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INTEGRATED NUMERICAL SIMULATION OF DRIP
IRRIGATION WITH SUBSURFACE DRAINAGE

Abstract
JAMES RAY HOOVER

Under the supervision of Professor John L. Wiersma

A numerical method and model were developed to simulate soil
moisture during steady-state and transient flow toward a tile drain.
Intermittent application of water by drip irrigation and rainfall were
simulated by use of finite difference approximation equations. No
known analytical solution for these flow situations exists because of
the complex mathematics describing unsaturated flow in the soil.

The computer model is based on the electrical resistance network
analog. The explicit finite difference equations were solved by the
successive over-relaxation method for steady-state flow and by iter-
ation for transient soil moisture flow. The computer program for the
model consists of specialized subroutines which solve transient flow
problems by a series of steady-state solutions. This series of
solutions requires iterative application of the unsaturated flow
equation to all unsaturated nodes and successive over-relaxation to all
saturated nodes for each unsaturated iteration. Small time steps must
be used during unsaturated flow to avoid an unstable solution.

The computer model was used to simulate soil moisture movement
under three different regimes: (1) drip irrigation, (2) intermittent

rainfall, and (3) rainfall on an inclined soil profile when hysteresis
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was considered. An immediate response was obtained during irrigation
or rainfall applications. The water table decline prior to water ap-
plication and after the application was the typical exponential
recession curve. The water table receded rapidly above the tile drain
and drawdown progressed slowly toward the midplane boundary in the
horizontal profile. This numerical technique and model could be a use-
ful design tool to simulate soil moisture movement for evaluating pro-
posed designs of drainage, irrigation, leach bed systems and other

soill moisture flow problems.




INTRODUCTION

Our national population is growing by about two million people a
year. At the present rate of growth, there may be 100 million more
people in the United States by the year 2000. Stresses in the ability
to consistently produce food and fiber for our population have been
felt and will become more pronounced with increases in population. At
the same time that more agricultural production is needed, more land
is being taken out of production for homes, cities, factories, highways,
waste disposal, etc. Unfortunately, only about 60 percent of the
total land in the United States is suitable for crop production, and
the above nonagricultural uses are removing many cropland acres per-
manently from agricultural production each year. Hence, researchers
must find ways to produce maximum yields from limiting farmland.

One of the ways to maximize crop production is to improve the
plant environment. Engineering wise, irrigation and drainage improve-
ment practices have been very beneficial and economical. In the past,
these systems have been designed from practical experience gained by
trial and error and from costly field research.

Needed improvement in these design procedures fostered the devel-
opment of theoretical studies to determine the physical laws of motion
and conservation of mass governing soil moisture movement. These laws
are expressed as a nonlinear, second order, partial differential equa-
tion. However, the complicated mathematics involved in solving the
soil moisture flow equation has hindered the progress toward solutions

of practical moisture flow problems. The only exact solutions apply to



steady-state flow problems. Therefore, other methods of solution

have been developed including sand tank, electrical analog, and numeri-
cal analog models to analyze specific problems. These techniques by-
pass the mathematical complications inherent in theoretical analyses,
but have their own handicaps.

The sand tank model did not become very popular, probably because
of problems of obtaining a uniform conductivity and the necessary in-
strumentation to monitor the results. A modification of the sand tank
was the glass bead-glycerol model which must be maintained at constant
temperature and humidity.

Electrical analog models were an accurate method to simulate
saturated soil moisture. However, a moving boundary, such as the water
table in nonsteady flow was not easily solved. Therefore, most elec-
trical analog s olutions have been of steady-state flow problems or
steady-state step solutions of nonsteady state problems.

Numerical solutions to soil moisture flow problems generally re-
sulted from the solution of Darcy's and continuity equations or the
diffusion equation. Due to the time required to solve most significant
problems, numerical solutions were impractical until the advent of the
electronic computer which could perform the needed calculations in a
reasonable time. By using computers, researchers have been able to
approximate solutions to steady and nonsteady-state flow problems which
cannot be solved theoretically without making simplifying assumptions

which destroy the usefulness of the solution.



The principal aim of this study is to develop the foundation
skills and understanding of a simulation technique whereby a mathe-
matical model of the equation of unsaturated flow of water through.
two-dimensional saturated and unsaturated porous media can be de-
veloped. The mathematical model will be used to simulate moisture
flow characterized by saturated and unsaturated regions separated by
a moving phreatic surface. The simulation will assume that at time
zero the saturated soil profile will start draining to the tile. After
an arbitrary time, the application of water to the profile surface will
be simulated. The water applications represent drip irrigation from a
line source and rainfall over the entire surface. The water appli-
cations will be repeated at a scheduled time interval and will repre-
sent typical application rates.

Drip irrigation will be simulated as line sources spaced at five-
foot intervals, where the source is assumed to be one-foot wide. All
emitters will operate at a constant rate during the application in-
terval, whereas, rainfall application at any node will be proportional

to the surface area represented by that node.




LITERATURE REVIEW

Theory

In 1856, Henry Darcy formulated the fundamental law of flow
through porous media. The study showed that the quantity of water
flowing through a sand column of length L and cross section A during

the time t is given by

=K1A=KQ-L9A k1]

+1.O

where the hydraulic conductivity K is the proportionality coefficient
and the hydraulic gradient i is the ratio of the hydraulic potential
difference Ap at the ends of the sand column to the length of the
column. The hydraulic potential at any point in the porous media is
the sum of the gravitational, pressure, and osmotic potentials. Os-
motic potential is usually ignored since solutes usually move more
rapidly than the water in a soil. Potential is often expressed in
terms of length of water column which produces the equivalent potential

pressure. Therefore, the hydraulic potential ¢ is given as
P = T (2]

where h is the water potential and y is the elevation potential.

