZ,NDZL,DZ,NT,MT,TOPND,TDVEL,KSFY,KSFZ,WCO, 
Wcp,SWC,CR) 

••• Calculate coefficient matrix and RHS vector 
CALL SEQ ( 

KA,CA,B,QB,QN,HP,RB,MND,ND,MBW,NBW,NEWDT,DH,CR) 
••• Modify system of equations 

CALL MEQ (KA,RB,HTND,ND,MND,MBW,MHT,NBW,NHT,NBD,NBL) 
••• Reduce coefficient matrix into LU 

CALL RED (KA,MND,MBW,NBW,ND) 
••• Solve system of equations 

CALL SOL (KA,RB,DH,MND,MBW,NBW,ND) 
••• Calculate values for convergence criteria 

MAXDH=O.O 
MAXHP=O.O 
MAXRB=O.O 
SUMQ=O.O 
DO 50 I = 1, NO 
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* 

MAXRB=MAX(MAXRB,ABS(RB(I») 
MAXDH=MAX(MAXDH,ABS(DH(I») 
MAXHP=MAX(MAXHP,ABS(HP(I») 
HP(I)=HP(I)+DH(I) 

50 CONTINUE 

1071 

MBCHK=MAXRB 
HECHK=MAXDH 

••• Show results iteration by iteration: 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE(*, 1071) 
ITERATION NUMBER = ',IT, 

, FURROW WATER DEPTH (em) = ',WDEPTH, 
'PRESENT TIME LEVEL (min) = ',TIME, 

TIME STEP (min) = ',NEWDT, 
, FUTURE TIME LEVEL (min) = ',TIME+NEWDT, 

MASS BALANCE CHECK (%) = ',MBCHK, 
HEAD CLOSURE CHECK (%) = ',HECHK 

FORMAT(/T15,A,5X,I2/6(T15,A,F20.12/)//) 
ENDIF 
IT = IT + 1 
GOTO 20 

ENDIF 
* ••• Current time le~el 

TIME=TIME+NEWDT 
OLDDT=NEWDT 

* ••• Calculate infiltration per subarea 
CALL SBD ( 
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NODE,NEL,MEL,YC,ZC,MND,VSB,NSB,MSB,WSB,NUMNOD,NDY,DY,HP, 
HO,NLY,NDZL,DZ,MDZ,MHP,MLY,PAR,WCP,WCO) 

* ••• Print out results on subarea infiltration 

* 

IF (TIME.GE.TFPSBD-SMALL.OR.TIME.GE.MAXTIM) THEN 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE (*,'(/2X,A,F20.12)') 'TIME: ',TIME 
ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE (U(4),'(/2X,A,F20.12)') 'TIME: ',TIME 
ENDIF 

••• Output subarea results and calculate total 
SUMSBD=O.O 
DO 63 I=1,NSB 

IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 
WRITE (*,'(lX,2(F16.8»') I*WSB,VSB(I) 

ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE (U(4),'(lX,2(Fl6.8»') I*WSB,VSB(I) 
ENDIF 
SUMSBD=SUMSBD+VSB(I) 
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* 
63 CONTINUE 

••• Print compound infiltration from the subareas 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE(*,'(/10X,A,F16.8)') 'TOTAL: ',SUMSBD 
ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE(U(4),'(/10X,A,F16.8)') 'TOTAL: ',SUMSBD 
ENDIF 

••• Print head along the symmetry line 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE (*,1074) 'TIME: ',TIME 
ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE (U(5),1074) 'TIME: ',TIME 
ENDIF 

1074 FORMAT (/10X,A,F20.12) 
JS=NSV-NCS+1 
DO 69 I=JS,NSQ 

IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 
WRITE (*,1079) HP(SI(I»,ZC(SI(I» 

ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE (U(5),1079) HP(SI(I»,ZC(SI(I» 
ENDIF 

1079 FORMAT(lX,F20.8,5X,F12.4) 
69 CONTINUE 

TFPSBD=TFPSBD+FPSBD*DTPINF 
ENDIF 

* ... Get total change in storage 
CUMVOL=CUMVOL+TDVEL 

* •.. Get net inflow in a given time interval 
VOLIN=O.O 
VOLOUT=O.O 
EMB=O.O 
DO 120 I=l,NHT 

* •.. Get inflow along the positive head boundary 
NOD=HTND(I) 
VOLIN=VOLIN+QN(NOD)*NEWDT 

120 CONTINUE 
DO 150 I=l,NQT 

* ••• Get flow across the top boundary 
NOD=QTND(I) 
VOLIN=VOLIN +QB(NOD)*NEWDT 

150 CONTINUE 
DO 180 I=l,NB 

* ... Get outflow along the bottom boundary 
NOD=BOTND(I) 
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VOLOUT=VOLOUT+QB(NOD)*NEWDT 
180 CONTINUE 

* ••• Get mass balance error 
NETIFL=VOLIN+VOLOUT 
EMB=NETIFL-TDVEL 
CUMIFL=CUMIFL+NETIFL 
CEMB=CUMIFL-CUMVOL 

* ••• Get normalized error 
BASE=ABS (CUMIFL)+ABS (CUMVOL) 
PMBDT=100*EMB/BASE 
PMBT=100*CEMB/BASE 

* ••• Get cumulative infiltration and infiltration rate 
CINF=CUMVOL+ABS(VOLOUT) 
INFR=(TDVEL+ABS(VOLOUT»/NEWDT 

* ••• Get vertical length of the grid 

60 

SUM=O.O 
DO 60 J=l,FLS 

SUM=SUM+DZ (J) 
CONTINUE 

* ••• Show mass balance and other results 

1020 

IF (TIME. GE. TFPOUT-SMALLOR. OR. TIME.GE.MAXTIM) THEN 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE (*,1020) TIME,NEWDT,WDEPTH,TDVEL, 
NETIFL,CUMVOL,CUMIFL,CINF,INFR,PMBDT,PMBT 

ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE (U(1),1020) TIME,NEWDT,WDEPTH,TDVEL, 
NETIFL,CUMVOL,CUMIFL,CINF,INFR,PMBDT,PMBT 

ENDIF 
FORMAT 
(/T10, ' PRESENT TIME LEVEL (min) = ',F15.9 
/T10,' TIME STEP (min) = ',F15.9 
/T10, , MAX. FURROW WATER DEPTH (cm) = ',F15.9 
/T10,' CHANGE IN STORAGE (cm**3/cm) = ' ,F15.9 
/T10,' NET INFLOW VOLUME (cm**3/cm) = ',F15.9 
/T10,' CUMULAT. STORAGE (cm**3/cm) = ',F15.9 
/T10,'CUM. NET INFLOW VOL. (cm**3/cm) = ',F15.9 
/TIO,' CUM. INFILT. (cm**3/cm) = ' ,F15.9 
/TIO,' INFILT. RATE (cm**3/cm/min) = ',F15.9 
/T10,' MASS BAL. ERROR IN DT (%) = ' ,F15.9 
/T10,' MASS BAL. ERROR IN TIME ( % ) = ' ,F15.9/) 

TFPOUT=TFPOUT+FPOUT*DTPINF 
ENDIF 

* ••• Store infiltration results as a function of time 
IF (TIME.GE.TFPINF-SMALL.OR.TIME.GE.MAXTIM) THEN 

IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 
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* 

* 

1060 

WRITE (U(2),1060) TIME,CINF 
••• in liters per 9m of furrow with full cross-section 

WRITE (U(6),1060) TIME,0.9*2*CINF 
••• in cm**3/min per em of furrow in 1/2 cross-section 

WRITE (U(3),1060) TIME,INFR 
FORMAT (lX,F16.6,5X,F12.6) 

ENDIF 
TFPINF=TFPINF+DTPINF 

ENDIF 
* ••• Update old head values 

DO 324 I=l,ND 
HO(I)=HP(I) 

324 CONTINUE 
* ••• Modify time step as necessary 

IF(IT.LE.NIT) NEWDT = NEWDT*INDT 
IF(NEWDT.GE.STIM.AND.STIM.GE.MAXDT) NEWDT=MAXDT 
IF (NEWDT.GE.STIM.AND.STIM.LE.MAXDT) NEWDT=STIM 

* Update WDEPTH for every TIME: 

* 

55 IF (TIME.LT.TOPTIM(NTP+1).AND.NTP.LT.NTOP) THEN 
IF (TIME.GE.TFINT) THEN 

STIM=(TOPTIM(NTP+1)-TOPTIM(NTP»/FLOAT(NSTIM) 
TFINT=TFINT+STIM 

•.• Interpolate: 

ENDIF 

T1=ZHYD(NTP+1)-ZHYD(NTP) 
T2=TOPTIM(NTP+1)-TOPTIM(NTP) 
WDEPTH=ZHYD(NTP)+(T1/T2)*(TIME-TOPTIM(NTP» 
CALL TOP ( 

NT,MT,TOPND,ZDEEP,WDEPTH,NHT,MHT,HTND,HTVAL,NQT, 
MQT,QTND,QTLEN,MND,YC,ZC) 

ELSEIF (TIME.GE.TOPTIM(NTP+l).AND.NTP.LT.NTOP) THEN 
TFINT=TOPTIM(NTP+1) 
NTP=NTP+1 
GOTO 55 

ENDIF 
* ••• Update WDEPTH for the last hydrograph TIME 

IF (NTP.EQ.NTOP.AND.FTIME.EQ.1) THEN 
STIM=MAXDT 
WDEPTH=ZHYD(NTOP) 
CALL TOP (NT,MT,TOPND,ZDEEP,WDEPTH,NHT,MHT,HTND, 

HTVAL,NQT,MQT,QTND,QTLEN,MND,YC,ZC) 
FTIME=O 

ENDIF 
* ••• Restore previous time step 

IF (FLAG.EQ.0.AND.FLAGIT.EQ.1) THEN 
OLDDT=TMPODT 
NEWDT=TMPDT 
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FLAG=l 
ENDIF 

••• Adjust time step for printing out results: 
TMPT=(TIME+NEWDT)-TFPINF 
IF (TMPT.GE.O.O) THEN 

TMPDT=NEWDT 
TMPODT=OLDDT 
NEWDT=TFPINF-TI~m 

IF (NEWDT.LE.INIDT) NEWDT=INIDT 
FLAG=O 
FLAGIT=l 

ENDIF 
WRITE (*,'(A,F16.8,10X,A,F16.8)') 

'+TIME(min) = ',TIME, 'TIME STEP(min) = ',NEWDT 
GOTO 10 

ENDIF 
* ... Ouput the final vertical length of the grid 

IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 
WRITE (*,1066) ABS(ZC(SI(NSQ») 

ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE (U(1),1066) ABS(ZC(SI(NSQ») 
ENDIF 

1066 FORMAT(' MAXIMUM DEPTH (cm) = ',F10.3) 
END 
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Table F.6. List of main progrma RET. 

* .... :---------------------------------------------------------------
PROGRAM RET 
IMPLICIT NONE 

* •• Purpose: 
* To perform finite elements calculation over a 
* rectangular area. Considers the mixed form of Richard's 
* equation. 
* •• Declare constants: 

INTEGER 
MLY,MDZ,MSQ,MND,MT,MEL,MB,MHT,MQT,MHP,MBW,MSB,MU,MTOP, 
MAXMIT,NIT,MIT,NSTIM 

REAL INDT,DEDT,HETOL,HBTOL,MBTOL,FPWTF,FPOUT,FPSBD 
DOUBLE PRECISION MINDT,INIDT,SMALL 
PARAMETER ( 

MLY=6,MDZ=130,MSQ=131,MND=350,MT=3,MEL=700,MB=3,MHT=3, 
MQT=3,MHP=7,MBW=4,MSB=10,MU=6,MTOP=10,MAXMIT=20,NIT=5, 
MIT=8,INDT=1.2,DEDT=0.5,MINDT=lE-6,HETOL=0.001,HBTOL=0.01, 
MBTOL=0.001,INIDT=lE-2,SMALL=lE-12,FPWTF=5.0,FPOUT=5.0, 
FPSBD=5.0,NSTIM=10) 

* •.• Note on dimensions: 
* Minimum grid size=4 
* Maximum grid dimensions=lOOcm by 120cm 
* NDY=number of subdivisions along y-axis 
* MDZ=number of subdivisions along z-axis 
* MSQ=MDZ+l 
* MB=MT=MHT=MQT=NDY+1 
* MND=(MDZ+l)*(NDY+l) 
* MEL=2*NDY*MDZ 
* MBW=NDY+2 
* MSB=maximum number of subareas. 
* MLY=number of soil layers 
* MHP=number of soil paramters 
* •• Declare variable and arrays: 

INTEGER 
NLY,NDZ,NDZL(MDZ),NDY,SI(MSQ),SF(MSQ),NT,TOPND(MT),NSQ,ND, 
ILS,FLS,NODE(MEL,3) ,NEL,OLDNEL,NEWNEL,NB,BOTND(MB) ,NHT, 
HTND(MHT) ,NQT,QTND(O:MQT) ,NHP,IT,NBW,I,J,K,FTIME,L, 
NBD(MBW) ,U(O:MU) ,NBL(MBW) ,NOD,NSB,NUMNOD(MSB) ,NTOP,NTP, 
INBW,FLAG,FLAGIT 

REAL 
GSZ,LAYER(O:MLY) ,DY,DZ(MDZ),YC(MND) ,ZC(MND) ,HTVAL(MHT) , 
QTLEN(MQT,2) ,QTVAL(MQT) ,PAR(MHP,MLY) ,KSFY,KSFZ, TOPTIM(MTOP ), 
TOPVAL(MTOP),QTFLUX,HO(MND),HP(MND), 
QB(MND) ,QN(MND),MAXZ,CA(MND),B(MND) ,ZFACE(MLY),MAXTIM, 
CUMVOL,AVHP,SUMHP,CUMIFL,NETIFL,HI(MND),AVWCP,SUMWCP, 
INFR,SUMQ,PMBDT,PMBT,VSB(MSB),WSB,EMB,CEMB,TDVEL,CINF, 
BASE,SUMSBD,TOPINT,Tl,T2,HECHK,MBCHK,HER,MAXERR,VOLIN, 
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VOLOUT,MAXHP,WCP(MND) ,WCO(MND) ,SWC(MND) ,CR(MND) 
DOUBLE PRECISION 

NEWDT,MAXDT,TIME,OLDDT,DH(MND),KA(MBW,MND),RB(MND), 
DTPINF,TFPWTF,TFPINF,TFPOUT,TFPSBD,STIM,TFINT,TMPT, 
TMPDT,TMPODT,MAXRB,MAXDH 

CHARACTER 
INIT*1,VIEW*1,EXT(O:MU)*4,TOPTYP*1,MS6*60,BASFIL*8,NAM*12, 
MS7*40 

* •• Execution: 
* ••• Data statements: 

DATA (EXT(I),I=O,MU) 
I' .dat',' .out',' .cmi',' .ifr',' .sub',' .htf',' .wtf' I 

* ••• Initialize unit numbers 
DO 3 J=O,MU 

U(J)=10+J 
3 CONTINUE 

* ••• Initialize infiltrtion variables: 
CUMVOL=O.O 
CUMIFL=O.O 
CEMB=O.O 

* ••• Open data files: 
WRITE(*,'(A)')' Enter data filename (without extension) = 
READ(*,'(A)') BASFIL 
NAM=BASFILIIEXT(O) 
CALL RMB (NAM) 
WRITE(*,'(TS,A)') 'THE DATA FILE NAME IS 'IINAM 
OPEN(UNIT=U(O),FILE=NAM,STATUS='OLD') 
CALL INR ( 

GSZ,LAYER,NLY,MLY,NDZL,DZ,DY,NDZ,MDZ,NDY,NHP,MHP,PAR, 
INIT,KSFY,KSFZ,TOPTYP,MTOP,NTOP,TOPTIM,TOPVAL,MAXZ, 
ZFACE,MAXDT,DTPINF,MAXTIM,NSB,VIEW,MU,U,MT) 

* ••• Initialize top boundary value 
TOPINT=TOPVAL(1) 

* ••• Initialize change in storage per strip 
DO 7 I=1,NSB 

VSB(I)=O.O 
7 CONTINUE 

* ••• Open files for output 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

DO 4 J=1,MU 
NAM=BASFILIIEXT(J) 
CALL RMB (NAM) 
OPEN(UNIT=U(J),FILE=NAM,STATUS='UNKNOWN') 

4 CONTINUE 
ENDIF 

* ... Nodes and coordinates for the first 4 sequences: 
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NSQ=4 
CALL GNR 

DY,NDY,DZ,MDZ,SI,SF,NSQ,MSQ,YC,ZC,ND,MND,NB,MB,BOTND,NT,MT, 
TOPND) 

* ••• Define the elements for the first four DZ'S 
ILS=2 
FLS=NSQ 
NEL=O 
OLDNEL=NEL 
CALL GER ( 

ILS,FLS,NSQ,MSQ,SI,SF,ND,MND,YC,ZC,MDZ,DZ,NEL,MEL,NODE,DY, 
NDY,NB,MB,BOTND,NBW,INBW) 

IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 
WRITE(U(l), 1034) 
'BANDWITH IS',NBW,' IN ELEMENT',INBW 

ENDIF 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE(*, 1034) 
'BANDWITH IS',NBW,' IN ELEMENT',INBW 

ENDIF 
1034 FORMAT (/T15, A, 14, A;-I4 / /) 

NEWNEL=NEL 
* ••• Initialize nodal head values for the first time 

CALL INC ( 
INIT,OLDNEL,NEWNEL,MEL,NODE,MHP,NLY,MLY,PAR,NDZL,DZ,MDZ,MND, 
HO,HP,ZC,HI,ZFACE,MAXHP) 