The hydraulic conductivity K is a measure of the permeability of
the sand. Darcy's law is a dynamic equation of motion and when com-
bined with an equation of state and an equation of continuity, the

result 1s the general equation of flow through porous media
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where 9§ is the volume of water per unit volume of porous media and Ky,
Ky, and Kz are the hydraulic conductivities in the x, y, and z direc-
tions. This equation is nonlinear because 8§, K, and ¢ are interdepend-
ent. To solve equation [ 3], the boundaries of the flow region, the
conditions along these boundaries, and the conditions at some point in
time which can be used as a starting point for the solution must be
specified. Although equation [3] has no known analytical solution, its
solution may be approximated through numerical analysis procedures
using finite differencing techniques.

For saturated flow in an isotropic porous media, %%—= 0,
y », = K, and equation [3] can be simplified to the three-

dimensional elliptical Laplace equation

0=22% ,23% , 3% [4]
ax2  dy2 2322

Additional reductions in equations [3] and [4] can be made when solv-
ing one- or two-dimensional problems by eliminating the terms contain-
ing the unnecessary direction x, y, or z.

The diffusivity concept of water flow was developed to simplify
the mathematical and experimental solution of unsaturated flow problems
by converting the general flow equation [3] to the diffusion and heat
conduction equations for which solutions were available. This con-

version assumes that the diffusion coefficient D is given as




6
D(e) = K(8) d3h/de - ]
The ratio of hydraulic conductivity to diffusivity is sometimes
called specific water capacity c(9) where
cle) = K(g)/nle) = & (6]
which is the slope of the soil-moisture characteristic curve at
moisture content 6.
Substitution of equations [2] and [ 5] into equation [3] gives
oL T 8 o8 raflhty) ( o (hty) )
== 57 <D(9)ah 3% D Sy D(o )$% 3y ]
(7]

3 %(D(e >§%[a—%ﬂ-])
which reduces to
QQ:-aa—X<D(e)g-?'(> +aa—y<D(e)g—ey+D(e)%%) +%<D(e)g_z> [8]
or

_%(D(e)g—i’) ay(D(e) ) +%ﬁ—l+§;(D(e)g‘%) 9]

o/ |
oo
I

where y is in the vertical direction. In two dimensions, equation

[ 9] becomes
-2 (peRe) + 2 (pe)R) el [10]

which reduces to

%= 2 (peEE) + + oK(a) [11]




for vertical flow or

[

R 5832(13(9)%%) [12]

Q/
+

for horizontal flow.

In the previous equations, the coefficients K(6), D(g), and C(g)
are given to show that these parameters are functions of the moisture
content. The K(p) and 8(h) functions are monotonic relations for
moisture content 6 increases or decreases. However, soils exhibit
hysteresis if there is a reversal in the soil moisture trend. Topp
(1971) has found no measurable hysteresis in the K(g) function, but
found considerable hysteresis in the K(h) and 8 (h) relationships.
Specific water capacity C(9) and diffusivity D(g) also exhibit con-
siderable hysteresis. Figure 1 from Klute, et al. (1964) shows the
hysteresis behavior of a soil when it is dried and rewet producing
the characteristic wetting and drying curves of the 8(h) relation.
When the soil is so analyzed, the corresponding diffusivity to water
content D(g) or D(h) relationship is composed of crossed curve segments
which form a skewed or distorted "bowtie". As shown in Figure 1, the
hysteresis behavior of the D(g) and C(g) does not form closed loops as
in the case of the 8(h) function, but forms a "bowtie" type curve with
jumps at the points corresponding to a reversal in moisture content or
water potential.

Although equation [12] is of the same form as Fick's second law

of diffusion and resembles the usual heat flow equations, there are

several differences which do not permit the application of readily
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available solutions of heat flow problems to soil moisture flow
analysis. The major difference is that the specific heat is not a
function of the temperature but that the moisture flow equivalent
and the specific water capacity are a function of the moisture con-
tent and exhibit hysteresis in the C(p) relation. The moisture flow
is a result of a hydraulic potential gradient, not a moisture gradi-
ent. Also, gravity is a factor in water movement for which heat flow-
has no counterpart.

Special relationships for conductivity or diffusivity to water
pressure or content have been developed by researchers which are
empirical or can easily be analytically integrated. Examples of these

functions are

K(h) = s— [13]

used by Gardner (1958), Rubin and Steinhardt (1963), Taylor and

Luthin (1969), Whisler, et al. (1968), and Whisler (1969);

K(h) = K e?P [14]

used by Philip (1968) and (1972), Thomas, et al. (1974), Warrick

(1974), and Zachmann and Thomas (1973);

D(g) = aeb® [¥s]

utilized by Gardner and Mayhugh (1958) and Klute, et al. (1965), where
K, Kgs D, 85 h, and e are the hydraulic conductivity, saturated hy-
draulic conductivity, diffusivity, moisture content, water potential,

exponential function, and a, b, and n are constants, respectively.
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Solution of the General Flow Equation

Analytical

Few analytical solutions of the general flow equations are avail-
able which consist of solutions of simple steady-state flow problems.
Kirkham (1949) and (1951) solved two-dimensional tile drainage problems
by assuming the tile drain to be a horizontal well and that flow is
radial toward the drain. In the earlier publication, the soil was uni-
form with a constant hydraulic conductivity, whereas, the second solu-
tion was for a two-layered soil. Other analytical solutions of soil
moisture flow have been found by Philip (1971) and (1972) for two-
dimensional flow in a uniform soil from trickle or subsurface irri-
gation line sources. Zachmann and Thomas (1973 )ivanill Thomas, et al.
(1974) also solved steady-state flow in a uniform soil with trickle

or subsurface line sources.

Electric Analog

Investigators early recognized the similarity between Darcy's

law and Ohm's law

1=EM [16]
where the current flow I is equal to the ratio of the electric
potential E to the resistance R which is proportional to the length

L of the conductor per cross-sectional area A. Replacing the re-

sistance R = R'% where R' is the specific resistance of the conductor

gives




11
EA
I =one ¥l
Substituting the inverse of R' which is the specific conductivity K
of the conductor, equation [17] becomes
- KEA
¥ = = (18]

where I is the current flow, K is the conductivity, E is the potential
difference over the length L of conductor with cross-sectional area A.
Therefore, equation [ 18] is analogous to Darcy's law of water flow in
porous media.

Early use of the analogy consisted of the use of conductivity
paper made with graphite and a voltage analyzer by Childs (1943) to
study steady-state tile drainage with a water table. In later pub-
lications, he analyzed the transient case of a falling or rising water
table with tile drainage. The first to report the use of an electrical

resistance network was Luthin (1953) making use of Kirchhoff's law
iy + g+ ig+ iy =0 (19]

for the currents through four resistors connected at point zero in the
form of a five-point star as in Figure 2. Substituting equation [ 16]

into equation [19] shows that

E;-Eg Ep-Eg Eg-Eg Eg-Eg
+ + + =
Ry R Rs R,

(20]

defines the voltage anywhere within the resistance network formed by

any combination of these five-point stars. Additional relationships
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Figure 2. Five-point star used in
resistance networks.
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used are that the resistance of resistors combined in series 1is
given by
R =R, + Ry [21]
and that the resistance of resistors combined in parallel is given
by
R.R
a'b
R= i [22
R, "Ry, ]

Next to use the electric resistance network were Bower and Little
(1959), who found relaxation solutions to tile drainage and subsurface
irrigation problems where saturated and unsaturated zones were united
in one system. They assumed the soil hydraulic conductivity to vary
linearly with depth and determined that the vertical hydraulic con-

ductivity to be given by

2

and the horizontal conductivity to be given by

Y
_B__?(l [ 24]
h)(—§>

Kt

where Ky, Ky, Ky, and *Kg are the conductivities vertically, hori-

KH =

zontally, at the top, and at the bottom of the layer, respectively.
The 1n is the natural logarithm function. They found the relaxation

technique produced relatively rapid solutions by the resistance net-

work system.
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The next step in the development of the electric analog technique
was the solving of transient flow problems by Brutsaert, et al. (1961)
who compared their solution with sand tank model studies of falling
water table with tile drainage by Luthin and Worstell (1957). They
used a relation for drainable pore space as a function of capillary
pressure as found in the Luthin-Worstell study. The electric analog
solutions were in agreement with the sand tank solutions in the Luthin-
Worstell experiment.

Vimoke, et al. (1962) developed greatly improved equations for
the network resistance adjacent to the drain by using a logarithmic
expression instead of a linear one. The solutions deviated less than
two percent from the analytical solutions by Kirkham (1949) when this
improved drain resistance expression was used. The network analog
incorporated improved features in flexibility, accuracy, and ease of
operation. Vimoke developed the "building block"™ approach to make it
easier to understand and calculate the resistances of the network
than the previously used node to node concept. The "building block"
technique was published by Vimoke and Taylor (1962), wherein the
mathematical relationships defining the solution of the electric net-
work analog were developed. They described the use of mesh expansion,
the solution of potential adjacent to the drain, and the procedure
when solving a layered soil system. Thiel and Bornstein (1965) used

the electric analog to study tile drainage of a layered soil inclined

six percent.
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Numerical Analysis

The nonlinearity of the general flow equation, because of the
interaction of the hydraulic conductivity with water potential or
moisture content and the hysteresis in the water potential to con-
ductivity relation, has resulted in no known analytical solution of
the equation for nonsteady flow cases. Solution of nonsteady flow
problems can be accomplished with the electrical resistance network
analog, but they are slow and laborous. Therefore, researchers
turned to numerical methods to linearize the flow equation.

An early method was by relaxation of the potential variation by
the five-point star equation such as [20]). 'Several versions=of this
method were tried by Kunz (1957) which included:

l. relaxing the residual at nodes of highest residual first

(the Southwell method),

2. relaxing the residual of the nodes in succession without
immediate replacement of the revised potentials until
completion of a cycle (the Liebmann method),

3. sequential relaxation with immediate replacement (the
improved Liebmann method), and

4. successively relaxing the potential by subtracting the product
of a relaxation factor times the residual (called successive
over-relaxation (SOR) if the relaxation factor is greater
than one but less than two or is called successive under-

relaxatien ddsthe melaxatien ‘factoer-is dess+bianm one )s
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Relaxation methods are explicit forms of solution since the unknown
is calculated from known potentials.

Considering these four methods, the Southwell method is the fast-
est to converge to the solution but is not adaptable to use with modern
computers. The Liebmann is slower to converge, but adaptable to com-
puterization. The immediate replacement concept speeds convergence in
the "improved" Liebmann method. A better method is to anticipate
future changes needed to relax the residual by over-relaxation cor-
rections. Over-relaxation factors w greater than two result in
divergence from the solution. Under-relaxation is often used when
unstability of the solution is a problem. Another factor that affects
the number of relaxations is the closeness of the first guess values
for the nodes in the grid system. The better the initial values for
the nodes, the quicker the solution will be obtained.

The improved Liebmann relaxation method was applied to saturated
flow to tile drains in a uniform and a two layered soil by Luthin and
Gaskell (1950). The steady-state solution for the uniform soil was
within four percent of that found analytically by Kirkham (1949). No
analytical solution exists for the two-layered drainage problem.
Kirkham and Gaskell (1950) applied the same method to nonsteady flow
to tile and ditch drains. Their results were in general agreement
with those found by Childs in earlier work. An important observation
was that the accuracy of the solution was improved with decreases in

mesh size, but the labor involved in the hand calculations increased
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rapidly with reductions in mesh size. They derived a relation for the
rate that water declined and used the relaxation methods to solve the
nonsteady flow problem by a series of steady-state solutions at con-
stant water table levels. The same procedure, except utilizing a
cylindrical coordinate system was used by Luthin and Scott (1952) to
solve for flow through aquifers to gravity and artesian wells.