* ••• Set boundary conditions 
NTP=l 
CALL TOR ( 

NT,MT, TOPND, TOPTYP,TOPINT,NHT,MHT,HTND,HTVAL, NQT, 
MQT,QTND,QTLEN,QTFLUX,DY) 

STIM=(TOPTIM(2)-TOPTIM(1»/FLOAT(NSTIM) 
TFINT=STIM 
CALL BDC ( 

NHT,MHT,HTND,HTVAL,NQT,MQT,QTND,QTFLUX,ND,MND,HO,HP,NB, 
MB,QN, BOTND,NDY,DY,NEL,MEL,NODE,QB,QTVAL,QTLEN,MLY,MHP, PAR, 
NDZL,DZ,MDZ,ZC,HI,NLY) 

* ••• Set time values to print results: 
TFPINF=DTPINF 
TFPWTF=FPWTF*DTPINF 
TFPOUT=FPOUT*DTPINF 
TFPSBD=FPSBD*DTPINF 
FTIME=l 
FLAG=l 
FLAGIT=l 

* ••• Set initial time step: 
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NEWDT=INIDT 
OLDDT=NEWDT 
TMPODT=OLDDT 
TMPDT=NEWDT 
TlME=O.O 
WRITE (*,1065)'TlME (min) = ',TlME,'TIME STEP (min) = ',NEWDT 

* ••• Bui1d up solution in the time domain: 
10 IF (TIME.LE.MAXTIM) THEN 

IT=O 
HECHK=lE+10 
MBCHK=lE+10 

20 IF (HECHK.GT.HETOL.OR.MBCHK.GT.MBTOL) THEN 
* ••• Check condition at the lower boundary 

* 

* 

* 

L=NSQ 
MAXERR=O.O 
DO 15 I=SI(L),SF(L) 

HER=ABS(HP(I)-HI(I» 
MAXERR=MAX (MAXERR, HER) 

15 CONTINUE 
••• Extend grid and define new elements. 

IF (MAXERR.GT.HBTOL.AND.NSQ.LT.NDZ+1) THEN 
•.• Generate new elements 

ILS=FLS+1 
••• If FLS=ILS then the grid is extended one line only 

FLS=ILS+1 
OLDNEL=NEL 
CALL GER ( 
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ILS,FLS,NSQ,MSQ,SI,SF,ND,MND,YC,ZC,MDZ,DZ,NEL,MEL, 
NODE,DY,NDY,NB,MB,BOTND,NBW,INBW) 

* 

* 

NEWNEL=NEL 
••• Initialize head values for new nodes: 

CALL INC ( 
INIT,OLDNEL,NEWNEL,MEL,NODE,MHP,NLY,MLY,PAR,NDZL, 
DZ,MDZ,MND,HO,HP,ZC,HI,ZFACE,MAXHP) 

ELSEIF (MAXERR.GT.HBTOL.AND.NSQ.EQ.NDZ+1) THEN 
MS7=' THE GRID HAS REACHED THE MAXIMUM DEPTH' 
IF (VIEW.EQ.'S'.OR.V1EW.EQ.'B') THEN 

WRITE(*,'(A)') MS7 
ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE(U(l),'(A)') MS7 
ENDIF 

ENDIF 
••• Iterate until convergemce is attained 

IF (IT.GE.MIT.AND.NEWDT.GE.MINDT/DEDT) THEN 
HP(I)=HO(I) 
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* ••• Increase time step if convergence is slow 
NEWDT=DEDT*NEWDT 
IT=O 
FLAGIT=O 

ELSEIF(IT.GT.MAXMIT) THEN 
* •.• Increase limit of iterations p~r time step 

MS6=' TIME STEP IS TOO LOW: NOT CONVERGINGl' 
WRITE (U{1),'(A)') MS6 
WRITE (*,'(A)') MS6 
STOP 

ENDIF 
* ... Initialize matrices and vectors 

DO 30 I = 1, ND 
DO 40 J=1,NBW 

KA(J,I)=O.O 
40 CONTINUE 

CA(I)=O.O 
CR(I)=O.O 
B(I)=O.O 
QN(I)=O.O 
QB(I)=O.O 
IF (IT.EQ.O) THEN 

HP(I)=HO(I) 
DH(I)=O.O 

ENDIF 
30 CONTINUE 

* •.. Reset boundary conditions: 
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CALL BDC ( 
NHT,MHT,HTND,HTVAL,NQT,MQT,QTND,QTFLUX,ND,MND,HO, 
HP,NB,MB,QN,BOTND,NDY,DY,NEL,MEL,NODE,QB,QTVAL,QTLEN, 
MLY,MHP,PAR,NDZL,DZ,MDZ,ZC,HI,NLY) 

* .•• Assembly of capacitance and conductance matrices 
CALL ASB ( 

NEL,MEL,NODE,MND,YC,ZC,B,CA,HO,HP,MBW,KA,NLY,MHP, 
MLY,PAR,MDZ,NDZL,DZ,NT,MT,TOPND,TDVEL,KSFY,KSFZ,WCO, 
WCP,SWC,CR) 

* .•• Calculate coefficient matrix and RHS vector 
CALL SEQ ( 

KA,CA,B,QB,QN,HP,RB,MND,ND,MBW,NBW,NEWDT,DH,CR) 
* ..• Modify system of equations 

CALL MEQ (KA,RB,HTND,ND,MND,MBW,MHT,NBW,NHT,NBD,NBL) 
* ••. Reduce coefficient matrix into LU 

CALL RED (KA,MND,MBW,NBW,ND) 
* ..• Solve system of equations 

CALL SOL (KA,RB,DH,MND,MBW,NBW,ND) 
* ... Calculate values for convergence criteria 
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50 

* 

1071 

1073 

67 

60 

MAXDH=O.O 
MAXHP=O.O 
MAXRB=O.O 
SUMQ=O.O 
DO 50 I = 1, NO 

MAXRB=MAX(MAXRB,ABS(RB(I») 
MAXDH=MAX(MAXDH,ABS(DH(I») 
MAXHP=MAX(MAXHP,ABS(HP(I») 
HP(I)=HP(I)+DH(I) 

CONTINUE 
MBCHK=MAXRB 
HECHK=MAXDH 

••• Show results iteration by iteration: 
IF (VIEW. EQ. ' S' • OR. VIEW. EQ. ' B',> THEN 

WRITE(*, 1071) 
ITERATION NUMBER = ',IT, 

PRESENT TIME LEVEL (min) = ',TIME, 
TIME STEP (min) = ',NEWDT, 

FUTURE TIME LEVEL (min) = ',TIME+NEWDT, 
MASS BALANCE CHECK (%) = ',MBCHK, 
HEAD CLOSURE CHECK (%) = ',HECHK 

FORMAT(/T15,A,5X,I2/5(T15,A,F20.12/)//) 
WRITE(*,1073) 'DEPTH (cm)', 'PRESSURE HEAD (cm)' 
FORMAT(T10,A,T27,A,T60,A/) 
DO 60 J=l,FLS 

SUMHP=O.O 
DO 67 K=SI(J),SF(J) 

SUMHP=SUMHP+HP(K) 
CONTINUE 
AVHP=SUMHP/(NDY+1) 
WRITE(*,'(lX,F15.3,5X,F20.8)') 
ZC(SI(J»,AVHP 

CONTINUE 
WRITE ( * , , ( / / ) , ) 

ENDIF 
IT = IT + 1 
GOTO 20 

ENDIF 
* ••• Current time level 

TIME=TIME+NEWDT 
OLDDT=NEWDT 

* ••• Calculate infiltration per subarea 
CALL SBD ( 

NODE,NEL,MEL,YC,ZC,MND,VSB,NSB,MSB,WSB,NUMNOD,NDY,DY,HP, 
HO,NLY,NDZL,DZ,MDZ,MHP,MLY,PAR,WCP,WCO) 

* •.• Print out results on subarea infiltration 
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* 

63 

* 

* 

IF (TIME.GE.TFPSBD-SMALL.OR.TIME.GE.MAXTIM) THEN 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE (*,'(/2X,A,F20.12)') 'TIME: ',TIME 
ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE (U(4),'(/2X,A,F20.12)') 'TIME: ',TIME 
ENDIF 

••• Output subarea results and calculate total 
SUMSBD=O.O 
DO 63 I=I,NSB 

IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 
WRITE (*,'(IX,2(FI6.8»') I*WSB,VSB(I) 

ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE (U(4),'(IX,2(F16.8»') I*WSB,VSB(I) 
ENDIF 
SUMSBD=SUMSBD+VSB(I) 

CONTINUE 
••• Print compound infiltration from the subareas 

IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 
WRITE(*,'(/10X,A,FI6.8)') 'TOTAL: ',SUMSBD 

ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE(U(4),'(/10X,A,FI6.8)') 'TOTAL: ',SUMSBD 
ENDIF 

••• Increment time for printing subarea results 
TFPSBD=TFPSBD+FPSBD*DTPINF 

ENDIF 
* ••• Get total change in storage 

CUMVOL=CUMVOL+TDVEL 
* ••• Get net inflow in a given time interval 

VOLIN=O.O 
VOLOUT=O.O 
EMB=O.O 
DO 120 :i=l:NRT 

* ••• Get inflow along the positive head boundary 

* 

NOD=HTND(I) 
VOLIN=VOLIN+QN(NOD)*NEWDT 

120 CONTINUE 
DO 150 I=O,NQT-l 
••• Get flow across the top boundary 

NOD=QTND(I) 
VOLIN=VOLIN +QB(NOD)*NEWDT 

150 CONTINUE 
DO 180 I=l,NB 

* ••. Get outflow along the bottom boundary 
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NOD=BOTND(I) 
VOI,OUT=VOLOUT+QB (NOD) *NEWDT 

180 CONTINUE 
* ••• Get mass balance error 

NETIFL=VOLIN-ABS(VOLOUT) 
EMB=NETIFL-TDVEL 
CUMIFL=CUMIFL+NETIFL 
CEMB=CUMIFL-CUMVOL 

* ••• Get normalized error 
BASE=ABS (CUMIFL) +ABS (CUMVOL) 
PMBDT=100*EMB/BASE 
PMBT=100*CEMB/BASE 

* ••• Get cumulative infiltration and infiltration rate 
CINF=CUMVOL+ABS(VOLOUT) 
INFR=(TDVEL+ABS(VOLOUT»/NEWDT 

* ••• Show mass balance and other results 

* 

1020 

IF (TIME.GE.TFPOUT-SMALL.OR.TIME.GE.MAXTIM) THEN 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE (*,1020) TIME,NEWDT,TDVEL,NETIFL,CUMVOL, 
CUMIFL,CINF,INFR,PMBDT,PMBT 

ENDIF 
••• Show mass balance and other results 

IF (VIEW.EQ.'F'.OR~VIEW.EQ.'B') THEN 
WRITE (U(1),1020) TIME,NEWDT,TDVEL,NETIFL,CUMVOL, 
CUMIFL,CINF,INFR,PMBDT,PMBT 

ENDIF 
FORMAT ( 

/T10,' PRESENT TIME LEVEL (min) = ',F15.9 
/T10,' TIME STEP (min) = ',F15.9 
/TlO,' CHANGE IN STORAGE (cm**3/cm) = ',F15.9 
/T10,' NET INFLOW VOLUME (cm**3/cm) = ',F15.9 
/TlO,' CUMULAT. STORAGE (cm**3/cm) = ',F15.9 
/T10,'CUM. NET INFLOW VOL. (cm**3/cm) = ',F15.9 
/T10,' CUM. INFILT. (cm**3/cm) = ',F15.9 
/T10,' INFILT. RATE (cm**3/cm/min) = ',Fl5.9 
/T10,' MASS BAL. ERROR IN DT (%) = ',Fl5.9 
/T10,' MASS BAL. ERROR IN TIME (%) = ',F15.9/) 

TFPOUT=TFPOUT+FPOUT*DTPINF 
ENDIF 

* ••• Store infiltration results 
IF (TIME.GE.TFPINF-SMALL.OR.TIME.GE.MAXTIM) THEN 

IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 
* ••• in cm**3 per cm of length for the whole width MAXY 

WRITE (U(2),1060) TIME,CINF 
* ••• units corresponding to that of CINF per min. 

WRITE (U(3),1060) TIME,INFR 
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ENDIF 
1060 FORMAT (lX,F16.6,5X,F12.6) 

TFPINF=TFPINF+DTPINF 
ENDIF 

* ••• Print out wetting front results 
IF (TIME.GE.TFPWTF-SMALL) THEN 

IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 
WRITE (*,'(lX,A,F16.8)') 'TIME: ',TIME 

ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE (U(S),' (lX,A,F16.8)') 'TIME: ' ,TIME 
WRITE (U(6),' (lX,A,F16.8)') 'TIME: ' ,TIME 

ENDIF 
DO 300 J=l,NSQ 

SUMHP=O.O 
SUMWCP=O.O 
DO 302 K=SI(J),SF(J) 

SUMHP=SU~qp+HP(K) 

SUMWCP=SUMWCP+WCP(K) 
302 CONTINUE 

AVHP=SUMHP/(NDY+1) 
AVWCP=SUMWCP/(NDY+1) 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE (*,1350) ZC(SI(J»,AVHP,AVWCP 
1350 FORMAT (lX,F12.4,4(2X,F12.4» 

ENDIF 
IF (VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE (U(5),1030) AVHP, ZC(SI(J» 
WRITE (U(6),1030) AVWCP,ZC(SI(J» 

1030 FORMAT (lX,F16.6,3X,F16.4) 
ENDIF 

300 CONTINUE 
TFPWTF=TFPWTF+FPWTF*DTPINF 

ENDIF 
* ••• Update old head values 

DO 324 I=l,ND 
HO(I)=HP(I) 

324 CONTINUE 
* ••• Modify time step as necessary 

IF (IT.LE.NIT) NEWDT = INDT*NEWDT 
IF (NEWDT.GE.MAXDT) NEWDT = MAXDT 

* ••• Update TOPINT for every STIM value. 
55 IF (TIME.LT.TOPTIM(NTP+l).AND.NTP.LT.NTOP) THEN 

IF (TIME.GE.TFINT) THEN 
STIM=(TOPTIM(NTP+1)-TOPTIM(NTP»/FLOAT(NSTIM) 
TFINT=TFINT+STIM 
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* ••• Interpolate: 

ENDIF 

Tl=TOPVAL(NTP+l)-TOPVAL(NTP) 
T2=TOPTIM(NTP+l)-TOPTIM(NTP) 
TOPINT=TOPVAL(NTP)+(Tl/T2)*(TIME-TOPTIM(NTP» 
CALL TOR ( 

NT,MT,TOPND,TOPTYP,TOPINT,NHT,MHT,HTND,HTVAL,NQT, 
MQT,QTND,QTLEN,QTFLUX,DY) 

ELSEIF (TIME.GE.TOPTIM(NTP+l).AND.NTP.LT.NTOP) THEN 
TFINT=TOPTIM(NTP+l) 
NTP=NTP+l 
GOTO 55 

ENDIF 
* ••• Update TOPINT for the last time value of the hydrograph 

IF (NTP.EQ.NTOP.AND.FTIME.EQ.l) THEN 
STIM=MAXDT 
TOP I NT=TOPVAL (NTOP) 
CALL TOR ( 

NT,MT, TOPND,TOPTYP,TOPINT,NHT,MHT,HTND,HTVAL, NQT, 
MQT,QTND,QTLEN,QTFLUX,DY) 

FTIME=O 
ENDIF 

* ••• Restore previous time step 
IF (FLAG.EQ.O.AND.FLAGIT.EQ.l) THEN 

OLDDT=TMPODT 
NEWDT=TMPDT 
FLAG=l 

ENDIF 
* ••• Adjust time step for printing out results: 

TMPT=(TIME+NEWDT)-TFPINF 
IF (TMPT.GE.O.O) THEN 

TMPDT=NEWDT 
TMPODT=OLDDT 
NEWDT=TFPINF-TIME 
IF (NEWDT.LE.INIDT) NEWDT=INIDT 
FLAG=O 
FLAGIT=l 

ENDIF 
* ••• Print time step after every iteration 

383 

WRITE(*,1065)'TIME (min) = ',TIME,'TIME STEP (min) = ',NEWDT 
1065 FORMAT('+',A,F15.9,2X,A,F15.9) 

GOTO 10 
ENDIF 
END 
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Table F.'. List of subroutines used to compose both 
programs FUR and RET. Refer to Table F.l to find the list 
of subroutines that belong to each program. 