Klute (1952) developed the diffusion equation for horizontal in-
filtration and drainage cases. The nonsteady-state solutions of the
diffusion equation were obtained by numerical iteration techniques and
graphical determination of diffusivity from the moisture content versus
water pressure relation.

Day and Luthin (1956) solved the general flow equation for one-
dimension and utilized the relation between capillary conductivity and
moisture content to similate vertical drainage. The results indicated
the general trend of the drainage could be predicted when the capillary
conductivity relation was used.

Gardner and Mayhugh (1958) determined from available data for
some soils, that diffusivity was an exponential function of the
moisture content as given in equation [15]. They used the diffusion

equation (12] and the Boltzman transformation of variables

% [ 25]

which can only be used for semi-infinite, uniform porous media with a
uniform initial moisture content, to convert the nonlinear general flow

equation into an ordinary differential equation which they numerically
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solved. They solved the nonsteady state, one-dimensional horizontal
infiltration problem. Their results were in good agreement with data
obtained from the pressure plate outflow method. Gardner (1959) again
used the exponential relation for diffusivity to numerically solve the
diffusion equation for horizontal flow occurring during evaporation
from soil columns. The numerical solutions predicted accurately the
rate of drying for laboratory soil columns.

Isherwood (1959) was the first to use a digital computer to solve
the flow equation. He used the successive over-relaxation technique
applied to the five-point star equation [20] with reflected images at
the boundaries. He analyzed the falling water table in tile drained
land as a series of steady-state solutions as conducted by Kirkham and
Gaskell (1950). The assumptions for the solution were constant hy-
draulic conductivity and drainable porosity, hence neglecting the
capillary fringe. He found that convergence was quite rapid if the
over-relaxation factor was used. The water table fell exponentially
with time after a slower initial rate.

Evans and Ashcroft (1961) analyzed the effect of a restricting
layer on ponded flow to tile drains by a computerized relaxation method
similar to that of Isherwood. Taylor and Luthin (1963) and Burke and
Taylor (1965) analyzed other stratification problems with results
within five percent of the analytical solutions by Kirkham.

In contrast to the explicit relaxation method, Ashcroft, et al.

(1962) developed an implicit finite difference method of solution of
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the diffusion equation. The implicit technique is the backward dif-
ference scheme instead of the explicit forward difference method.

This means that the solution must consider all equations at ance, such

as a matrix solution of the coefficients of the linearized flow
equation. Conveniently, the matrix involved is a tridiagonal matrix,
wherein, only a tridiagonal band of coefficients are non-zero. This
type of system can be solved rapidly by the Thomas algorithm de-
scribed by von Rosenberg (1969). Ashcroft, et al. (1962) solved the
one-dimensional, horizontal flow in a uniform semi-infinite medium and
compared their results with those obtained analytically by use of the
Boltzman transformation. Both methods gave very similar results.

Hanks and Bowers (1962) programmed the solution of infiltration
into a layered soil by implicit finite difference methods. They solved
the tridiagonal coefficient matrix by methods described by Richtmyer
and Morton (1967). Their method required known relations between the
moisture content and pressure head and between moisture content and
diffusivity. The method did not require the soil to be homogeneous,
semi-infinite, horizontal (gravity neglected), or the initial moisture
content to be uniform. Their results compared well with work published
byaPhdlip: in 196

A modified Gauss--Siedel iterative method with over-relaxation
was used by Reisenauer (1963) to solve steady-state seepage flow from
unlined canals through heterogeneous, partially saturated sands. His

program could solve one-, two-, or three-dimensional flow problems
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consisting of as many as 8,000 nodes. He used the optimum over-
relaxation coefficient for stability as described by Young in 1954.
Rubin and Steinhardt (1963) solved the problem of nonsteady, one-
dimensional, vertical infiltration at rates less than and greater than

the saturated hydraulic conductivity. They used the expressions

e Pli3 + 3519 - 0.056158 4 ¢-5759+16.3 [ 26]

for the water pressure and

8400

K = ——————— 27
hO + 14.45° [27]

for the hydraulic conductivity of Rehovot sand. They assumed no hys-
teresis existed in these functions. Sewell and van Schilfgaarde (1968)
solved two-dimensional, nonsteady, unsaturated flow to tile drains.
They used an iteration technique and considered flow from the capil-
lary fringe by a conductivity versus water potential relation.

Taylor and Luthin (1963) programmed the methods reported by
Luthin and Gaskell (1950) to solve steady-state two-dimensional flow
through a two-layered soil to tile drains. They used a constant value
for the hydraulic conductivity. The publication gives a good de-
scription of their method to solve the Laplace equation.

Green, et al. (1964) used the method of Hanks and Bowers (1962)
to study nonsteady vertical infiltration into a two-layered soil.
Their infiltration rates were in good agreement with those measured in

the field.
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Wang, et al. (1964) analyzed nonsteady, unsaturated, vertical
infiltration into soils, when the initial moisture content and the
hydraulic and capillary characteristics of the soil are known. The
step-by-step numerical procedure predicted the moisture content of
the profile with depth as time of infiltration increased.

Burke and Taylor (1965) studied the effect of soil stratification
in steady-state saturated flow to tile drains by numerical methods.
They analyzed two- and three-layered soil arranged to form 144 dif-
ferent drainage situations. Deeper placement of drains resulted in
higher flow rates only if the ratio of the conductivity of the lower
layer to the upper layer was greater than one third.

Klute, et al. (1965) solved the nonlinear diffusion equation for
horizontal infiltration and outflow through a soil column of finite
length. They used the exponential relation between diffusivity and
moisture content [15] and used an iteration method. For given boundary
conditions and initial moisture content, they found that inflow occurs
more readily than outflow.