* .... :---------------------------------------------------------------
SUBROUTINE INP ( 

HFS,GS,Al,Bl,LAYER,NLY,MLY,NDZL,DZ,DY,NDZ,MDZ,NDY,NSVH,NSV, 
NSH,LV,LH,YTOP,ZDEEP,NTOP,MTOP,ZHYD,NHP,MHP,PAR,INIT,KSFY, 
KSFZ,QTFLUX,MAXZ,ZFACE,MINDT,MAXDT,DTPINF,MAXTIM,NSB,VIEW, 
MU,U,HTLOW,NUMFUR,WF,ANS,TOPTIM) 

* •• Purpose: 
* ••• To read input data and if given data is appropriate. 
* •• Declaration of global variables and arrays: 

IMPLICIT NONE 
INTEGER 

NLY,MLY,NDZ,MDZ,NDZL(MDZ),NDY,NSVH,NSV,NSH,NHP,MHP,MU, 
U(O:MU),NSB,NUMFUR,NTOP,MTOP 

REAL 
HFS,GS,Al,Bl,LAYER(MLY),DY,DZ(MDZ),LV,LH,ZDEEP,ZHYD(MTOP), 
YTOP,WF,PAR(MHP,MLY),KSFY,KSFZ,QTFLUX,HTLOW,MAXZ,ZFACE(MDZ), 
MAXTIM,TOPTIM(MTOP) 

DOUBLEPRECISION MAXDT,DTPINF 
CHARACTER VIEW*1,INIT*1,ANS*3 

* •• Declaration of local constants: 
REAL MINLAY,MAXGS,EPS,MINGS 
DOUBLE PRECISION MINDT 

* ••• The value of MAXGS should be at most equal to MINLAY. 
PARAMETER (MINLAY=15.0,MAXGS=10.0,MINGS=1.0,EPS=lE-03) 

* •• Declaration of local variables and arrays: 
INTEGER I,J,K,KL,L 
REAL SUML,MINFD,EYTOP,EZDEEP,THI 
CHARACTER 

MS20*20,MS25*25,MS30*34,MS35*35,MS60*60,MS65*65,MA35*35, 
MB35*35,MA30*30,MA31*31 

DOUBLE PRECISION DIF 
* •• Local function called: 

REAL QB, WATER 
* •• Execution: 
* ••• Get type of output (S=screen,F=File,B=screen and file) 

READ(U(O),'(A)') VIEW 
* •• Time values (min) 

READ (U(O),*) DTPINF,MAXDT, MAXTIM 
* ••• Furrow cross-section information 

READ (U(O),*) GS,MAXZ,NSB,HFS 
* ••• Layer information (#,size(cm» 

READ(U(O),*) NLY, (LAYER(L),L=l,NLY) 
* ••• Type of initial condition (INIT: H=head,W=water content) 

READ (U(O),'(A,lX,A)') INIT 
* ••• Soil hydraulic properties 
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* (l=Wi or Hi;2=n;3=a1pha;4=wcs;5=wcr;6=Ksy;7=Ksz) 
NHP=7 
DO 7 K=l,NHP 

READ (U(O),*) (PAR(K,L), L=l,NLY) 
7 CONTINUE 

* ••• Factor to modify conductivity of top nodes. 
READ (U(O),*) KSFY,KSFZ 

* ••• Constant flux through non-ponded surface «=0.0) 
READ (U(O),*) QTFLUX 

* ••• Number points and value of the hydrograph 
READ (U(O),*) NTOP 
READ (U(O),*) (TOPTIM(I), I=l,NTOP) 
IF (NTOP.EQ.1) TOPTIM(NTOP+1)=MAXTIM 
READ (U(O),*) (ZHYD(I), I=l,NTOP) 

* ••• Number of irrigating furrows: 
READ (U(O),*) NUMFUR 

* ••• Information on furrow boundary: 
READ (U(O),*) A1,B1,ZDEEP 

* •• Check the validity of some input data 
* Line 1: 

IF (VIEW.EQ.'s') VIEW='S' 
IF (VIEW.EQ.'f') VIEW='F' 
IF (VIEW.EQ.'b') VIEW='B' 
IF (VIEW.NE.'S'.AND.VIEW.NE.'F'.AND.VIEW.NE.'B') THEN 

MS30=' INVALID DATA ENTRY IN LINE l' 
MS65=' MESSAGE: VALID ENTRIES ARE: S, B OR F' 
WRITE (*,'(2(A/»') MS30,MS65 
STOP 

ENDIF 
* Line 3: 

MS60=' INVALID DATA ENTRY IN LINE 3' 
IF (GS.GT.MAXGS.OR.GS.LT.MINGS) THEN 

IF (GS.GT.MAXGS) THEN 
MS35=' ERROR: GIVEN GRID SIZE EXCEEDS ' 
WRITE (*,'(A/A,F5.2)') MS60,MS35,MAXGS 

ELSE 
MS35=' ERROR: GIVEN GRID SIZE LESS THAN ' 
WRITE (*,'(A/A,F5.2)') MS60,MS35,MINGS 

ENDIF 
STOP 

ENDIF 
* Line 4: 

MS60=' INVALID DATA ENTRY: LINE 4' 
MA31=' ERROR: THICKNESS OF LAYER ' 
IF (LAYER(1).LT.WF*ZDEEP) THEN 

WRITE (*,'(A/A,F5.2)') MS60,MA31,WF*ZDEEP 
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STOP 
ENDIF 

(Continued) 

DO 21 L=1,NLY 
IF (LAYER(L).LT.MINLAY) THEN 

WRITE(*,'(A/A,I2,A,F5.2)') MS60,MA31,L,' < ' 
MINLAY 
STOP 

ENDIF 
21 CONTINUE 

SUML=O.O 
DO 19 L=1,NLY 

SUML=SUML+LAYER(L) 
19 CONTINUE 

IF (MAXZ.GT.SUML) THEN 
MS60=' INVALID DATA ENTRY: LINE 2' 

MS65=' ERROR: MAXIMUM SOIL DEPTH> SUM OF LAYERS' 
WRITE(*,'(2(A/»') MS60,MS65 
STOP 

ENDIF 
* Line 5: 

IF (INIT.EQ.'w') INIT='W' 
IF (INIT.EQ.'h') INIT='H' 
IF (INIT.NE.'H'.AND.INIT.NE.'W') THEN 

MS60=' INVALID DATA ENTRY IN LINE 5' 
MS65=' ERROR: INIT HAS TOB EITHER W OR H' 
WRITE(*,'(2(A/»') MS60,MS65 
STOP 

ENDIF 
* ... Check initial condition for limit 

HTLOW=-15000 
DO 9 L=1,NLY 

THI=WATER(HTLOW,L,PAR,MHP,MLY) 
IF (INIT.EQ.'W'.AND.PAR(1,L).LT.THI) PAR(1,L)=THI 
IF (INIT.EQ.'H'.AND.PAR(1,L).LT.HTLOW) PAR(1,L)=HTLOW 

9 CONTINUE 
* Line 14: 

MS30=' INVALID DATA ENTRY: LINE 14' 
IF (QTFLUX.GT.O.O) THEN 

MS60=' ERROR: TOP FLOW BOUNDARY CANNOT BE POSITIVE' 
WRITE(*,'(2(A/»') MS30,MS60 
STOP 

ENDIF 
Line 16: 
MS65=' ERROR: TWO HYDROGRAPH VALUES FOR THE SAME TIME' 
DO 50 I=2,NTOP 

DIF=TOPTIM(I)-TOPTIM(I-1) 
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IF (DIF.LT.MINDT) THEN 
MS30=' INVALID DATA ENTRY: LINE 17' 
MS20=' ERROR: ' 
WRITE (*,'(2(A/»') MS30,MS65 
STOP 

ENDIF 
50 CONTINUE 

* Line 17: 
IF (ZHYD(1).LT.0.0) THEN 

MS60=' INVALID DATA ENTRY IN LINE 17' 
MS65=' FIRST HYDROGRAPH DEPTH MUST BE POSllVE ' 
WRITE(*,'(3(A/»') MS60,MS65 
STOP 

ELSEIF(ZHYD(1).EQ.0.0) THEN 
ZHYD(1)=0.001 

ENDIF 
* Line 19: 

IF (NUMFUR.LT.1.0R.NUMFUR.GT.2) THEN 
MS30=' INVALID DATA ENTRY: LINE 19' 
MS20=' ERROR: NUMFUR = ' 
WRITE(*,'(A/A,I1)') MS30,MS20,NUMFUR 
STOP 

ENDIF 
IF (NUMFUR.EQ.1) ANS='NO' 
IF (NUMFUR.EQ.2) ANS='YES' 

* Line 20: 
IF (B1.LT.EPS) THEN 

* ..• Rectangular furrow boundary 
YTOP=A1 

ELSE 
* ... Calculate maximum top width: 

YTOP=A1*(ZDEEP**B1) 
ENDIF 
MINFD=MIN«WF-1)*YTOP,(WF-1)*ZDEEP) 
EYTOP=YTOP+MINFD 
EZDEEP=ZDEEP+MINFD 
IF (HFS.LT.EYTOP.OR.MAXZ.LT.EZDEEP) THEN 

MS30=' INVALID DATA ENTRY: LINE 3 or 19' 
MS60=' MESSAGE: CHECK VALUES OF HALF FURROW SPACING,' 
MS65=' FURROW TOP WIDTH AND FURROW DEPTH' 
MS25=' 
MA35=' 
MB35=' 

LIMITS ARE: ' 
HALF FURROW SPACING >= ' 
MINIMUM SOIL DEPTH >= ' 

MA30=' * MINIMUM FURROW DIMENSION' 
WRITE(*,1021) MS30,MS60,MS65,MS25,MA35,WF,MA30, 

MB35,WF,MA30 

387 



Table F.7. 

STOP 
ENDIF 

(continued) 

1021 FORMAT(4(A/),2(A,F4.2,A/» 
DO 54 I=l,NTOP 

IF (ZHYD(I).GT.ZDEEP) THEN 
MS60=' ERROR: FURROW WATER DEPTH IS TOO HIGH!' 
WRITE(*,'(2(A/»') MS30,MS60 

STOP 
ENDIF 

54 CONTINUE 
IF (QTFLUX.LT.O~O) THEN 

* •.• Lowest head value in the evaporation boundary 
* You might consider calculating it according 
* to Newman 

HTLOW=-15000 
ENDIF 

* •• Calculate LH and the number of segments NSH: 
NDY=NINT(HFS/GS) 
DY=HFS/REAL(NDY) 
IF (NUMFUR.EQ.2) NDY=2*NDY 
LH = QB(DY,EYTOP) 
NSH = NINT(LH/DY) 

* ••• Calculate the size and number of DZ for each layer 
KL=l 
DO 27 L=l,NLY 

NDZL(L) = NINT«LAYER(L)/GS» 
DO 28 J = KL, NDZL(L) + (KL-1) 

DZ(J)=LAYER(L)/NDZL(L) 
28 CONTINUE 

KL=J 
27 CONTINUE 

NDZ=KL-1 
* ••• Fill out the vector DZ from KL to MDZ 

IF (NLY.EQ.1) KL=2 
DO 69 I=KL,NDZ 

DZ(I)=DZ(I-1) 
69 CONTINUE 

* ••• Locate interfaces 
IF (NLY.GT.1) THEN 

ZFACE(l)=LAYER(l) 
DO 151 L=2,NLY-1 

ZFACE(L)=ZFACE(L-1)+LAYER(L) 
151 CONTINUE 

ENDIF 
* ••• Define LV 

LV=QB(DZ(l),EZDEEP) 
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* ••• Define the number of segments along VQB 
NSV=NINT(LV/DZ(l» 

* •• Total number of segments along VQB+HQB. 
NSVH = NSV + NSH 
RETURN 
END 
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* .... :----------------------------------------------------------~----
SUBROUTINE GNP ( 

HFS,GS,Al,Bl,YTOP,ZDEEP,NSV,NSH,NSVH,NSBV,LH,LV,DY,DZ,MDZ, 
SI,SF,NSQ,MSQ,YC,ZC,ND,MND,NT,MT,TOPND,NB,MB,BOTND,NDY,NCS, 
NUMFUR,MEL,NDZ,MHT,MQT,VIEW,U,MU) 

* •• Purpose: 
* ••• To perform grid generation of triangular elements in the area 
* of the cross-section above the horizontal furrow boundary (HQB). 
* It also considers the case of alternate furrow irrigation. 
* •• Declaration of global variables and arrays: 

IMPLICIT NONE 
INTEGER 

NSV,NSH,NSVH,NSQ,MSQ,ND,MND,NSBV,NDY,MDZ,NT,MT,TOPND(MT), 
SI(MSQ),SF(MSQ),NCS,NB,MB,BOTND(MB),NUMFUR,MEL,NDZ,MHT,MQT, 
MU,U(O:MU) 

REAL 
HFS,GS,Al,Bl,YTOP,ZDEEP,LH,LV,YC(MND),ZC(MND),DY,DZ(MDZ), 
EPS,VYC,VZC,Cl,C2,YCT 

CHARACTER VIEW*l 
* •• Declaration of local constants: 

INTEGER MNR 
REAL PI,SMALL 
PARAMETER (PI=3.141592654,MNR=100,SMALL=lE-06) 

* •• Declaration of local variables and arrays: 
INTEGER 

I,IN,J,JT,K,L,PAB,NUMICS,MAXNEL,MAXND,MAXNHT,MAXNT,NSBH, 
MAXNB,MAXNQT 

REAL 
SZD,SYT,YBP(O:MNR),ZBP(O:MNR),DMIN,DMAX,WGT,MINLEN, 
MAXLEN,YQ(O:MNR),ZQ(O:MNR),SANG(O:MNR),EX1,RANG, 
HLEN(O:MNR),TEMP,RATIO,ADY,ADZ 

CHARACTER MS1*31,MS2*10,MS3*70,MS4*29 
LOGICAL SORTED 

* •• Define user-supplied functions: 
REAL ROOT 

* •• Execution: 
* ••• Subdivide ZDEEP and YTOP each of which into equal parts: 

SZD=ZDEEP/NSV 
SYT=YTOP/NSH 
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* ••• Intersections between a ray and the furrow boundary. 
K=O 
DO 15 I=O,NSVH 

IF (I.EQ.O) THEN 
YBP(I)=YTOP 
ZBP(I)=O.O 

ELSEIF (I.EQ.NSVH) THEN 
YBP(I)=O.O 
ZBP(I)=-ZDEEP 

ELSE 
IF (Bl.GE.O.O.AND.Bl.LT.SMALL) THEN 

* •.• Rectangular furrow boundary. 

* 

IF (I.LE.NSV) THEN 
YBP(I)=YTOP 
ZBP(I)=ZBP(I-l)-SZD 

ELSE 
YBP(I)=YBP(I-l)-SYT 
ZBP(I)=-ZDEEP 

ENDIF 
ELSE 
••• Any other shape. 

I 

* 
IF (I.LE.NSV) THEN 
••• Direction of Ray 

RANG=I*SZD/YTOP 
ELSE 

crossing line II ZDEEP 

* ••• Direction of Ray crossing line II YTOP 
K=K+l 
RANG=ZDEEP/(YTOP-K*SYT) 

ENDIF 
YBP(I)=ROOT (RANG,Al,Bl,YTOP,ZDEEP) 
ZBP(I)=-RANG*YBP(I) 

ENDIF 
ENDIF 

15 CONTINUE 
* ••• Calculate the coordinates along HQB and VQB: 

DO 25 I=O,NSVH 
IF(I.EQ.O) THEN 

* ••• intersection YTOP and VQB. 
YQ(I)=LH 
ZQ(I)=O.O 

ELSEIF(I.EQ.NSVH) THEN 
* ••• intersection ZDEEP and HQB. 

YQ(I)=O.O 
ZQ(I)=-LV 

ELSEIF(I.LE.NSV) THEN 
* ••• points along VQB 
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YQ(1)=LH 
ZQ(1)=ZQ(I-l)-DZ(I) 

ELSE 
* ••• points along HQB. 

YQ(I)=YQ(I-l)-DY 
ZQ(I)=-LV 

ENDIF 
25 CONTINUE 

* ••• Segment joining the furrow and quadrant boundaries. 

* 

* 

30 

* 

* 

* 

* 

MAXLEN=O.O 
MINLEN=LH+LV 
DO 30 I=O,NSVH 
••• Calculate the length of each segment. 

HLEN(1)=SQRT«YQ(I)-YBP(1»**2+(ZQ(1)-ZBP(I»**2) 
MAXLEN=MAX(HLEN(I),MAXLEN) 
MINLEN=MIN(HLEN(1),MINLEN) 

••• Find horizontal angle for the segment. 
IF(1.EQ.O) THEN 

SANG(1)=O.O 
ELSEIF(I.EQ.NSVH) THEN 

SANG(I)=0.5*PI 
ELSE 

RATIO=ABS«ZQ(I)-ZBP(I»/(YQ(1)-YBP(1») 
SANG (I) =ATAN(RAT10) 

END1F 
CONTINUE 

••• Number of segments beyond VQB up to HFS. 
NSBV = NINT( (HFS-LH)/DY ) 

••• Defined DMIN and DMAX: 
DMIN=SQRT«LH-YTOP)**2+(LV-ZDEEP)**2 ) 
DMAX=SQRT«LH-YTOP/2)**2+(LV-ZDEEP/2)**2) 

••• Calculate an weighing factor, WGT. 
WGT=0.2*«MAXLEN-DMIN)/(DMAX-DMIN» +0.5 

••• Number of divisions of each segment: 
NCS=NINT«WGT*MAXLEN+(l-WGT)*MINLEN)/GS) 
IF (NCS.GT.NSV) NCS=NSV 
EX1=NCS+NSBV 
NSBH=NDZ-NSV 

* ••• Determine values to check dimension 
MAXNHT=NSVH+l 
MAXNT=NUMFUR*(NSVH+NCS+NSBV)+l 
MAXNQT=MAXNT 
MAXND=NUMFUR*«NSVH+l)*NCS+NSH+NSBV*(NSV+l»+(NSV+l) 
MAXND=MAXND+NUMFUR*(NSBH*(NSH+NSBV»+NSBH 
MAXNEL=2*NUMFUR*«NSva*NCS)+(NSBV*NSV» 
MAXNEL=MAXNEL+NUMFUR*(2*NSBH*(NSH+NSBV» 
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MAXNB=NUMFUR*(NSH+NSBV)+l 
IF (VIEW.EQ.'S'.OR.VIEW.EQ.'B') THEN 

WRITE(*,1032) 
NCS,NSV,NSH,NSBV,NSBH,MAXNT,MT,MAXNB,MB,MAXNHT, 
MHT,MAXNQT,MQT,MAXND,MND,MAXNEL,MEL 

ENDIF 
IF(VIEW.EQ.'F'.OR.VIEW.EQ.'B') THEN 

WRITE(U(1),1032) 

ENDIF 

NCS, NSV, NSH, NSBV, NSBH,MAXNT,MT,MAXNB,MB,MAXNHT, 
MHT,MAXNQT,MQT,MAXND,MND,MAXNEL,MEL 

1032 FORMAT(/T8'VALUES FROM THE GRID GENERATION ROUTINE '1/ 
:TS,' NUMBER OF SEGMENTS ALONG RAYS (NCS) = ',lSI 
:TS,' NUMBER OF SEGMENTS ALONG LV (NSV) = ',lSI 
:TS,' NUMBER OF SEGMENTS ALONG LH (NSH) = ',IS/ 
:TS,' NUMBER OF SEGMENTS BEYOND LV (NSBV) = ',IS/ 
:TS,' NUMBER OF SEGMENTS BEYOND LH (NSBH) = ',IS/ 
:TS,' NUMBER OF TOP NODES (NT) = ',IS/ 
:TS,' DIMENSION OF TOP NODES (MT) = ',lSI 
:TS,' NUMBER OF BOTTOM NODES (NB) = ',lSI 
:TS,' DIMENSION OF BOTTOM NODES (MB) = ',IS/ 
:TS,' NUMBER OF HEAD NODES (NHT) = ',lSI 
:TS,' DIMENSION OF HEAD NODES (MHT) = ',lSI 
:TS,' NUMBER OF FLOW BOUNDARY NODES (NQT) = ',lSI 
:TS,'DIMENSION OF FLOW BOUNDARY NODES (MQT) = ',lSI 
:TS,' NUMBER OF ALL NODES (NO) = ',IS/ 
:TS,' DIMENSION OF ALL NODES (MND) = ',IS/ 
:TS,' NUMBER OF ALL ELEMENTS (NEL) = ',lSI 
:TS,' DIMENSION OF ALL ELEMENTS (MEL) = ',lSI) 

* ... Check against dimension values 
MS1='ERROR: THE GIVEN DIMENSION FOR ' 
MS2='TOO SMALL!' 
MS4=' REDEFINE ITS VALUE AS ' 
IF (MAXNHT.GT.MHT) THEN 

MS3= MS11/'HEAD NODES IS '11MS2 
WRITE(*,'(TS,A/TS,A,I4)') MS3,MS4,MAXNHT 
STOP 

ENDIF 
IF (MAXNT.GT.MT) THEN 

MS3= MS11/'TOP NODES IS '11MS2 
WRITE(*,'(TS,A/TS,A,I4)') MS3,MS4,MAXNT 
STOP 

ENDIF 
IF (MAXNQT.GT.MQT) THEN 

MS3= MS1//'FLOW BOUNDARY NODES IS '11MS2 
WRITE(*,'(TS,A/TS,A,I4)') MS3,MS4,MAXNQT 
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STOP 
ENDIF 
IF (MAXND.GT.MND) THEN 

MS3= MS1//'NODES IS '//MS2 
WRITE(*,'(TS,A/TS,A,I4)') MS3,MS4,MAXND 
STOP 

ENDIF 
IF (MAXNEL.GT.MEL) THEN 

MS3= MS1//'ELEMENTS IS '//MS2 
WRITE(*,'(TS,A/TS,A,I4)') MS3,MS4,MAXNEL 
STOP 

ENDIF 
IF (MAXNB.GT.MB) THEN 

MS3= MS1//'BOTTOM NODES IS '//MS2 
WRITE(*,'(TS,A/TS,A,I4)') MS3,MS4,MAXNB 
STOP 

ENDIF 
* ••• Nodal numbers and their coordinates along a sequence 

NT=O 
NB=O 
NUMICS=NSV-NCS 

* ••• INCOMPLETE SEQUENCES: starts at the furrow boundary 
DO 60 J= 1, NUMICS 

EX1=NCS+NSBV 
* ••• First incomplete sequence running along YTOP. 

IF (J.EQ.1) THEN 
* ••• Initial and final nodes and their coordinates. 

SI(J)=l 
SF(J)=SI(J)+EX1 
YC(1)=YBP(J-1) 
ZC(l)=O.O 

* ••• Consider the case of alternate furrows 
IF (NUMFUR.EQ.2) THEN 

* ••• Define final node 
SF(J)=SI(J)+2*EX1 

* ••• Give node coordinates 
YC(SF(J»=2*HFS-YC(1) 
ZC(SF(J»=ZC(l) 

ENDIF 
* ••• Get coordinates from second to penultimate node 

K=O 
ADY=HLEN(J-1)/NCS 
DO 62 IN = SI(J)+l, SI(J)+EXl 

IF (IN.LE.( SI(J)+NCS» THEN 
* ••• Nodes up to VQB. 

YC(IN)=YC(IN-1)+ADY 
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* 

* 

62 

ELSE 
••• Nodes beyond VQB. 

YC(IN)=YC(IN-l)+DY 
ENDIF 
ZC(IN) = ZC(IN-l) 

••• Consider the case of alternate furrows 
IF (NUMFUR.EQ.2) THEN 

K=K+l 
YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 

ENDIF 
CONTINUE 

* ••• Record the nodes from the top boundary. 
DO 69 JT=SI(l),SF(l) 

NT=NT+l 
TOPND(NT)=JT 

69 CONTINUE 
* ••• Other incomplete sequences running below the top. 

ELSE 
* ••• Initial and last nodes and their coordinates. 

SI(J) = SF(J-l) + 1 
SF(J) = SI(J)+EXl 
YC(SI(J»=YBP(J-l) 
ZC(SI(J»=ZBP(J-l) 

* ••• Record first node of the sequence as top node 
NT=NT+l 
TOPND(NT)=SI(J) 

* ••• Consider the case of alternate furrow. 
IF (NUMFUR.EQ.2) THEN 

* ••• Final node and its coordinates 
SF(J)=SI(J)+2*EXl 
YC(SF(J»=2*HFS-YC(SI(J» 
ZC(SF(J»=ZC(SI(J» 

* ••• Record this last node as top node. 
NT=NT+l 
TOPND(NT)=SF(J) 

ENDIF 
K=D 

* ••• Get coordinates from second to penultimate node 
DO 64 IN=SI(J)+l, SI(J)+EXl 

IF (IN.LT.SI(J)+NCS) THEN 
* ••• Nodes up to VQB. 

ADY=(HLEN(J-l)/NCS)*COS(SANG(J-l» 
ADZ=(HLEN(J-l)/NCS)*SIN(SANG(J-l» 
YC(IN)=YC(IN-l)+ADY 
ZC(IN)=ZC(IN-l)-ADZ 
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* 

* 

64 

ELSEIF(IN.EQ.SI(J)+NCS) THEN 
••• Node on VQB 

YC(IN)= YQ(J-1) 
ZC(IN)= ZQ(J-1) 

ELSE 
••• Nodes beyond VQB 

YC(IN) = YC(IN-1) + DY 
ZC(IN) = ZC(IN-1) 

ENDIF 
••• Consider the case of alternate furrows. 

IF (NUMFUR.EQ.2) THEN 
K=K+1 
YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 

ENDIF 
CONTINUE 

ENDIF 
60 CONTINUE 

L = 0 
* ••• All COMPLETE SEQUENCES: starts at the left boundary 

DO 66 J = NUMICS+1, NSV 
* ••• Sequence enclosing top nodes and furrow boundary 

IF (J.EQ.NUMICS+1.AND.NCS.EQ.NSV) THEN 
EX1=NSVH+NCS+NSBV 
SI(J)=1 
SF(J)=SI(J)+EX1 
IF (NUMFUR.EQ.2) SF(J)=SI(J)+2*EX1 

* ••• Nodes along the furrow boundary section 
DO 166 IN=SI(J),SI(J)+NSVH 

* ••• Left furrow boundary. 
YC(IN)=YBP(NSVH-I) 
ZC(IN)=ZBP(NSVH-I) 
1=1+1 

* ••• Right furrow boundary 

166 

* 

* 

IF (NUMFUR.EQ.2) THEN 
YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 
K=K+1 

ENDIF 
CONTINUE 

••• Nodes along the top boundary. 
DO 168 IN=SI(J)+NSVH+1,SI(J)+EX1 

IF (IN.LE.(SI(J)+EX1-NSBV» THEN 
••• Nodes up to VQB 

YC(IN)=YC(IN-1)+(HLEN(J-1)/NCS) 
ELSE 
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* ••• Nodes beyond VQB 
YC(IN)=YC(IN-1)+DY 

ENDIF 
ZC(IN)=ZC(IN-l) 

* ••• Consider the case of alternate furrows 
IF (NUMFUR.EQ.2) THEN 

YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN-1) 
K=K+1 

ENDIF 
168 CONTINUE 

* ••• Record nodes from the top boundary. 
DO 170 JT=SI(1),SF(1) 

NT=NT+1 
TOPND(NT)=NT 

170 CONTINUE 
* ••• Runs along furrow boundary but below top nodes 

ELSEIF (J.EQ.NUMICS+1.AND.NCS.LT.NSV) THEN 
PAB=NSVH+NCS-NSV 
EX1=PAB+NCS+NSBV 
SI(J)=SF(J-1)+1 
SF(J)=SI(J)+EX1 
IF (NUMFUR.EQ.2) SF(J)=SI(J)+2*EX1 

* ••• Consider the nodes along furrow boundary 

* 

* 

* 

68 

* 

K=O 
I=O 
DO 68 IN = SI(J), SI(J)+PAB 

YC(IN) = YBP(NSVH-I) 
ZC(IN) = ZBP(NSVH-I) 
I=I+1 

••• Top nodes from the left furrow boundary 
NT=NT+1 
TOPND(NT)=IN 
IF (NUMFUR.EQ.2) THEN 
••• Case of alternate furrows: 

YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 

••• Nodes in the right boundary as top nodes 
NT=NT+1 
TOPND(NT)=SF(J)-K 
K=K+1 

ENDIF 
CONTINUE 
I=PAB 
DO 63 IN=SI(J)+PAB+1, SI(J)+PAB+NCS-1 
••. Coordinates along the ray section. 
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ADY=(HLEN(NSVH-I)/NCS)*COS(SANG(NSVH-I» 
ADZ=(HLEN(NSVH-I)/NCS)*SIN(SANG(NSVH-I-» 
YC(IN)=YC(IN-l)+ADY 
ZC(IN)=ZC(IN-l)-ADZ 

* ••• Considers nodes in the alternate furrow area 

63 

* 

* 

* 

* 

72 

IF (NUMFUR.EQ.2) THEN 
YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 
K=K+l 

ENDIF 
CONTINUE 

••• Coordinates along VQB. 
YC(IN)= YQ(J-l) 
ZC(IN)= ZQ(J-l) 

••• Corresponding nodes in the alternate furrow area 
IF (NUMFUR.EQ.2.AND.NSBV.GT.O) THEN 

YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 
K=K+l 

ENDIF 
IF (NSBV.GT.O) THEN 

DO 72 IN=SI(J)+PAB+NCS+l,SI(J)+PAB+NCS+NSBV 
••• Coordinates of nodes beyond VQB 

YC(IN)=YC(IN-l)+DY 
ZC(IN)=ZC(IN-l) 

••• Considers nodes in the alternate furrow area 
IF (NUMFUR.EQ.2) THEN 

YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 
K=K+l 

ENDIF 
CONTINUE 

ENDIF 
* ••• Any other sequence above HQB. 

* 

ELSE 
L = L + 1 
PAB = NSVH-NSV+(NCS-L) 
EX1=PAB+(NCS-L)+NSBV 
SI(J)=SF(J-l)+l 
SF(J)=SI(J)+EXI 
IF (NUMFUR.EQ.2) SF(J)=SI(J)+2*EXl 
K=O 
I=O 
DO 74 IN = SI(J), SI(J)+PAB 
••• Nodes along the curve crossing the rays. 

IF (IN.EQ.SI(J» THEN 
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* 

* 

* 

* 

74 

* 

* 

75 

••• First node of the sequence. 
YC(IN)= 0.0 
ZC(IN)=ZBP(NSVH)-L*HLEN(NSVH)/NCS 

••• Image nodes on the alternate furrow zone. 
IF (NUMFUR.EQ.2) THEN 

YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 
K=K+l 

ENDIF 
ELSE 
••• Any other node. 

ADY=(L*HLEN(NSVH-I)/NCS)*COS(SANG(NSVH-I» 
ADZ=(L*HLEN(NSVH-I)/NCS)*SIN(SANG(NSVH-I» 
YC(IN)=YBP(NSVH-I) + ADY 
ZC(IN)=ZBP(NSVH-I) - ADZ 

••• Image nodes on the alternate furrow zone. 
IF (NUMFUR.EQ.2) THEN 

YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 
K=K+1 

ENDIF 
ENDIF 
1=1+1 

CONTINUE 
I=PAB 
DO 75 IN = SI(J)+PAB+1, SI(J)+PAB+(NCS-L)-l 
••• Nodes along the ray section. 

ADY=(HLEN(NSVH-I)/NCS)*COS(SANG(NSVH-I» 
ADZ=(HLEN(NSVH-I)/NCS)*SIN(SANG(NSVH-I» 
YC(IN) = YC(IN-1)+ ADY 
ZC(IN) = ZC(IN-1)- ADZ 

••• Image nodes in the alternate furrow zone. 
IF (NUMFUR.EQ.2) THEN 

YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 
K=K+1 

ENDIF 
CONTINUE 

* ••• coordinates along LV 
YC(IN) = YQ(J-l) 
ZC(IN) = ZQ(J-1) 

* ••• Image nodes in the alternate furrow zone. 
IF (NUMFUR.EQ.2.AND.NSBV.GT.0) THEN 

YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 
K=K+1 
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* 
ENDIF 

••• nodes beyond LV 
IF (NSBV.GT.O) THEN 

TEMP=PAB+(NCS-L)+1 
DO 76 IN=SI(J)+TEMP,SI(J)+TEMP+NSBV-1 

YC(IN) = YC(IN-1) + DY 
ZC(IN) = ZC(IN-1) 

* ••• Image nodes in the alternate furrow zone. 

76 

IF (NUMFUR.EQ.2) THEN 
YC(SF(J)-K)=2*HFS-YC(IN) 
ZC(SF(J)-K)=ZC(IN) 
K=K+1 

ENDIF 
CONTINUE 

ENDIF 
ENDIF 

66 CONTINUE 
* ••• The complete sequence that runs along HQB. 

J=NSV+1 
SI(J)=SF(J-1)+1 
SF(J)=SI(J)+NDY 
YC(SI(J»=O.O 

* ••• Record first and last node as lateral node 
NB=NB+1 
BOTND(NB)=SI(J) 

* ••• Assume this nodal sequence is still in the top layer 
ZC(SI(J»=ZC(SI(J-1» - HLEN(NSVH)/NCS 

* ••• Considers both conditions of furrows 
DO 81 IN=SI(J)+1,SF(J) 

* ••• Calculate coordinates. 
YC(IN)=YC(IN-1)+DY 
ZC(IN)=ZC(IN-1) 

* ••• Record bottom nodes. 
NB=NB+1 
BOTND(NB)=IN 

81 CONTINUE 
* ••• Get the total number of sequences and nodes 

NSQ=J 
ND=SF(NSQ) 

* ••• Sort TOPND from left to right in terms of its SANG 
EPS=lE-06 

* 

SORTED=.FALSE. 
230 IF (.NOT.SORTED) THEN 

SORTED=.TRUE. 
DO 232 1=1, NT-1 
••• Choose the comparision criteria 
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* 

VYC=ABS (YC (TOPND ( I ) ) ""YC (TOPND ( I+ 1) ) ) 
VZC=ABS(ZC(TOPND(I»-ZC(TOPND(I+l») 
YCT=ABS(YC(TOPND(I+l») 
IF (VYC.LE.EPS.AND.YCT.LE.HFS) THEN 

Cl=ZC(TOPND(I» 
C2=ZC(TOPND(I+l» 

ELSEIF(VYC.LE.EPS.AND.YCT.GT.HFS) THEN 
Cl=ZC(TOPND(I+l» 
C2=ZC(TOPND(I» 

ELSE 
Cl=YC(TOPND(I» 
C2=YC(TOPND(I+l» 

ENDIF 
••• Check YC coordinates for ascending order. 

IF (Cl.GT.C2) THEN 
TEMP=TOPND(I) 
TOPND(I)=TOPND(I+l) 
TOPND(I+l)=TEMP 
SORTED=.FALSE. 