Whisler and Klute (1965) analyzed nonsteady vertical infiltration
of soil columns which had been saturated and drained to give the in-
itial conditions. They assumed hysteresis and iteratively removed the
nonlinearity using a modified Crank-Nicolson finite difference method.
They noted that each point in the sand column wetted along a different
scanning curve of the moisture characteristic curves and that soils

with steep moisture content versus water pressure curves exhibited a
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sharp wetting front while in soils with more gently sloping character-
istic curve, the wetting front was more diffuse.

Luthin and Taylor (1966) analyzed two-dimensional steady flow to
ditches in a sloping profile where the outflow rate equaled the pre-
cipitation rate. They considered the capillary fringe by using
guertion [ 13} with! a,’ b, and n:eqial' to=3i:6 = 106, 24190 % 104, amdl 3,
respectively. The ditches were assumed to reach the impermeable layer.
Results consisted of water table profiles for different precipitation
rates and different land slopes.

Staple (1966) used an implicit method to solve the diffusion
equation for vertical infiltration followed by redistribution, con-
sidering hysteresis in the moisture content versus hydraulic con-
ductivity relation. The results .consisted of moisture content versus
depth curves for time steps.

Remson, et al. (1967) solved the diffusion equation for vertical
drainage without infiltration or evaporation. They used data for a
diffusivity versus moisture content curve in the explicit forward dif-
ference solution to determine the computed moisture content versus
depth curves for steps of flow time.

Rubin (1967) developed a numerical procedure to analyze post-
infiltration redistribution of water in semi-infinite vertical soil
columns. The method utilizes hysteresis relations making it possible
to find the unique curve which characterises moisture transformations
with depth. The method is applicable to cases of redistribution with

or without a constant evaporation rate. The finite difference method
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was an implicit type which was solved as in Rubin and Steinhardt
(1963). He found that almost all the evaporated water came from soil
layers with positive moisture gradients.

Rubin (1968) solved the flow equation for two-dimensional, tran-
sient, unsaturated or partially unsaturated soils by using alternating-
directions implicit "ADI" finite difference methods. A solution by the
ADI method consists of the solution of two sets of equations. The first
set of equations is implicit in one direction only and forms a tri-
diagonal matrix that can be solved easily by the Thomas algorithm.
Then, the same type of equations, except implicit only in the direction
perpendicular to that used in the first set of equations, are solved
by the Thomas algorithm. The second solution is considered the
solution to the problem. Hence, the ADI solution is like solving two
one-dimensional, perpendicular flow problems sequentially, where the
second solution is the answer to the problem. Rubin (1968) considered
the problems of horizontal infiltration and ditch drainage. The re-
sults for the horizontal infiltration process involved upward flow-
components, which are due, primarily, to a gravity induced variation
in hydraulic conductivity along the inflow face. The drainage results
demonstrate that transient water flow within the unsaturated zone and
the outflow from the seepage zone may significantly affect the progress
of the water table descent and the total outflow rates.

Wang and Lakshminarayana (1968) solved the nonsteady state dif-

fusivity equation for vertical infiltration and vertical drainage

through a layered soil using an explicit-implicit difference scheme.
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Cumulative drainage and average rate of drying and wetting were in
reasonable agreement with field measurements.

Amerman (1969) in his thesis used both explicit and implicit
finite difference methods to determine the two-dimensional, partially
unsaturated, nonsteady flow from surface irrigation into the soil pro-
file. He had intended to use the ADI method entirely, but if a flow
region contained fully saturated and partially saturated subregions
separated by a moving phreatic surface, the ADI method failed due t-~
the occurrence of singularities in the systems of simultaneous
equations used in the ADI procedure. He did not consider hysteresis.
He also solved the case of drainage from saturated, sloping land.

Freeze (1969) studied the problem of one-dimensional, vertical,
nonsteady, unsaturated flow through homogeneous, isotropic soils in
a recharging or discharging ground water flow system. He modeled in-
filtration and evaporation with hysteresis by implicit finite differ-
ence methods which were solved by recursion methods given in Richtmyer
and Morton (1967). The solutions were given in the form of water
potential, hydraulic potential, and moisture content profiles.

Hanks, et al. (1969) presented a numerical method to estimate one-
dimensional infiltration, redistribution, evaporation, and drainage
of water from the soil. They assumed hysteresis in the water content
versus water potential relation, but not in the conductivity versus
water content relation. Their estimation of infiltration, redistri-
bution, and evaporation was in good agreement with measurements from

soil columns.
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Taylor and Luthin (1969) solved transient problems of drawdown
around a pumped well in an unconfined aquifer. The solution, expressed
in cylindrical coordinates, is a series of steady-state solutions of
the saturated-unsaturated flow region. The analysis of the simultane-
ous solutions for flow in the saturated and unsaturated zones is
similar to the procedure that will be described in this thesis.

Bolen (1970) analyzed transient water flow through layered soils
to tile drains using the relaxation technique. The initial condition
was a saturated profile. His numerical procedure was similar to that
of Taylor and Luthin (1969). Results from the two-layered profile
indicated that when the conductivity of the top layer to that of the
bottom layer was less than or equal to 15, drain depth had more effect
on drawdown than did the conductivity ratio. For ratios greater than
15, faster drawdowns were obtained by placing the drain in the more
permeable top layer.

Brandt, et al. (1971) used the diffusion equation .forr nonsbteadys;
unsaturated flow to analyze three-dimensional infiltration from a
trickle source. They used a combination of the ADI noniterative pro-
cedure with Newton's iterative method. Their results compared well
with those of Wooding for steady infiltration from a circular pond and
with simple one-dimensional solutions.

Nwa, et al. (1971) used the ADI method to solve the problem of
rainfall infiltration into a watershed surface. The slope of the
watershed had no effect on the transient infiltration rate, but the

steady-state rate increased as the land slope increased. They found
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that the saturation starts from the top of the profile and moves down
to the impermeable layer when the precipitation rate equals or exceeds
the saturated hydraulic conductivity, but the situation is reversed if
the rainfall rate is less than the saturated conductivity. They had
no problem solving mixed flow problems by the ADI method.

Reichardt, et al. (1972) solved the soil moisture flow equation
for nonsteady, two-dimensional horizontal infiltration into air-dry
layered soils. The solution, based on a scaled soil water diffusivity
function, was in good agreement with experimental and theoretical in-
filtration profiles for the layered soils.

Whisler, et al. (1972) analyzed ponded, nonsteady-state, infil-
tration into a heterogeneous porous medium in which the hydraulic
conductivity varied linearly with the depth in the profile. The scaled
hydraulic conductivity relation is a function of water pressure at the
air entry value. Pressure head and water content profiles for two
distributions of hydraulic conductivity were computed and compared with
that for a homogeneous soil having an average conductivity.

Lomen and Warrick (1974) used the exponential relation between
hydraulic conductivity and water potential to numerically, without
finite differencing techniques, solve the linearized transient, two-
dimensional flow equation. Their solution applies to single and
parallel line sources on the ground surface. The solution applies
to irrigation systems operated frequently, such as drip irrigation,
for which the soil moisture at any point varies over a relatively small

range. The results include lines of constant matric flux potential or
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equal moisture content as a function of time. Warrick (1974) extended
this method to time-dependent cases for point sources. His results for
moisture front advance and cyclic water applications were similar to

ghe | finite differenge results of JBrandi, &t @l (1071),

Summary

The basis of determining water flow in soil is by the general flow
equation which is a combination of Darcy's law and an equation of con-
tinuity of mass. The flow equation is a nonlinear, partial differ-
ential equation which defies exact analytical solution, except for a
few steady-state cases by Kirkham (1949, 1951) for tile drainage,
Philip (1971, 1972), Zachmann and Thomas (1973) and Thomas, et al.
(1974) for surface and subsurface line sources.

Hence, researchers developed methods to linearize the flow equa-
tion so that it could be solved for steady and nonsteady-state flow
situations. The methods consist of the electric analog, numerical
variable transformations, and finite difference techniques.

The first to utilize the analogy between Ohm's law and Darcy's law
was Childs (1943) who used conducting paper as representing the porous
media. The resistance network was developed and refined by Luthin
(1953), Bower and Little (1959), Taylor, et al. (1960), Brutsaert
(1961), Vimoke (1962), Vimoke and Taylor (1962), and Thiel and
Bornstein (1965). Although the electric analog has been used mainly
to solve steady-state flow problems, it can be used to solve nonsteady

flow by a series of steady-state step solutions.
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Numerical transformations have been limited to the Boltzman
transformation and exponential relationships in conductivity and dif-
fusivity functions. The Boltzman transformation has severe limitations
including that it can only be used to study flow in a semi-infinite,
uniform porous medium with a uniform initial moisture content. The
Boltzman transformation was first used by Gardner and Mayhugh (1958).
The conductivity exponential relation was used by Philip (1968, 1972),
Thomas, et al. (1974), Warrick (1974), and Zachmann and Thomas (1973).
Gardner and Mayhugh (1958) and Klute, et al. (1965) utilized the
exponential diffusivity relation.

The first researchers to use finite difference methods to analyze
soil moisture movement were Luthin and Gaskell (1950), who applied the
relaxation technique to ponded water flow. Numerical finite difference
methods were so successful that many researchers have turned to these
methods. Others that solved steady-state ponded flow situations in-
clude: Luthin and Scott (1952), Evans and Ashcroft (1961), Reisenauer
(1963), Taylor and Luthin (1963), and Burke and Taylor (1965) for
various stratification conditions. Steady-state, unsaturated flow
situations were studi;d by Reisenauer (1963), Sewell and
van Schilfgaarde (1963), and Luthin and Taylor (1966).

Nonsteady (transient), unsaturated flow was first analyzed by
Kirkham and Gaskell by successive steady-state steps by the relaxation
method with calculations performed by hand. The method was very labor-

ous. Isherwood solved the same problem with a digital computer. Their
solutions were based on Kirchhoff's law for the electrical resistance

network.
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The first solution to the general flow equatiun was by Day and
Luthin (1956). Klute (1952) modified the flow equation to replace the
hydraulic conductivity by diffusivity times the rate of change in
moisture content per change in water potential. Many researchers
started using this or other diffusivity functions. Thcse ulkilizing
the diffusivity concept include: Klute (1952), Gardner and Msyhugh
(1958), Gardner (1959), Ashcroft, et al. (1962), Rubin and Steinhardt
(1963), Green (1964), Klute, et al. (1965), Liakopoulos (1966),

Staple (1966), Remson, et al. (1967), and Reichardt (1972).

The finite difference methods utilized by the above researchers
have been categorized as explicit and implicit when the calculated
value is computed from known values (forward difference scheme) or
computed with unknown values (backward difference scheme), respec-
tively. An interesting combination of both schemes forms the Crank-
Nicolson equation derived from the central difference equation.

Researchers solving explicit methods using relaxation or iteration
procedures include: Luthin and Gaskell (1950), Luthin and Scott
(1952), Luthin and Day (1955), Day and Luthin (1956), Isherwood (1959),
Evans and Ashcroft (1961), Reisenauer (1963), Sewell and
van Schilfgaarde (1963), Taylor and Luthin (1963), Gupta and Staple
(1964), Burke and Taylor (1965), Luthin and Taylor (1966), Remson,
et al. (1967), Taylor and Luthin (1969), Bolin (1970), and Reichardt
(1972). Explicit methods were solved by use of a tridiagonal matrix
by Hanks and Bowers (1962), Green, et al. (1964), Hanks and Klute

(1968), Hanks, et al. (1969).
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The Crank-Nicolson modified method was used by Whisler and Klute
(1965, 1967) and Whisler and Watson (1968). Freeze has developed the
line successive over-relaxation (LSOR) method in Freeze (1971) and
other recent publications which is said to be faster than the implicit
alternating direction implicit (ADI) method.