ENDIF 
232 CONTINUE 

GOTO 230 
ENDIF 
RETURN 
END 

* ..... :---------------------------------------------------------------
SUBROUTINE GEP ( 

ILS,FLS,NSQ,MSQ,SI,SF,ND,MND,YC,ZC,MDZ,DZ,NSVH,NSV,NCS,NSBV, 
NEL,MEL,NODE,NDY,DY,NUMFUR,NB,MB,BOTND,NBW,MBW,INBW) 

* .. Purpose: 
* To assign numbers to the elements and identify their 
* corrresponding nodes for the generated grid. 
* .. Declaration of global variables and arrays: 

IMPLICIT NONE 
INTEGER 

ILS,FLS,MSQ,SI(MSQ),SF(MSQ),MND,MDZ,NSVH,NSV,NCS,NEL,MEL, 
NSBV,NODE(MEL,3),NSQ,NBW,NDY,NB,MB,BOTND(MB),NUMFUR,ND,MBW, 
INBW 

REAL DZ(MDZ),YC(MND),ZC(MND),DY 
* .• Define local variables and arrays: 

INTEGER 
EL,I,II,IJ,J,L,PA,PB,PC,PD,START1,START2,NS(3),NBX,EXT,LR,K 

CHARACTER MS1*29,MS2*10,MS3*70,MS4*29 
* •. Execution: 

11=0 
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* ••• Start with a new sequence (ILS) up to FLS 
DO 20 L=ILS,FLS 

* ••• Pair of sequences having at least a short one 
IF (L.LE.NSV-NCS+1) THEN 

* ••• Left and right images, depending on SF(L). 
DO 25 I = 1, SF(L-1)-SI(L-1) 

PA = SI(L-I) + (I-I) 
PB = SI(L-I) + I 
PC = SI(L) + (I-I) 
PO = SI(L) + I 
IF (L.EQ.NSV-NCS+1) THEN 

* ••• A complete sequence follows a short one 
PC = SI(L) + NSVH - (NSV-NCS) + (I-1) 
PO = SI(L) + NSVH - (NSV-NCS) + I 

ENOIF 
CALL OFEL (NOOE,MEL,NEL,YC,ZC,MNO,PA,PB,PC,PO) 

25 CONTINUE 
* ••• Any pair of complete sequences above HQB 

ELSEIF (L.GT.NSV-NCS+1.ANO.L.LE.NSV+1) THEN 
* ••• Quadrilaterals across the rays on left image 

LR=NSVH-(NSV-NCS)-1-I1 
DO 30 I = 1, LR 

PA = SI(L-I)+(I-1) 
PB = SI(L-1)+ I 
PC = SI(L) +(I-1) 
PO = SI (L) + I 
CALL OFEL (NOOE,MEL,NEL,YC,ZC,MNO,PA,PB,PC,PO) 

30 CONTINUE 
* ••• Quadrilateral switches direction on left side 

* 

35 

PA=PB+1 
PC=PB 
PB=PA+1 
PO=PO 
CALL OFEL (NOOE,MEL,NEL,YC,ZC,MNO,PA,PB,PC,PO) 

••• Quadrilaterals run along rays 
START1=PB 
START2=PO 
EXT=NCS-1-II+NSBV 
IF (NUMFUR.EQ.2) EXT=2*EXT 
DO 35 I = 1, EXT 

PA=START1 + (I-1) 
PB=START1 + I 
PC=START2 + (I-1) 
PO=START2 + I 
CALL OFEL (NODE,MEL,NEL,YC,ZC,MNO,PA,PB,PC,PO) 

CONTINUE 
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IF (NUMFUR.EQ.2) THEN 
* ... Quadrilateral switches direction on right side 

* 

45 

PA=PB 
PC=PD 
PB=PA+l 
PD=PB+1 
CALL DFEL (NODE,MEL,NEL,YC,ZC,MND,PA,PB,PC,PD) 

••• Quadrilaterals across the rasy on right image 
START1=PD 
START2=PC 
DO 45 I=l,LR 

PA=START1 + (I-1) 
PB=START1 + I 
PC=START2 + (I-1) 
PD=START2 + I 
CALL DFEL (NODE,MEL,NEL,YC,ZC,MND,PA,PB,PC,PD) 

CONTINUE 
ENDIF 
II=II+1 

* .•. Extend grid lines and number elements beyond HQB. 
ELSEIF (L.GT.NSV+1) THEN 

START1 = SI(L-1) 
START2 = SF(L-1)+1 
SI(L)=START2 
SF(L)=START2+NDY 
ND=SF(L) 
DO 50 I=l, NDY 

PA = STARTI + (I-I) 
PB = STARTI + I 
PC = START2 + (I-1) 
PD = START2 + I 
YC(PC) = YC(PA) 
ZC(PC) = ZC(PA) - DZ(L-1) 
YC(PD) = YC(PC) + DY 
ZC(PD) = ZC(PC) 
CALL DFEL (NODE,MEL,NEL,YC,ZC,MND,PA,PB,PC,PD) 

50 CONTINUE 
ENDIF 

20 CONTINUE 
* ... Record bottom nodes 

NB=NDY+1 
DO 18 K=l,NB 

BOTND(K)=SF(FLS-1)+K 
18 CONTINUE 

NSQ=FLS 
* .. Calculates maximum bandwith of the sparse matrix 
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INBW = 0 
NBW = 0 

(Continued) 

DO 90 EL=l,NEL 
DO 80 I = 1, 3 

NS(I) = NODE(EL,I) 
80 CONTINUE 

DO 70 I = 1, 2 
IJ = I + 1 
DO 60 J = IJ, 3 

NBX=ABS(NS(I)-NS(J» 
* ••• Check against elements having the same nodes. 

IF (NBX .EQ. 0) THEN 
WRITE(*, '(//10X,A,I3,A/10X,A)') 
'Element',EL, 'has two nodes with', 
'with the same node number' 

ENDIF 
IF (NBX.GT.NBW) THEN 

INBW = EL 
NBW = NBX 

ENDIF 
60 CONTINUE 
70 CONTINUE 
90 CONTINUE 

NBW=NBW + 1 
* •.• Verify size of the bandwith against MBW 

MS1='ERROR: GIVEN MAXIMUM SIZE OF ' 
MS2=' TOO SMALL 1 ' 
MS4=' REDEFINE ITS VALUE AS ' 
IF (NBW.GT.MBW) THEN 

MS3= MS1//'THE BANDWITH IS '//MS2 
WRITE(*,'(TS,A/TS,A,I4)') MS3,MS4,NBW 
STOP 

ENDIF 
RETURN 
END 

403 

* .... :---------------------------------------------------------------
SUBROUTINE TOP ( 

NT,MT,TOPND,ZDEEP,WDEPTH,NHT,MHT,HTND,HTVAL,NQT,MQT,QTND, 
QTLEN,MND,YC,ZC) 

* •• Purpose: 
* To update orescribed values of the top nodes according to the 
* given hydrograph. 
* •• Declaration global variables and arrays: 

IMPLICIT NONE 
INTEGER 
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NT,MT,NHT,MHT,HTND(MHT),NQT,MQT,QTND(MQT),MND,TOPND(MT) 
REAL 

ZDEEP,WDEPTH,HTVAL(MHT),QTLEN(MQT,2),YC(MND),ZC(MND) 
* .• Declaration of local variables: 

INTEGER J,K 
REAL T1,D1,T2,D2,TS,DS,FLH,PLH,ZS,YS 

* .• Execution: 
* ... Separate top nodes into head nodes and evap.bound. nodes 

ZS=WDEPTH-ZDEEP 
* ... Evaporation boundary side with a prescribed head node 

J=1 
410 IF ( ABS(ZS).LT.ABS(ZC(TOPND(J»» THEN 

J=J+1 
GOTO 410 

ENDIF 
* ... Number of head nodes and evaporation boundary nodes 

NHT=J-1 
NQT=NT-NHT 
DO 412 J=1,NQT 

QTND(J)=TOPND(NHT+J) 
412 CONTINUE 

IF (NHT.GT.O) THEN 
* ... Intersection of surface water with furrow boundary 

T1 = YC( TOPND(NHT+1) )-YC( TOPND(NHT) ) 
D1 = ZC( TOPND(NHT+1) )-ZC( TOPND(NHT) ) 
YS = YC(TOPND(NHT»+(T1/D1)*(ZS-ZC(TOPND(NHT») 

ENDIF 
* ... Prescribed head values 

DO 405 K=l,NHT 
HTND(K)=TOPND(K) 
HTVAL(K)=(ZDEEP-ABS(ZS»-(ZDEEP-ABS(ZC(TOPND(K»» 

405 CONTINUE 
DO 420 K=l,NQT 

IF (K.EQ.1.AND.NHT.EQ.0) THEN 
* ... No ponded water in the furrow 

,QTLEN(K,2 )=0. 0 
T1=ZC(TOPND(2»-ZC(TOPND(1» 
D1=YC(TOPND(2»-YC(TOPND(1» 
QTLEN(K,1)=0.5*SQRT(Tl**2+Dl**2) 

ELSEIF(K.EQ.1.AND.NHT.GT.0) THEN 
* ... Ponded water in the furrow 

T2=ZC(TOPND(NHT+K»-ZC(TOPND(NHT+K-1» 
D2=YC(TOPND(NHT+K»-YC(TOPND(NHT+K-1» 
FLH=SQRT(T2**2+D2**2) 
TS=ZC(TOPND(NHT+K»-ZS 
DS=YC(TOPND(NHT+K»-YS 
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PLH=SQRT(TS**2+DS**2) 
QTLEN(K,2)=(1.0-0.5*(PLH/FLH»*PLH 
Tl=ZC(TOPND(NHT+K+l»-ZC(TOPND(NHT+K» 
Dl=YC(TOPND(NHT+K+l»-YC(TOPND(NHT+K» 
QTLEN(K,1)=0.5*SQRT(Tl**2+Dl**2) 

ELSEIF(K.EQ.NQT) THEN 
* ••• Last top node 

QTLEN(K,l)=O.O 
T2=ZC(TOPND(NHT+K»-ZC(TOPND(NHT+K-l» 
D2=YC(TOPND(NHT+K»-YC(TOPND(NHT+K-l» 
QTLEN(K,2)=0.5*SQRT(T2**2+D2**2) 

ELSE 
Tl=ZC(TOPND(NHT+K+l»-ZC(TOPND(NHT+K» 
Dl=YC(TOPND(MHT+K+l»-YC(TOPND(NHT+K» 
QTLEN(K,1)=0.5*SQRT(Tl**2+Dl**2) 
T2=ZC(TOPND(NHT+K»-ZC(TOPND(NHT+K-l» 
D2=YC(TOPND(NHT+K»-YC(TOPND(NHT+K-l» 
QTLEN(K,2)=0.5*SQRT(T2**2+D2**2) 

ENDIF 
420 CONTINUE 

RETURN 
END 

405 

* .... :---------------------------------------------------------------
SUBROUTINE INR ( 

GSZ,LAYER,NLY,MLY,NDZL,DZ,DY,NDZ,MDZ,NDY,NHP,MHP,PAR,INIT, 
KSFY,KSFZ,TOPTYP,MTOP,NTOP,TOPTIM,TOPVAL,MAXZ,ZFACE,MAXDT, 
DTINF,MAXTIM,NSB,VIEW,MU,U,MT) 

IMPLICIT NONE 
* •• Purpose: 
* To read information about the dimensions of the problem domain 
* and the hydraulic properties of the media. 
* •• Declaration of global variables and arrays: 

INTEGER 
NLY,MLY,NDZ,MDZ,NDZL(MDZ),NDY,NHP,MHP,NSB,MT,MU,U(O:MU), 
MTOP,NTOP 

REAL 
GSZ,LAYER(O:MLY),DY,DZ(MDZ),PAR(MHP,MLY),KSFY,KSFZ, 
TOPVAL(MTOP),MAXZ,ZFACE(MDZ),MAXTIM,DIVGSZ, 
MAXY, TOPTIM (MTOP) 

CHARACTER VIEW*l,INIT*l,TOPTYP*l 
DOUBLE PRECISION MAXDT,DTINF 

* •• Local constants: 
REAL MINLAY,MINGSZ,MAXGSZ 

* ••• The value of MAXYGSZ should be at most equal to MINLAY. 
PARAMETER (MINLAY=15.0,MINGSZ=0.1,MAXGSZ=12.0) 
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* •• Local variables and arrays: 
INTEGER I,J,K,KL,L,TEMP 
REAL SUML,THI,HHI 
CHARACTER MS25*25,MS30*30,MS35*35,MS40*40,MS60*60, 

MS65*65,MS66*66 
* •• Local function called 

REAL WATER 
* •• Read input data: 
* ••• Type of output (S=screen,F=File,B=screen and file) 

READ(U(O),'(A)') VIEW 
* •• Time values (min) 

READ (U(O),*) DTINF,MAXDT,MAXTIM 
* ••• Grid dimensions (cm) 

READ (U(O),*) GSZ, MAXZ, NSB, MAXY 
* ••• Layer information (#,size(cm» 

READ(U(O),*) NLY, (LAYER(L),L=l,NLY) 
* ••• Type of initial condition (H=head,W=water content) 

READ (U(O),'(A)') INIT 
* ••• Soil hydraulic properties 
* (I=Wi or Hi;2=n;3=alpha;4=wcs;5=wcr;6=Ksy;7=Ksz) 

NHP=7 
DO 7 K=I,NHP 

READ (U(O),*) (PAR(K,L), L=I,NLY) 
7 CONTINUE 

* ••• Factor to modify conductivity of top nodes. 
READ (U(O),*) KSFY,KSFZ 

* ••• Type and value of top nodes 
* (TOPTYP=Q (Flow boundary) TOPVAL (inflow» 
* (TOPTYP=H (Head boundary) TOPVAL (head value» 

READ (U(O),'(A)') TOPTYP 
* ••• Number points and value of the hydrograph 

READ (U(O),*) NTOP 
READ (U(O),*) (TOPTIM(I), I=I,NTOP) 
IF (NTOP.EQ.l) TOPTIM(NTOP+l)=MAXTIM 
READ (U(O),*) (TOPVAL(I), I=I,NTOP) 

* •• Ckeck the validity of some of the input data: 
* Line 1: 

IF (VIEW.EQ.'s') VIEW='S' 
IF (VIEW.EQ.'f') VIEW='F' 
IF (VIEW.EQ.'b') VIEW='B' 
IF (VIEW.NE.'S'.AND.VIEW.NE.'F'.AND.VIEW.NE.'B') THEN 

MS30=' INVALID DATA ENTRY IN LINE l' 
MS65=' MESSAGE: VALID ENTRIES ARE: S, B OR F' 
WRITE (*,'(2(A/»') MS30,MS65 
STOP 

ENDIF 
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* Line 3: 
IF (GSZ.GT.MAXGSZ.OR.GSZ.LT.MINGSZ) THEN 

MS60=' INVALID DATA ENTRY: LINE 3' 
IF (GSZ.GT.MAXGSZ) THEN 

MS35=' ERROR: GIVEN GRID SIZE EXCEEDS ' 
WRITE (*,'(A/A,F5.2)') MS60,MS35,MAXGSZ 

ELSE 
MS35=' ERROR: GIVEN GRID SIZE LESS THAN ' 
WRITE (*,'(A/A,F5.2)') MS60,MS35,MINGSZ 

ENDIF 
STOP 

ENDIF 
IF (GSZ.GT.MAXY) THEN 

MS65=' ERROR:THE GRID SIZE> CROSS-SECTION WIDTH' 
WRITE (*,'(2(A/))') MS60,MS65 
STOP 

ENDIF 
NDY=NINT(MAXY/GSZ) 
DY=MAXY/NDY 
IF (NDY.GT.MT-1) THEN 

MS40=' ERROR:CROSS-SECTION WIDTH TOO BIG!' 
MS25=' MAXIMUM VALUE=' 
WRITE (*,'(A/A,F5.2,A)') MS40,MS25,MT*GSZ,' CM' 
STOP 

ENDIF 
* Line 4: 

DO 21 L=l,NLY 
MS60=' INVALID DATA ENTRY: LINE 4' 
MS30=' ERROR: THICKNESS OF LAYER ' 
IF (LAYER(L).LT.MINLAY) THEN 

-. 

WRITE(*,'(A/A,I2,A,F5.2)') MS60,MS30,L,' < ' 
MINLAY 
STOP 

ENDIF 
21 CONTINUE 

SUML=O.O 
DO 19 L=l,NLY 

SUML=SUML+LAYER(L) 
19 CONTINUE 

IF (MAXZ.GT.SUML) THEN 
MS65=' MAXIMUM SOIL DEPTH> ERROR: SUM OF LAYERS' 
WRITE(*,'(2(A/))') MS60,MS65 
STOP 

ENDIF 
* Line 5: 

IF (INIT.EQ.'w') INIT='W' 
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IF (INIT.EQ.'h') INIT='H' 
IF (INIT.NE.'H'.AND.INIT.NE.'W') THEN 

MS60=' INVALID DATA ENTRY IN LINE 5' 
MS65=' ERROR: INIT HAS TOB EITHER W OR H' 
WRITE(*,'(2(A/»') MS60,MS65 
STOP 

ENDIF 
* Line 6: 

HHI=-15000 
DO 9 L=l,NLY 

THI=WATER(HHI,L,PAR,MHP,MLY) 
IF (INIT.EQ.'W'.AND.PAR(l,L).LT.THI) PAR(l,L)=THI 
IF (INIT.EQ.'H'.AND.PAR(l,L).LT.HHI) PAR(l,L)=HHI 

9 CONTINUE 
* Line 14: 

IF (TOPTYP.EQ.'q') TOPTYP='Q' 
IF (TOPTYP.EQ.'h') TOPTYP='H' 
IF (TOPTYP.NE.'Q'.AND.TOPTYP.NE.'H') THEN 

MS60=' INVALID DATA ENTRY IN LINE 14' 
MS65=' ERROR: TOPTYP HAS TO BE EITHER Q OR H' 
MS66=' CHECK ALSO LINE 11' 
WRITE(*,'(3(A/»') MS60,MS65,MS66 
STOP 

ENDIF 
* •.• Calculate the size and number of DZ for each layer 

KL=l 
* ••• Number of sub divisions of the first GSZ is DIVGSZ 

DIVGSZ=l 
DO 27 L=l,NLY 

NDZL(L)=NINT«LAYER(L)/GSZ» 
IF (L.EQ.1) THEN 

* ••• Make a finer mesh for the first DZ 
TEMP=NDZL(L) 
DO 32 J=l,DIVGSZ 

DZ(J)=(LAYER(L)/TEMP)/DIVGSZ 
32 CONTINUE 

KL=J 
NDZL(L)=TEMP+(DIVGSZ-l) 

* ... Do the rest as regular grid 

* 

DO 28 J = KL, NDZL(L) 
DZ(J)=LAYER(L)/TEMP 

28 CONTINUE 
KL=J 

ELSE 
••• Have the regular grid 

DO 29 J = KL, NDZL(L)+ KL-1 
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DZ(J)=LAYER(L)/NDZL(L) 
29 CONTINUE 

KL=J 
ENDIF 

27 CONTINUE 
NDZ=KL-1 

* ..• Fill out the vector DZ from KL to MDZ 
IF (NLY.EQ.1) KL=2 
DO 69 I=KL,MDZ 

DZ(I)=DZ(I-1) 
69 CONTINUE 

* •.. Locate interfaces 
IF (NLY.GT.1) THEN 

ZFACE(l)=LAYER(l) 
DO 151 L=2,NLY-l 

ZFACE(L)=ZFACE(L-1)+LAYER(L) 
151 CONTINUE 

ENDIF 
RETURN 
END 
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* .... :---------------------------------------------------------------
SUBROUTINE GNR ( 

DY,NDY,DZ,MDZ,SI,SF,NSQ,MSQ,YC,ZC,ND,MND,NB,MB,BOTND,NT, 
MT,TOPND) 

IMP:'ICIT NONE 
* .. Purpose: 
* To perform grid generation of triangular elements in a 
* rectangular area. 
* .. Declaration of global variables and arrays: 

INTEGER NSQ,MSQ,ND,MND,NDY,MDZ,SI(MSQ),SF(MSQ), 
NB,MB,BOTND(MB),NT,MT,TOPND(MT) 

REAL Dy,DZ(MDZ),YC(MND),ZC(MND) 
* .. Local variables and arrays: 

INTEGER I,NOD,J,K 
* .. Execution: 

NT=O 
NB=O 
NOD=l 
DO 10 J=l,NSQ 

IF (J.EQ.1) THEN 
* ... Initial and final node numbers and coordinates 

SI(J)=l 
YC(SI(J»=O.O 
ZC(SI(J»=O.O 

* ... Record top nodes 
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NT=NDY+1 
DO 15 K=1,NT 

TOPND(K)=K 
15 CONTINUE 

ELSE 
SI(J)=SF(J-1)+1 
ZC(SI(J»=ZC(SI(J~1»-DZ(J-1) 

ENDIF 
SF(J)=SI(J)+NDY 

* ... Nodal coordinates. 
DO 20 I=1,NDY 

YC(SI(J)+I)=YC(SI(J»+I*DY 
ZC(SI(J)+I)=ZC(SI(J» 

20 CONTINUE 
10 CONTINUE 

NSQ=J-1 
ND=SF(NSQ) 

* ... Record bottom nodes 
NB=NDY+l 
DO 18 K=1,NB 

BOTND(K)=SF(NSQ-1)+K 
18 CONTINUE 

RETURN 
END 
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* .... :---------------------------------------------------------------
SUBROUTINE TOR ( 

NT,MT, TOPND,TOPTYP, TOPINT,NHT,MHT,HTND,HTVAL,NQT, 
MQT,QTND,QTLEN,QTFLUX,DY) 

IMPLICIT NONE 
* .. Purpose: 
* Update the prescribed values of the top nodes according to the 
* given hydrograph. 
* .• Declaration of variables and arrays: 

INTEGER 
NT,MT,TOPND(MT),NHT,MHT,NQT,MQT,HTND(MHT),QTND(MQT) 

REAL HTVAL(MHT),TOPINT,QTFLUX,QTLEN(MQT,2),DY 
CHARACTER TOPTYP*1 

* •. Local variables: 
INTEGER K,J 

* .. Execution: 
DO 30 K=1,NT 

IF (TOPTYP.EQ.'Q') THEN 
* ... Top nodes have prescribed flux 

NQT=NT 
QTND(K)=TOPND(K) 
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DO 32 J=1,2 
QTLEN(K,J)=0.5*DY 

32 CONTINUE 
IF (K.EQ.l) QTLEN(K,2)=0.0 
IF (K.EQ.NT) QTLEN(K,l)=O.O 
QTFLUX=TOPINT 
NHT=O 

ELSEIF(TOPTYP.EQ.'H') THEN 
* ••• Top nodes have prescribed head 

NHT=NT 
HTND(K)=TOPND(K) 
HTVAL(K)=TOPINT 
NQT=O 

ENDIF 
30 CONTINUE 

RETURN 
END 
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* .... :---------------------------------------------------------------
SUBROUTINE GER ( 

ILS,FLS,NSQ,MSQ,SI,SF,ND,MND,YC,ZC,MDZ,DZ,NEL,MEL,NODE,DY, 
NDY,NB,MB,BOTND,NBW,INBW) 

IMPLICIT NONE 
* •• Purpose: 
* To number the elements and identify their respective nodes 
* from both grids: the one created by GND and the one extended 
* generated by this subroutine. 
* .• Declaration of global variables and arrays: 

INTEGER 
ILS,FLS,MSQ,SI(MSQ),SF(MSQ),ND,MND,MDZ,NEL,MEL,NODE(MEL,3), 
NDY,NB,MB,BOTND(MB),NSQ,NBW,INBW 

REAL DZ(MDZ),YC(MND),ZC(MND),DY 
* •• Define local variables and arrays: 

INTEGER 
EL,I,II,IJ,J,L,PA,PB,PC,PD,START1,START2,NS(3),NBX,K 

CHARACTER RET*1 
* .. Execution: 

11=0 
IF (ILS.LT.2.0R.ILS.GT.FLS) THEN 

WRITE (6,'(A)') , Press <ENTER> to continue' 
READ (6,'(A)') RET 
STOP 

ENDIF 
* ••• Start with a new sequence (ILS) up to FLS 

DO 10 L=ILS,FLS 
START1 = SI(L-1) 
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START2 = SF(L-1)+1 
SI(L)=START2 
SF(L)=START2+NDY 
ND=SF(L) 
DO 20 I=l, NDY 

PA = START1 + (I-1) 
PB = START1 + I 
PC = START2 + (I-1) 
PD = START2 + I 
YC(PC) = YC(PA) 
ZC(PC) = ZC(PA) - DZ(L-1) 
YC(PD) = YC(PC) + DY 
ZC(PD) = ZC(PC) 
CALL DFEL (NODE,MEL,NEL,YC,ZC,MND,PA,PB,PC,PD) 

20 CONTINUE 
10 CONTINUE 

IF (L.GT.NSQ) THEN 
* ••• Record bottom nodes 

NB=NDY+1 
DO 18 K=l,NB 

BOTND(K)=SF(FLS-1)+K 
18 CONTINUE 

ENDIF 
NSQ=FLS 

* •• Calculates maximum bandwith of the sparse matrix 
INBW = a 

* 

NBW = a 
DO 90 EL=l,NEL 

DO 80 I = 1, 3 
NS(I) = NODE(EL,I) 

80 CONTINUE 

60 

DO 70 I = 1, 2 
IJ = I + 1 
DO 60 J = IJ, 3 

NBX=ABS(NS(I)-NS(J» 
••• Check against elements having the same nodes. 

IF (NBX .EQ. 0) THEN 
WRITE(*, '(//10X,A,I3,A/10X,A)') 
'Element',EL, 'has two nodes with', 
'with the same node number' 

ENDIF 
IF (NBX.GT.NBW) THEN 

INBW = EL 
NBW = NBX 

ENDIF 
CONTINUE 
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70 CONTINUE 
90 CONTINUE 

NBW=NBW + 1 
RETURN 
END 
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* .... :---------------------------------------------------------------
SUBROUTINE RMB (FILENAME) 

* .. Purpose: 
* To remove blanks from file names. 
* .. Declaration of global variable. 

IMPLICIT NONE 
CHARACTER*(*) FILENAME 

* .. Declaration of local variables: 
INTEGER I,L,LENGTH 
CHARACTER BLANK*l 

* .• Data: 
DATA BLANK I' 'I 

* .. Execution: 
LENGTH = LEN (FILENAME) 
L=O 
DO 10 I=I,LENGTH 

IF (FILENAME(I:I).NE.BLANK) THEN 
L=L+l 
IF (I.GT.L) THEN 

FILENAME(L:L)=FILENAME(I:I) 
FILENAME(I:I)=BLANK 

ENDIF 
ENDIF 

10 CONTINUE 
RETURN 
END 

* .... :---------------------------------------------------------------
SUBROUTINE DFEL(NODE,MEL,NEL,YC,ZC,MND,PA,PB,PC,PD) 

* .. Purpose: 
* To divide a quadrilateral into two triangles, to number each 
* triangular element and to identify their nodal numbers. 
* .. Declaration of global arrays and avriables: 

IMPLICIT NONE 
INTEGER MEL,NEL,MND,PA,PB,PC,PD,NODE(MEL,3) 
REAL YC(MND), ZC(MND) 

* .. Local variables: 
REAL LENAD,LENBC 

* .. Execution: 
LENAD = SQRT«YC(PA)-YC(PD»**2+(ZC(PA)-ZC(PD»**2) 
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LENBC = SQRT«YC(PB)-YC(PC»**2+(ZC(PB)-ZC(PC»**2) 
NEL=NEL+l 
IF (LENBC .LE. LENAD) THEN 

NODE (NEL,1) = PB 
NODE(NEL,2) = PA 
NODE(NEL,3) = PC 
NEL = NEL + 1 
NODE (NEL,1) = PC 
NODE(NEL,2) = PD 
NODE (NEL,3) = PB 

ELSEIF (LENAD .LT. LENBC) THEN 
NODE(NEL,l) = PA 
NODE(NEL,2) = PC 
NODE(NEL,3) = PD 
NEL = NEL + 1 
NODE (NEL,1) = PD 
NODE(NEL,2) = PB 
NODE(NEL,3) = PA 

ENDIF 
RETURN 
END 
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* .... :---------------------------------------------------------------
SUBROUTINE INC ( 

INIT,OLDNEL,NEWNEL,MEL,NODE,MHP,NLY,MLY,PAR,NDZL,DZ,MDZ,MND, 
HO,HP,ZC,HI,ZFACE,MAXHP) 

* .. Purpose: 
* To assign initial head values for all nodes. 
* .. Declaration of global variables and arrays: 

IMPLICIT NONE 
INTEGER 

OLDNEL,NEWNEL,MEL,NODE(MEL,3),MHP,NLY,MLY,MND,MDZ,NDZL(MDZ) 
REAL 

PAR(MHP,MLY),HO(MND),HP(MND),ZC(MND),HI(MND), 
DZ(MDZ),ZFACE(MLY),MAXHP 

CHARACTER INIT*l 
* .. Local variables: 

INTEGER EL,NOD,L,J,K 
REAL Tl,T2,TU,TL,EPS 

* .. Called function: 
INTEGER LOCLAY 
REAL HEAD 

* .. Executaion: 
* .•. Get the initial head value for all nodes. 

EPS=lE-06 
MAXHP=O.O 
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DO 10 EL=OLDNEL+1,NEWNEL 
* .•• Locate the layer where the element is 

IF (NLY.EQ.1) THEN 
L=l 

ELSE 
L=LOCLAY(NODE,MEL,EL,NDZL,DZ,MDZ,ZC,MND) 

ENDIF 
DO 20 J=1,3 

NOD=NODE(EL,J) 
* .•. Define the initial head and water content at NOD 

IF (INIT.EQ.'W') THEN 
* ..• Water content is the initial condition 

HI(NOD)=-HEAD(PAR(l,L),L,PAR,MHP,MLY) 
ELSE 

* ... Head is the initial condition 

* 

* 

* 

* 

* 

HI(NOD)=PAR(l,L) 
ENDIF 

••• Case of layered soil 
IF (NLY.GT.1) THEN 

IF (L.EQ.1) THEN 
••• The element is in the first layer 

K=L 
••• Find interface where the node is 

Tl=ABS(ZC(NOD» 
T2=ABS(1.0-T1/ZFACE(K» 
IF (T2.LE.EPS) THEN 

CALL AVE ( 
L,L+1,HI(NOD),INIT,MHP,MLY,PAR) 

ENDIF 
ELSEIF (L.EQ.NLY) THEN 
••• The element is in the last layer 

K=NLY-l 
••• Find interface where the node is 

T1=ABS(ZC(NOD» 
T2=ABS(1.0-T1/ZFACE(K» 
IF (T2.LE.EPS) TH~N 

CALL AVE ( 
L-1,L,HI(NOD),INIT,MHP,MLY,PAR) 

ENDIF 
ELSEIF (L.GT.1.AND.L.LT.NLY) THEN 

T1=ABS(ZC(NOD» 
TU=ABS(1.0-T1/ZFACE(L-1» 
TL=ABS(1.0-T1/ZFACE(L» 
IF (TU.LE.EPS) THEN 
••• Node is at the upper interface 

CALL AVE ( 
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* 

L-1,L,HI(NOD),INIT,MHP,MLY,PAR) 
ELSEIF (TL.LE.EPS) THEN 
••• Node is at the lower interface 

CALL AVE ( 
L,L+1,HI(NOD),INIT,MHP,MLY,PAR) 

ENDIF 
ENDIF 

ENDIF 
* ... Find maximum absolute head value 

MAXHP=MAX(MAXHP,ABS(HI(NOD») 
* .•• Set initial condition vectors 

HO(NOD)=HI(NOD) 
HP(NOD)=HI(NOD) 

20 CONTINUE 
10 CONTINUE 

RETURN 
END 
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* .... :---------------------------------------------------------------
SUBROUTINE AVE (L1,L2,HAV,INIT,MHP,MLY,PAR) 
IMPLICIT NONE 

* .. Purpose: 
* To calculate an average value for nodal pressure head 
* at the internal interface between two soil layer~. 
* .. Declaration of global variables: 

INTEGER L1,L2,MHP,MLY 
REAL HAV,PAR(MHP,MLY) 
CHARACTER INIT*l 

* .. Local variables: 
REAL W1,W2,H1,H2 

* .. Local function called 
REAL HEAD, WATER 

* .. Execution: 
IF (INIT.EQ.'W') THEN 

Wl=PAR(1,L1) 
H1=-HEAD(W1,L1,PAR,MHP,~~y) 

W2=PAR(1,L2) 
H2=-HEAD(W2,L2,PAR,MHP,MLY) 

ELSEIF (INIT.EQ.'H') THEN 
H1=PAR(1,L1) 
W1=WATER(H1,L1,PAR,MHP,MLY) 
H2=PAR(1,L2) 
W2=WATER(H2,L2,PAR,MHP,MLY) 

ENDIF 
HAV=(Hl+H2)/2.0 
RETURN 
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END 

* .... :---------------------------------------------------------------
SUBROUTINE BDC ( 

NHT,MHT,HTND,HTVAL,NQT,MQT,QTND,QTFLUX,ND,MND,HO,HP,NB, 
MB,QN,BOTND,NDY,DY,NEL,MEL,NODE,QB,QTVAL,QTLEN,MLY,MHP,PAR, 
NDZL,DZ,MDZ,ZC,HI,NLY) 

"' •• Purpose: 
'" To assign boundary condition values for the flow problem. 
"' •• Declaration of global variables and arrays: 

IMPLICIT NONE 
INTEGER 

NHT,MHT,ND,MND,NQT,MQT,HTND(MHT) ,QTND(MQT) ,NB,MB,NDY, 
BOTND(MB) ,NEL,MEL,NODE(MEL,3) ,NLY,MLY,MHP,MDZ,NDZL(MDZ) 

REAL 
QTFLUX,HO(MND),HP(MND),DY,ZC(MND),PAR(MHP,MLY), 
HI(MND),QTVAL(MQT),QTLEN(MQT,2),HTVAL(MHT),QB(MND),DZ(MDZ), 
QN(MND) 

"' •• Local variables: 
INTEGER I,J,JJ,EL,L,NOD 
REAL ZLAST,ZTEMP,SMALL,BFLUX 
DOUBLE PRECISION KR 

"' •• Local function called: 
INTEGER LOCLAY 
DOUBLE PRECISION RELHYD 

"' •• Execution: 
'" ••• Consider top nodes with prescribed flux: 

DO 20 I=l,NQT 
NOD=QTND(I) 

'" ••• Flow boundary nodes with constant inflow 
QTVAL(I)=QTFLUX 
DO 22 J=1,2 

QB(NOD)=QB(NOD)+QTVAL(I) "'QTLEN(I,J) 
22 CONTINUE 
20 CONTINUE 

'" ••• Search over the last row of elements 
DO 40 EL=NEL-2"'NDY+l,NEL 

'" ••• Z-coordinate of last node 
ZLAST=ABS(ZC(ND» 

'" ••• Z-coordinate of element side facing lower boundary 
ZTEMP=ABS(ZC(NODE(EL,l») 
SMALL=ABS(l-ZTEMP/ZLAST) 
IF (SMALL.LT.IE-06) THEN 

'" ••• The element facing lower boundary is found 
L=l 
IF (NLY.GT.l) THEN 
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L=LOCLAY(NODE,MEL,EL,NDZL,DZ,MDZ,ZC,MND) 
ENDIF 

* ••• Sum up the contributions of local nodes 1 and 2 
DO 50 J=1,2 

JJ=NODE(EL,J) 
KR=RELHYD(HI(JJ),L,PAR,MHP,MLY) 
BFLUX=-KR*PAR(7,L)*0.5*DY 

* ••• Search along the bottom nodes 
DO 60 I=l,NB 

IF (JJ.EQ.BOTND(I» THEN 
QB(JJ)=QB(JJ)+BFLUX 
QN(JJ)=QB(JJ) 