Researchers solving implicit schemes are Ashcroft, et al. (1962),
Rubin and Steinhardt (1963), Liakopoulos (1966), Wassmuth, et al.
(1966), Rubin (1967), Freeze (1969), and Brutsaert (1971). A recent
implicit scheme, the ADI method was developed by Rubin (1968) and used
by Amerman (1969) and Nwa, et al. (1971).

Table 1 is a condensed summary of the techniques utilized in
the research studies of the flow of moisture through porous media that
have been described in detail. The summary indicates the applications

of these analyses.




Table 1. Publication Summary of Some Solutions of the Soil Moisture Flow Equation.

Conditions
Non- Method! Diffu-  Coeffi- Dimen-
Steady- Steady- of sivity cient? sions Soil  Appli-

Researcher State State Solution Concept Function 1,2, ©F 3 Layers cation3
Childs (1943) & E K(c) 2 1] Tile D.
Kirkham (1949) S A K(c) 2 i TolE .
Kirkham & Gaskell

(1950) T N K(c) 2 1 Ditch D.
Luthin & Gaskell

(1950 S N K(c) y | 2 T112 b.
Kirkham (1951) S A K(c) % 2 Tile.B.
Klute (1952) i N D D(g) 1 1 H.I.&D.
Luthin (1953) S E K(c) 2 3 Tile D.
Day & Luthin (1956) G N K(h) il 1 V.D.
Gardner & Mayhugh

(1958) m N D D(g) W28 1 il
Bower & Little Suog LA

(1959) S E K(h) 2 1 Tile D.
Gardner (1959) i N D D(g) i 1 H.E.
Isherwood (1959) T N K(c) ) 1 L1 B.
Taylor et al.

(1960) S E K(c) ? 3 Tile D.

ke
[,




Table 1. Continued.
Conditions
Non- Methodl Diffu- Coeffi- Dimen-
Steady- Steady- of sivity cient sions Soil Appli-

Researcher State State Solution Concept FinGtion WJ2F 'or '3 = Layers cation
Evans & Ashcroft

(1961) S N K(c) 2 3 Tile D.
Ashcroft et al.

(1962) T N D D(g) 1 1 H.I.
Hanks & Bowers

(1962) T N D D(g) i 2 V.1
Vimoke & Taylor

(1962) S E K(c) ) 2 File D.
Reisenauer Canal

(1963) S N K(h) 2 3 Seep.
Rubin & Steinhardt }

(1963-1964) . N D D( —él) i 1 ViR
Sewell & van

Schilfgaarde (1963) S N K(h) 2 1 LTIE. D
Taylor & Luthin

(1963) S N K(c) 2 2 Tisl egD-
Green (1964) T N D D(g) 1 2 VI
Wang et al.

(1964) yi N K(g) 1 1 V.I.& E.

ra




Tablie 1. Gentinuecdl.
——— e —————— e SR R s as s s = —
Conditions
Non- Methodl Diffu- Coeffi-  Dimen-
Steady- Steady- of sivity cient? sions Sodl Appli-

Researcher State State Solution Concept Fun@tion Llgs2fek 3 Layers cation
Burke & Taylor (1965) S N K(c) 2 < Tile D.
Klute et al. hlilee &

(1965) i) N D D(g) 1 1 H.E.
Thiel & Bornstein

(1965) S E K(c) 2z 3 Jille D.
l/hisler & Klute V.I. &

(1965) i N K(h)* 1 1 V.D.
Liakopoulos (1966) 1 N D D(h,s) 1 I e
Luthin & Taylor

(1966) S N K(h) /) 1 Ditch D.
Staple K(g) & V.I.8

(1966) Y N D D(p)* 1 ] V.R.
Remson, et al.

(1967) B N D D(g) 1 1 ¥.B.
Rubin (1967) i N K(g)* 1 i V.R.
Rubin H.I.&

(1968) . N K(h) 2 1 Ditch D.
llang & Lakshminarayana V.D. &

(1968) - N K(g) 1 10 V.I.




Table 1% Continued:

Conditions
Non- Methodl  Diffu- Coeffi-  Dimen-
Steady- Steady- of sivity cient? sione Soil Appli-

Researchers State State Solution Concept Function 152, or3 Layers cation3
Amerman Furrow

(1969) i N K(h) p 1 T, & D).
Freeze (1969) T N Kibr™ i 1 V.E.&R.
Hanks, et al. T IRNES

(1969) 1 N K(g)* )| i £.108
Taylor & Luthin

(1969) I N K(h) 2 1§ Well
Bolin (1970) f N K(h) 2 2 Fide ‘D.
Brandt, et al. Trickle

(1971) i N D D(g) 2 1 L.
MWA, et al. (1971) bl N K(h) ) il I.
Philip Trickle

(1971) S A D la.ik) 2 1 & SubI.
Philip Trickle

(1972) S A K(h) 2 i Tige
Reichardt, et al.

(1972) ¥ N D D(g) ) 2 e Bl e

-




Table 1. Continued.

L ——

Conditions
Non- Methodl  Diffu- Coeffi-  Dimen-
Steady- Steady- of sivity cient? sions Soil Appli-
Researchers State State Solution Concept Filhction 71,2, of"3 “lLayers cation
Whisler, et al.
(1972) i N K(z) 1 2 v.A.
Zachmann & Thomas Sub I,
(1973) S A K(h) ) i S.I1.8S.E.
Thomas, et al. thgor
(1974) S A D k(e 2 1 Sub I.
Lomen & Warrick Trickle
(1974) i N K(h) 2 1 I.
Warrick Trickle
(1974) T N D K(h) p 1 1.