ENDIF 
60 CONTINUE 
50 CONTINUE 

ENDIF 
40 CONTINUE 

* ••• Consider top nodes with prescribed head: 
L=1 
DO 10 I=1,NHT 

NOD=HTND(I) 
HI (NOD)=HTVAL(I) 
HO(NOD)=HTVAL(I) 
HP(NOD)=HTVAL(I) 

10 CONTINUE 
RETURN 
END 
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* .... :---------------------------------------------------------------
SUBROUTINE ASB ( 

NEL,MEL,NODE,MND,YC,ZC,B,CA,HO,HP,MBW,KA,NLY,MHP,MLY,PAR, 
MDZ,NDZL,DZ,NT,MT,TOPND,TDVEL,KSFY,KSFZ,WCO,WCP,SWC,CR) 

* •• Purpose: 
* To perform the assembly of the conductance matrix [KA) and the 
* capaciatance matrix rCA). The conductance matrix is stored 
* with reduced dimensions of MBWxMND. 
* .. Declaration of global variables and arrays: 

IMPLICIT NONE 
INTEGER 

NEL,MEL,NODE(MEL,3),MND,MBW,NLY,MHP,MLY,NT,MT,MDZ,NDZL(MDZ), 
TOPND(MT) 

REAL 
YC(MND),ZC(MND),DZ(MDZ),PAR(MHP,MLY),HO(MND), 
HP(MND),B(MND),CA(MND),TDVEL,KSFY,KSFZ,WCO(MND),WCP(MND), 
SWC(MND),CR(MND) 

DOUBLE PRECISION KA(MBW,MND) 
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* .. Local variables and arrays: 
INTEGER EL,L,I,NDI,J,NDJ,M,ROW,COL 
REAL YY(3),ZZ(3),BL(3),CL(3),DELTA,KSY,KSZ,DVEL,EPS 
DOUBLE PRECISION 

SUMKYY,SUMKZZ,KR,AVKYY,AVKZZ,AYY,AZZ,AK 
* .. Local function calls: 

INTEGER LOCLAY 
REAL WATER,SWCAP 
DOUBLE PRECISION RELHYD 

* .. Assembly of matrices and vectors: element by element 
TDVEL=O.O 
EPS=lE-06 
DO 100 EL=l,NEL 

DVEL=O.O 
SUMKYY=O.O 
SUMKZZ=O.O 

* ..• Locate the layer where the element is 
IF (NLY.EQ.1) THEN 

L=l 
ELSE 

L=LOCLAY(NODE,MEL,EL,NDZL,DZ,MDZ,ZC,MND) 
ENDIF 

* ... Get local coordinates for the element, EL 

* 

* 

* 

DO 10 1=1,3 
NDI=NODE(EL,I) 
YY(I)=YC(NDI) 
ZZ(I)=ZC(NDI) 

10 CONTINUE 
DO 20 1=1,3 

NDI=NODE(EL,I) 
••• Calculate nodal water content at node NDI for EL 

WCP(NDI)=WATER(HP(NDI),L,PAR,MHP,MLY) 
WCO(NDI)=WATER(HO(NDI),L,PAR,MHP,MLY) 

••• Get coordinates of interpolating functions for EL 
J=MOD(I+1,3) 
IF (J.EQ.O) J=3 
M=MOD(I+2,3) 
IF (M.EQ.O) M=3 
BL(I)=ZZ(J)-ZZ(M) 
CL(I)=YY(M)-YY(J) 

••• Calculate nodal hydraulic conductivity for EL 
KR=RELHYD(HP(NDI),L,PAR,MHP,MLY) 
KSY=PAR(6,L) 
KSZ=PAR (7 , L) 
IF (L.EQ.1) THEN 

DO 40 J=l,NT 
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40 

IF (NDI.EQ.TOPND(J» THEN 
KSY=KSFY*PAR(6,L) 
KSZ=KSFZ*PAR(7,L) 

ENDIF 
CONTINUE 

ENDIF 
SUMKYY=SUMKYY+KSY*KR 
SUMKZZ=SUMKZZ+KSZ*KR 

* .•. Calculate the change in the nodal water content for EL 
DVEL=DVEL+(WCP(NDI)-WCO(NDI» 

20 CONTINUE 
* ... Calculate area of the element EL 

DELTA=(CL(3)*BL(2)-CL(2)*BL(3»/2.0 
* ... Get average hydraulic conductivity 

AVKYY=SUMKYY/3.0 
AVKZZ=SUMKZZ/3.0 

* ... Get change in storage in DT for the element, EL 
DVEL=DVEL*DELTA/3.0 

* ... Assemble matrices and vectors 
DO 60 I=1,3 

NDI=NODE(EL,I) 
* ... Ca1culate nodal soil-water capacity 

SWC(NDI)=SWCAP(HP(NDI),L,PAR,MHP,MLY) 
* ... Capacitance matrix 

CA(NDI)=CA(NDI)+(DELTA/3.0)*SWC(NDI) 
* ... Calculate the WC contribution to the residual vector 

CR(NDI)=CR(NDI)+(DELTA/3.0)*(WCP(NDI)-WCO(NDI» 
* ... Contribution to gravity 

B(NDI)=B(NDI)+AVKZZ*CL(I)/2.0 
* .•. Conductance mattrix 

DO 70 J=1,3 
NDJ=NODE(EL,J) 
IF (NDI.GE.NDJ) THEN 

* ... Contributions to [KA] 
AYY=AVKYY*BL(I)*BL(J) 
AZZ=AVKZZ*CL(I)*CL(J) 
AK=(AYY+AZZ)/(4*DELTA) 
ROW=NDI-NDJ+1 
COL=NDJ 
KA(ROW t COL) =KA(ROW, COL) +AK 

ENDIF 
70 CONTINUE 
60 CONTINUE 

* ... Accumulate the change in storage per element 
TDVEL=TDVEL+DVEL 

100 CONTINUE 
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RETURN 
END 

421 

(continued) 

* .... :---------------------------------------------------------------
SUBROUTINE SEQ ( 

KA,CA,B,QB,QN,HP,RB,MND,ND,MBW,NBW,DT,DH,CR) 
IMPLICIT NONE 

* .. Purpose: 
* To set up the system of equations whose unknown is pressure head. 
* .. Declaration of global variables and ar~ays: 

INTEGER MND,ND,MBW,NBW 
REAL 

CA(MND),HP(MND),B(MND),QB(MND),QN(MND),CR(MND) 
DOUBLEPRECISION DT,KA(MBW,MND),RB(MND),DH(MND) 

* .. Local variables: 
INTEGER I,J,K,L,NBD,NBL,II 
DOUBLE PRECISION SDH,SBR 

* .. Execution: 
* ... Horizontal and vertical bands from the main diag. 

DO 10 I = 1, ND 
IF (I .LT. NBW) THEN 

NBD = NBW-l 
NBL = I-I 

ELSEIF (ND-I .LT. NBW) 
NBD = ND-I 
NBL = NBW-l 

ELSE 
NBD = NBW-l 
NBL = NBW-l 

ENDIF 

THEN 

* ... Define the RHS vector of the system of equations 
SDH=O.O 
SBR=O.O 

* ..• Banded elements to left of the main diagonal at II 
DO 30 K = 1, NBL 

II=I-NBL+(K-l) 
L=NBL+2-K 
J=I-NBL+K-l 
SBR=SBR+KA(L,J)*HP(II) 
SDH=SDH+KA(L,J)*DH(II) 

30 CONTINUE 
* •.. Banded elements to the right of the main diagonal at II 

DO 35 K =2, NBD + 1 
II=I+(K-l) 
SBR=SBR+KA(K,I)*HP(II) 
SDH=SDH+KA(K,I)*DH(II) 
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35 CONTINUE 
* .•• Add lateral contributions to the main diagonal. 

SBR=SBR+KA(1,I)*HP(I) 
SDH=SDH+KA(1,I)*DH(I) 
KA(l,I)=KA(1,I)+CA(I)/DT 

* ... Calculate residual vector 
RB(I)=QB(I)-B(I)-SBR-CR(I)/DT 

* ..• Calculate total nodal flow values 
QN(I)=(SDH+DH(I)*CA(I)/DT)+B(I)+SBR+CR(I)/DT 

10 CONTINUE 
RETURN 
END 
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* .... :---------------------------------------------------------------
SUBROUTINE MEQ (KA,RB,HTND,ND,MND,MBW,MHT,NBW,NHT,NBD,NBL) 
IMPLICIT NONE 

* .. Purpose: 
* To modify the original system of equations to take into account 
* nodes with prescribed head values. 
* .. Declaration of global variables and arrays: 

INTEGER 
MND,MBW,MHT,NBW,NHT,HTND(MHT),NBD(MBW),NBL(MBW),ND 

INTEGER I,II,J,K,L 
DOUBLE PRECISION KA(MBW,MND), RB(MND) 

* .. Execution: 
* ... Vertical and horizontal bands at a diagonal element 

DO 10 I = 1, NHT 
II = HTND(I) 
IF (II .LT. NBW) THEN 

NBD(I) = NBW-1 
NBL(I) = II-1 

ELSEIF (ND-II .LT. NBW) THEN 
NBD(I) = ND-II 
NBL(I) = NBW-1 

ELSE 
NBD(I) = NBW-1 
NBL(I) = NBW-1 

ENDIF 
10 CONTINUE 

* ..• Replace elements in row II and column II of [KA] by 0 
DO 40 I =1, NHT 

II = HTND(I) 
DO 50 K = 1, NBL(I) 

L = NBL(I) + 2 - K 
J = II -NBL(I) + K - 1 
KA(L,J) = 0.0 
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50 CONTINUE 
DO 60 K = 1, NBD(I) + 1 

J = II + K - 1 
KA(K,II) = 0.0 

60 CONTINUE 
* ••• set RB(II) to zero 

KA(1,II) = 1.0 
RB(II) = 0.0 

40 CONTINUE 
RETURN 
END 

* .... :---------------------------------------------------------------
SUBROUTINE RED (KA,MND,MBW,NBW,ND) 

* •• Purpose: 
* To produce LU decomposition using Choleski algorithm. The 
* original matrix has to be postive definite and symmetric with 
* dimensions (ND x ND). The lower tringular matrix is stored in 
* KA with size reduced to (MBW,ND). MBW is the reduced bandwith 
* of the coefficient matrix KA. This routine was adapted from 
* Class Notes of HYD 504 (Neuman, 1987). 
* •• Declaration of global variables and arrays: 

IMPLICIT NONE 
INTEGER MND,MBW,NBW,ND 
DOUBLE PRECISION KA(MBW,MND) 

* •• Local variables: 
INTEGER I,J,II,JJ,K,IK,JK 
DOUBLE PRECISION SUM,KA1,KA2 

* •• Execution: 

30 

DO 10 I=1,ND 
II=ND-I+1 
IF (NBW.LT.II) II=NBW 
DO 20 J=l,II 

JJ=NBW-J 
IF (I-l.LT.JJ) JJ=I-l 
SUM = KA(J,I) 
IF (JJ.GE.l) THEN 

DO 30 K=l,JJ 
IK=I-K 
JK=J+K 
KAl=KA(K+l,IK) 
KA2=KA(JK,IK) 
IF (KAl.NE.0 •• AND.KA2.NE.0.) THEN 

SUM=SUM-KA(K+1,IK)*KA(JK,IK) 
ENDIF 

CONTINUE 
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32 

(Continued) 

ENDIF 
IF (J.GT.1) THEN 

KA(J,I)=KA(l,I)*SUM 
ELSE 

IF (SUM.GT.O.O) THEN 
KA(l,I)=1.0/SQRT(SUM) 

ELSE 
WRITE (*,32) I 
FORMAT (lX,'Reduce fails at row = ',14) 
GOTO 40 

ENDIF 
ENDIF 

20 CONTINUE 
10 CONTINUE 
40 RETURN 

END 
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* .... :---------------------------------------------------------------
SUBROUTINE SOL (KA,RB,DH,MND,MBW,NBW,ND) 

* •• Purpose: 
* To solve a sytem of equations that have been decomposed into 
* upper and lower triangle. The vector DH(MND) contains the 
* solution of the linear system of equations. Adapted from HYD 504 
* class notes (Neuman, 1987). 
* •• Declaration of global variables and arrays: 

IMPLICIT NONE 
INTEGER MND,MBW,NBW,ND 
DOUBLE PRECISION KA(MBW,MND),RB(MND), DH(MND) 

* •• Local variables: 
INTEGER I,J,II,I1,L,K,KL,K1 
DOUBLE PRECISION SUM 

* •• Execution: 
DO 10 I = 1, ND 

* ... Forward SUbstitution 
J = I-NBW+1 
IF (I+l .LE. NBW) J = 1 
SUM = RB(I) 
I1=I-1 
IF (J .GT. 11) THEN 

DH(I) = SUM * KA(I,I) 
ELSE 

DO 20 K = J, 11 
II = I-K+1 
IF (KA(II,K).NE.O.) SUM=SUM-KA(II,K)*DH(K) 

20 CONTINUE 
DH(I) = SUM * KA(1,I) 
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ENDIF 
10 CONTINUE 

DO 30 L = 1, ND 
* ... Execution of backward substitution 

I = ND-L+1 
J=I+NBW-1 
IF (J .GT. ND) J=ND 
SUM = DH(I) 
K1 = I + 1 
IF (K1 .GT. J) THEN 

DH(I) = SUM * KA(1,I) 
ELSE 

DO 40 K = K1, J 
KL = K - I + 1 
IF (KA(KL,I).NE.O.O) SUM=SUM-KA(KL,I)*DH(K) 

40 CONTINUE 
DH(I) = SUM * KA(1,I) 

ENDIF 
30 CONTINUE 

RETURN 
END 
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* .... :---------------------------------------------------------------
SUBROUTINE SBD ( 

NODE,NEL,MEL,YC,ZC,MND,VSB,NSB,MSB,WSB,NUMNOD,NDY,DY,HP,HO, 
NLY,NDZL,DZ,MDZ,MHP,MLY,PAR,WCP,WCO) 

* .. Purpose: 
* To calculate the percent area of a given element that belongs 
* to a given subarea or vertical strip. 
* .. Declaration of global variables and arrays: 

IMPLICIT NONE 
INTEGER 

NEL,MEL,MND,MSB,NODE(MEL,3) ,NUMNOD(MSB) ,NSB,NLY,NDY,MDZ, 
NDZL(MDZ),MLY,MHP 

REAL 
WSB,YC(MND),ZC(MND),VSB(MSB),DY,HP(MND),HO(MND),DZ(MDZ), 
PAR(MHP,MLY) ,WCP(MND) ,WCO(MND) 

* .. Local variables or arrays: 
INTEGER 

I,J,K,SBMIN,SBMAX,NUMCUT,NUMSB,SBNOD(3),EL,JJ,I1,IMIN, 
IMAX,M1,M2,L,M 

REAL 
YY(3),ZZ(3),ZM1,ZM2,SUML,SUMR,SUMY,EPS,EPS1,EPS2,MIND, 
MAXD,DELTA,AR,DVEL,CL(3),BL(3) 

* .. Define local function called 
INTEGER LOCLAY 



Table F.7. (Continued) 

REAL WATER,TRIANG,TRAPEZ 
* •• Execution: 
* ••• Obtain width of each infiltration strip 

WSB=(NDY*DY)/NSB 
* ••• Consider element by element: 

DO 10 EL=l,NEL 
SUML=O.O 
SUHR=O.O 
DVEL=O.O 

* ••• Locate layer of element EL 
L=l 
IF (NLY.GT.l) THEN 

L= LOCLAY(NODE,MEL,EL,NDZL,DZ,MDZ,ZC,MND) 
ENDIF 

* ••• Get local coordinates 
DO 30 I=1,3 

JJ=NODE(EL,I) 
YY(I)=YC(JJ) 
ZZ(I)=ZC(JJ) 

* ••• Calculate nodal water content 
WCP(JJ)=WATER(HP(JJ),L,PAR,MHP,MLY) 
WCO(JJ)=WATER(HO(JJ),L,PAR,MHP,MLY) 

* ••• Calculate nodal change in storage per element 
DVEL=DVEL+(WCP(JJ)-WCO(JJ» 

30 CONTINUE 
* ••• Get coordinates of interpolating functions for EL 

DO 31 I=1,3 
J=MOD(I+l,3) 
IF (J.EQ.O) J=3 
M=MOD(I+2,3) 
IF (M.EQ.O) M=3 
BL(I)=ZZ(J)-ZZ(M) 
CL(I)=YY(M)-YY(J) 

31 CONTINUE 
* ••• Calculate area of the element 

DELTA=(CL(3)*BL(2)-CL(2)*BL(3»/2.0 
* ••• Calculate change in storage for the element 

DVEL=DVEL*DELTA/3.0 
* ••• Distance from the left boundary of the 
* left and rightmost nodes of an element 

MIND=MIN(YY(1),YY(2),YY(3» 
MAXD=MAX(YY(1),YY(2),YY(3» 

* ••• Find the subareas where the local nodes are: 
EPS=lE-6 
DO 40 J=1,3 

K=O 
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* 

SUMY=O.O 
45 IF (SUMY.LT.YY(J» THEN 

SUMY=SUMY+WSB 
K=K+l 
GOTO 45 

ENDIF 
••• The leftmost node is in a subarea intersection 

EPSl=MIND-EPS 
EPS2=MIND+EPS 
IF (SUMY.GE.EPSl.AND.SUMY.LE.EPS2) K=K+l 
SBNOD(J)=K 

40 CONTINUE 
* ••• Find the subareas that two farthest nodes 

SBMIN=MIN(SBNOD(l),SBNOD(2),SBNOD(3» 
SBMAX=MAX(SBNOD(l),SBNOD(2),SBNOD(3» 

••• Calculate the number of cuts and subareas: 
NUMCUT=SBMAX-SBMIN 
NUMSB=NUMCUT+l 

* ••• Count the number of local nodes in a subarea 
DO 50 Il=SBMIN,SBMAX 

NUMNOD(Il)=O 
DO 55 J=1,3 

IF (SBNOD(J).EQ.Il) NUMNOD(Il)=NUMNOD(Il)+l 
55 CONTINUE 
50 CONTINUE 

* ••• Get the percentage area of the element that 
* belongs to a given subarea. 

IF (NUMCUT.EQ.O) THEN 
* ••• The entire element falls in a subarea 

I=SBMIN 
VSB(I)=VSB(I)+DVEL 

ELSE 
* ••• The element has at least one cut 

IMIN=SBMIN 
lMAX=SBMAX 
IF (NUMNOD(IMIN).EQ.l) THEN 

* ••• The leftmost cut forms a triangle 

* 
60 

* 

J=l 
••• Find which local node is in the subarea IMIN 

IF (YY(J).GE.IMIN*WSB) THEN 
J=J+l 
GOTO 60 

ENDIF 
••• Find the portions of the elemnt in subarea IMIN 

AR=TRIANG(IMIN,J,MND,YY,ZZ,Ml,M2,ZMl,ZM2,WSB) 
SUML=SUML+AR 
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70 

* 
* 

* 

* 

* 

* 
* 

80 

90 

(Continued) 

VSB(IMIN)=VSB(IMIN)+(AR/DELTA)*DVEL 
IMIN=IMIN+l 
IF (NUMNOD(IMIN).EQ.O) THEN 
••• Verify if the next subarea to the right has 

any node; otherwise the subarea is a trapezd 
AR=TRAPEZ(IMIN,J,MND,YY,ZZ,M1,M2,ZM1,ZM2,WSB) 
SUML=SUML+AR 
VSB(IMIN)=VSB(IMIN)+(AR/DELTA)*DVEL 
IMIN=IMIN+1 
GOTO 70 

ENDIF 
ENDIF 
IF (NUMNOD(IMAX).EQ.1) THEN 
••• The rightmost cut forms a triangle 

J=l 
••• Find which local node is in the subarea IMAX 

IF (YY(J).LE.(IMAX-1)*WSB) THEN 
J=J+1 
GOTO 80 

ENDIF 
••. Find the portions of the elemnt in subarea IMAX 

AR=TRIANG(IMAX-1,J,MND,YY,ZZ,M1,M2,ZM1,ZM2,WSB) 
SUMR=SUMR+AR 
VSB(IMAX)=VSB(IMAX)+(AR/DELTA)*DVEL 
IMAX=IMAX-1 
IF (NUMNOD(IMAX).EQ.O) THEN 
••• Verify if the next subarea to the left has 

any node; otherwise the subarea is a trapezd 
AR=TRAPEZ(IMAX-1,J,MND,YY,ZZ,M1,M2,ZM1,ZM2,WSB) 
SUMR=SUMR+AR 
VSB(IMAX)=VSB(IMAX)+(AR/DELTA)*DVEL 
lMAX=IMAX-1 
GOTO 90 

ENDIF 
ENDIF 
AR=(DELTA-SUML-SUMR) 
VSB(IMAX)=VSB(IMAX)+(AR/DELTA)*DVEL 

ENDIF 
10 CONTINUE 

RETURN 
END 
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Table F.S. List of functions used to compose both 
programs FUR and RET. Refer to Table F.l to find the list 
of functions that belong to each program. 

* .... :---------------------------------------------------------------
REAL FUNCTION HEAD (WV ,L,PAR,MHP,MLY) 
IMPLICIT NONE 
INTEGER L,MHP,MLY 
REAL WV,PAR(MHP,MLY) 

* •. Purpose: 
* To calculate pressure head from fitted van Genuchten's 
* equation. 
* .. Local variables: 

REAL N,WS,WR,T1,M,A 
* .. Execution: 

WS=PAR(4,L) 
WR=PAR(S,L) 
A=PAR(3,L) 
N=PAR(2,L) 
M=1. 0-1. O/N 
T1=(WV-WR)/(WS-WR) 
HEAD=(1./A)*«T1**(-1./M) -1.)**(1./N» 
RETURN 
END 

* .... :---------------------------------------------------------------
INTEGER FUNCTION LOCLAY(NODE,MEL,EL,NDZL,DZ,MDZ,ZC,MND) 
IMPLICIT NONE 
INTEGER MDZ,NDZL(MDZ),MEL,EL,NODE(MEL,3),MND 
REAL DZ(MDZ),ZC(MND) 

* .. Purpose: 
* To locate the layer a given node is. 
* .• Local variables: 

INTEGER L,J,KL 
REAL SUML,MAXZC,Z1,Z2,Z3 

* .. Execution: 
* ... Get the maximum absolute Z-coordinate of and element 

Z1=ABS(ZC(NODE(EL,1») 
Z2=ABS(ZC(NODE(EL,2») 
Z3=ABS(ZC(NODE(EL,3») 
MAXZC=MAX(Z1,Z2,Z3) 

* •.. Locate the layer where the element is. 
L=O 
SUML=O.O 
KL=1 

10 IF (MAXZC.GT.SUML) THEN 
L=L+1 
DO 20 J=KL,NDZL(L)+KL-1 

SUML=SUML+DZ(J) 
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CONTINUE 
20 KL=J 

GOTO 10 
ENDIF 
LOCLAY=L 
RETURN 
END 
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* .... :---------------------------------------------------------------
DOUBLE PRECISION FUNCTION RELHYD (HV,L,PAR,MHP,MLY) 
IMPLICIT NONE 
INTEGER L,MHP,MLY 
REAL HV, PAR (MHP ,MLY) 

* •• Purpose: 
* To calculate the relative hyraulic conductivity, according to 
* Mualem's formulation. 
* •• Local variables: 

REAL N,M,A,H 
DOUBLE PRECISION T1,T2 

* •• Execution: 
IF (HV.GT.O.O) THEN 

RELHYD=l.O 
ELSE 

H=ABS(HV) 
N=PAR(2,L) 
M=1. 0- (1. /N) 
A=PAR(3,L) 
T1=1+(A*H)**N 
T2=(1-«A*H)**(N-1»*(T1**(-M»)**2 
RELHYD=T2/(T1**(M/2» 

ENDIF 
RETURN 
END 

* .... :---------------------------------------------------------------
REAL FUNCTION SWCAP (HV,L,PAR,MHP,MLY) 
IMPLICIT NONE 
INTEGER L,MHP,MLY 
REAL HV ,PAR(MHP,MLY) 

* •• Purpose: 
* To calculate the value of soil water capacity. It is the 
* derivative of the pressure potential with respect to water 
* content. The change in sign is necessary because the 
* derivative of dW/dh was taken considering a positive h while 
* it is actually negative. 
* •• Local variables: 
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REAL WS,WR,A,M,N,H,Tl,T2,T3 
"' •• Execution: 

IF (HV.GT.O.O) THEN 
SWCAP=O.O 

ELSE 
H=ABS(8V) 
WS=PAR(4,L) 
WR=PAR(S,L) 
A=PAR(3,L) 
N=PAR(2,L) 
M=l. 0-1. O/N 
Tl=(l. O+(A"'H)"''''N)'''''' (-M-l.O) 
T2=(A"'H)**(N-l) 
T3=(WS-WR) "'M"'N"'A 
SWCAP=-Tl"'T2"'T3 
SWCAP=-SWCAP 

ENDIF 
RETURN 
END 
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* ..... :---------------------------------------------------------------
REAL FUNCTION TRAPEZ(I,J,MND,YY,ZZ,Ml,M2,ZM1,ZM2,WSB) 
IMPLICIT NONE 
INTEGER J,I,MND,Ml,M2 
REAL YY(MND),ZZ(MND),ZM1,ZM2,WSB 

"' •• Purpose: 
'" Calculate the area of trapezoidal portion of an element. 
"' •• Local variables: 

REAL ZM3,ZM4,YI 
"' •• Routine execution: 

YI=I"'WSB 
ZM3=ZZ(J)+(ZZ(Ml)-ZZ(J»/(YY(Ml)-YY(J»"'(YI-YY(J» 
ZM4=ZZ(J)+(ZZ(M2)-ZZ(J»/(YY(M2)-YY(J»"'(YI-YY(J» 
TRAPEZ=(ABS(ZM3-ZM4)+ABS(ZMl-ZM2»"'(WSB/2.) 
RETURN 
END 

* .... :---------------------------------------------------------------
REAL FUNCTION TRIANG(I,J,MND,YY,ZZ,Ml,M2,ZMl,ZM2,WSB) 
IMPLICIT NONE 
INTEGER I,J,MND,Ml,M2 
REAL WSB,YY(MND),ZZ(MND),ZMl,ZM2,TEMPl,TEMP2 

"' •• Purpose: 
'" Calculate the area of the triangular portion of an element. 
"' •• Local variables: 

REAL YI 
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* •• Routine execution: 
* ••• Given a node number J find the other two Ml, M2 

Ml=MOD(J+l,3) 
IF (Ml.EQ.O) Ml=3 
M2=MOD(J+2,3) 
IF (M2.EQ.O) M2=3 

* ••• Calculate the area of the cut portion of the triangle 
YI=I*WSB 
ZMl=ZZ(J)+«ZZ(Ml)-ZZ(J»j(YY(Ml)-YY(J»)*(YI-YY(J» 
ZM2=ZZ(J)+«ZZ(M2)-ZZ(J»j(YY(M2)-YY(J»)*(YI-YY(J» 
TEMPl= YY(J)*ZM2+YI*ZMl+YI*ZZ(J) 
TEMP2=-YY(J)*ZMl-YI*ZZ(J)-YI*ZM2 
TRIANG=-0.S*(TEMPl+TEMP2) 
RETURN 
END 
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* .... :---------------------------------------------------------------
REAL FUNCTION WATER (HV,L,PAR,MHP,MLY) 
IMPLICIT NONE 
INTEGER L,MHP,MLY 
REAL HV,PAR(MHP,MLY) 

* •• Purpose: 
* To calculate a water content value for a given matric potential. 
* •• Local variables: 

REAL H,N,WS,WR,Tl,A,M 
* •• Execution: 

IF (HV.GT.O.O) THEN 
WATER=PAR(4,L) 

ELSE 
H=ABS(HV) 
WS=PAR(4,L) 
WR=PAR(S,L) 
A=PAR(3,L) 
N=PAR(2,L) 
M=1. 0-1. OjN 
Tl=(l.O+(A*H)**N)**(-M) 
WATER=WR+(WS-WR)*Tl 

ENDIF 
RETURN 
END 

* .... :---------------------------------------------------------------
REAL FUNCTION ROOT (RANG,Al,Bl,YTOP,ZDEEP) 
IMPLICIT NONE 
REAL RANG,Al,Bl,YTOP,ZDEEP 

* •• Purpose: 
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* Find a root of an equation by using Newton Raphson. Adapted from 
* Numerical Recipes (Press et al., 1986). 
* •• Define local constants. 

INTEGER MAXIT 
REAL SMALL 
PARAMETER (MAXIT=100,SMALL=lE-06) 

* •• Define local variables and arrays. 
INTEGER J 
REAL XL,XH,DX,DXOLD,FL,FH,F,DF,TEMP,SWAP 

* F=function value at a given point. 
* DF=value of the function derivative. 
* FL=function value at 0.0 
* FH=function value at ZDEEP. 
* ••• Execution. 

FL= -ZDEEP 
FH = RANG*YTOP+«YTOP/A1)**(1./B1»-ZDEEP 
IF(FL*FH.GE.O.) PAUSE 'root must be bracketed' 
IF(FL.LT.O.)THEN 

XL=O.O 
XH=YTOP 

ELSE 
XH=O.O 
XL=YTOP 
SWAP=FL 
FL=FH 
FH=SWAP 

ENDIF 
ROOT=.5*YTOP 
DXOLD=YTOP 
DX=DXOLD 
F = RANG*ROOT+«ROOTjA1)**(1./B1»-ZDEEP 
DF= RANG+(1./A1*B1)*( (ROOT/A1)**(-1.+(1.jB1» 
DO 11 J=l, MAXIT 

IF«(ROOT-XH)*DF-F)*«ROOT-XL)*DF-F).GE.O • 
• OR. ABS(2.*F).GT.ABS(DXOLD*DF) ) THEN 

DXOLD=DX 
DX=O.5*(XH-XL) 
ROOT=XL+DX 
IF (XL. EQ. ROOT) RETURN 

ELSE 
DXOLD=DX 
DX=F/DF 
TEMP=ROOT 
ROOT=ROOT-DX 
IF (TEMP. EQ. ROOT) RETURN 

ENDIF 



Table F.8. (Continued). 

IF(ABS(DX).LT.SMALL) RETURN 
F= RANG*RooT+( (RooT/Al)**(l./Bl) )-ZDEEP 
IF(F.LT.O.) THEN 

XL=RooT 
FL=F 

ELSE 
XH=RooT 
FH=F 

ENDIF 
11 CONTINUE 

PAUSE 'ROOT exceeding maximum iterations' 
RETURN 
END 
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* .... :---------------------------------------------------------------
REAL FUNCTION QB(STEP,LENGTH) 
IMPLICIT NONE 
REAL STEP,LENGTH 

* •• Purpose: 
* To calculate length of the quadrant boundary: LH and LV 
* •• Local variable: 

INTEGER I 
REAL SUM 

"' •• Execution: 
I=O 
SUM = O. 

5 IF (SUM.LT.LENGTH) THEN 
I=I+l 
SUM=SUM+STEP 
GOTO 5 

ENDIF 
QB=SUM 
RETURN 
END 
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APPENDIX G 

SAMPLE OF INPUT DATA USED FOR PREDICTING INFILTRATION 

Two samples of input data which were used in the 

program FUR for predicting infiltration are given in this 

appendix. Table G.1 gives an input data file which 

corresponds to the infiltration test carried out in 

section A with large furrow spacing, third irrigation, and 

FFI method (Figure 6.6, top). In this case, notice that 

the initial time, as given in line 16 of this input data 

file, is 1 minute less than that listed in Table 

C. 6 • This is to compensate for the fact that the zero 

time for those cumulative infiltration values was taken 1 

min after the water advance reached the stage recorder. 

Table G.2 gives the input data file for predicting 

infiltration in section B of the irrigation experiment 

with small furrow spacing. In this case, the time values 

used are 0.7 min earlier than the actual time observed 

from the field hydrograph. The reason for the difference 

is that the closest hydrograph to the middle portion of 

section B (38.86 m from furrow inlet) was located at 45.72 

from furrow inlet and the time of advance corresponding to 

38.86 m is 4.5 min (see equation in Figure 3.4, bottom) 

while the actual advance time which corresponds to the 

location of the hydrograph was 5.2 min (see Table 
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A. 1). Thus, in order to translate the entire hydrograph 

to the middle of section B, it was necessary to subtract 

0.7 min from all time measurements. 

Furthermore, notice that the first wa~er depth (line 

17) given in the input data file, for both cases, is 0.01 

cm when actually it should be zero. The reason is that the 

program can not start with zero depth wi thin the furrow 

and the user must supply a small value to start 

with. This requirement is not necessary at the end of the 

run when after recession the water depth within the furrow 

actually goes to zero. Also, observe that not all measure 

points from the hydrograph were included in the input data 

file but only the number of points necessary to give a 

good description of the entire hydrograph. 
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Table G.1 Input data file from run for predicting 
infiltration from section A (large furrow spacing, FFI, 
and third irrigation) in infiltration experiment. 

B 
1.0, 1.0, 180.0 
3.0, 120.0, 30, 45.0 
4, 30.0, 30.0, 30.0, 30.0 
W 
0.0276, 0.2063, 0.1924, 0.1566 
1.616, 1.345, 1.446, 1.624 
0.0133,0.0112, 0.0159, 0.0269 
0.3376, 0.4941, 0.4759, 0.4349 
0.08955,0.0745,0.1219,0.1081 
0.00692, 0.00638, 0.00283, 0.00446 
0.00692, 0.00638, 0.00283, 0.00446 
1.0,1.0 
0.0 
15 
0.00,1.00,1.70,3.7,4.70,5.70,6.7,8.70,18.70,25.70,33.70,43.70,51.70,57.7,63.70 
0.01,7.47,8.45,9.1,9.14,9.23,9.3,9.35,9.45 9.54,9.63,9.72,9.74,9.6,9.45 
2 
5.6282, 0.5593, 15.0 

Table G.1 Input data file from run for predicting 
infiltration from section B (large furrow spacing, first 
irrigation) in the irrigation experiment 

B 
1.0, 1.0, 150.00 
3.0, 120.0, 30, 45.0 
4, 30.0, 30.0, 30.0, 30.0 
W 
0.0955,0.1371,0.1140,0.1332 
1.600, 1.800, 1.777, 1.500 
0.0152, 0.0192, 0.0193, 0.0114 
0.3508, 0.3562, 0.2570, 0.3369 
0.0849, 0.0652, 0.0489, 0.0700 
0.00861, 0.01275, 0.02832, 0.00423 
0.00861, 0.01275, 0.02832, 0.00423 
1.0,1.0 
0.0 
13 
4.70,5. 70,6.80, 7.80,10.80,21.30,41.30,61.30,101.30,133.30, 135.30,140.30,149.30 
0.01,2.13,3.66,3.96,4.02,4.24,4.57,4.69, 4.88, 4.88, 3.81, 2.13, 0.91 
1 
6.40722, 0.60914, 15.00 
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