Iyethods of Solution: A (Analytical, E (Electrical Analog), and N (Numerical).

2Coefficient Function: K (Hydraulic conductivity), D (Diffusivity), ¢ (Constant),
h (Water pressure), and § (Moisture content), * Hysteresis considered.

(Vertical)

3Application: v ’
D (Drainage),

H (Horizontal), I (Infiltration), E «{Evaporation),
R (Redistribution), and S (Surface).



METHODS AND PROCEDURES

Objectives

The objective of the study is to develop a numerical prccedure
for analyzing two-dimensional flow in a layered profile. The flow will
be characterized by saturated and unsaturated regions separated by a
moving phreatic surface. Both the saturated and unsaturated portions
of the model will be verified by comparison with published results.
The model will then be used to simulate the flow from a drip irri-
gation line source to a tile drain.

The simulation will assume that at time zero the profile will be
saturated and start draining to the tile. After some arbitrary time,
the dr p irrigation source will be started at a constant rate. One
drip irrigation rate will be investigated which will consist of an
application rate less than the drainage rate. In addition, soil

moisture movement will be simulated during intermittent rainfall.

Methods

Several numerical methods were discussed in the review of liter-
ature and will be derived and analyzed in the process of selecting a
method to use in this study. The basic concept of flow of water in
porous media was presented as the general flow equation. For two-

dimensional flow, the equation is:

ai:%(l((@)%‘ﬁ) +1<K(e)%%) [ 28]

it Ay
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The method of finite differences involves replacing the partial
derivatives in this equation by an approximation finite difference.
The finite difference approximations will be derived for an elemental
volume where the height is 2Ay, the horizontal distance is 2Ax, and
the depth is 2At as shown in Figure 3.

The finite difference approximations .in the x direction are

given by:
() g 38)
2 (20 = A0x/ xHAX/2,y 3%/ x=AxX/2,y [ 29]
Bx(Bx XY, AX
where
=100\ = Px E R ¢X1X [ 30]
\ox/ x+tAx/2,y Ax
and
o) = ¢X,V - ¢X —AX.Y [31]
0x / x-px/2,y AX
Therefore, equation [29] may be written as
3 _ Px -axyy ~ Pxov T Px+ax,y [ 32]
3x2 X,y (ax)?

Utilizing the common i,j subscript notation as shown in Figure 3,

for the cartesian coordinate system, equation [ 32] becomes

n - n n
L O 7 % g 7% B T s
ax2 Ax2
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Figure 3. Elemental volume five-point stars at three time levels.
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2 .- 200+ gl .
52¢ - ¢1_19J ¢133 ¢1+193 [ ]
A 5 34
Ay Ay

Noting the superscript n in the Figure 3, permits the formation of the

finite difference for the time term as

n+1 n
oL = ei:j -ei9j
St & At [35]

Hence, the finite difference equation form of the general flow
equation may be written as

3o AR
o PRI

n n n
1.3 1 {[K(Si’j_,l) & K(Bi,j)] [Qbi,j_l " I:l }
At Ax = Ax

¢1:3

1l

LK 541) + k(62,501 [02,5 - ¢?,j+13}

2
Ax [36]
. dree 2 Ay

[KO3,5) + K03,5)] (1,5 - ¢2+1,j1}
2 Ay

An assumption that is often made to simplify the form of equation [ 36]

ig thadk K(eg,j) is used as an approximation for the quantities

n

n n n ~
K(ei,j+l), KO3, 5.1) K(ei+l’j), and K(ei_l,j), Beage{1972)s« Fhis asr

sumption, although not theoretically accurate, permits equation [37] to

be reduced to
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1 n n n n
Ol ~ 03,50 £1,5-0 7 e S TNy
st K@? .) Ax2

n n n
Rl g B Tkl

Ay2

Many researchers replace the hydraulic potential ¢ by water potential

h, 8 by C(s )ah, and K(ei,j) by K(g) in equation [37] giving

ntl n n n n
c(e)(hi,j - hi,j) _bi,j-1 - 2hj,j+ hi, i

K(e) At sz
[ 38]
n n n
+ hi‘lsj — 2higJ + hi+11j
Ay?
Replacing K(8)/C(p) by D(8) given by equation [ 6], equation [ 38]
becomes
Ml n n n n
Rgeg = Wi g Piod .= 30 o NG o
At D(g) Ax2
[ 39]
n n n
sy e sRhe i)
AY2

which is a form often used in recent publications. The equation [39]
is said to be explicit or forward (in time) difference approximation
since the one unknown h?t% is given in terms of known values which were
determined during the nth time step. Equation [39] can be solved by

iteration or matrix solution methods.
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Another common practice is to assume that Ax and At can be chosen

; 32nn 32nntl L EE T

independently and the can be replaced by =———, and similarily
3x2 dx2

ég% can be replaced by a2hn+l. Making these modifications in the

3y ay

equation results in the implicit or backward (in time) difference

approximation
nt+1l n ntl il 0l
o P M I | S
At D(g) 2
AXx [ 40]
hn+l 2hn+l - hn+l
PP T R SN
AY?

which can be solved only by matrix solution methods.
The solution of equations [39] and [40] can be shown to be of the

accuracy, OfAt,sz,Ay2] by comparison with the exact Taylor series

expansion about a given point O as

= 2 2
2 ah . (xi=%0) 32,

[41]

(x3 - Xo)3<a3h

- +
31 3x37/0

The degree of accuracy of the approximation is given in detail in pages
104-105 of Karplus (1958) and pages 65-67 of Remson, et al. (1971). If
the accuracy could be improved to the order of At2, the increased ac-

curacy would result in faster convergence to the solution of the system
of linear equations. One method would be to approximate 3h/dt over two

time steps so that the left side of equation [ 40] is replaced by

L—%
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hn+2 hn
—%i%———ﬁ%g%s however, the new equation always results in an unstable

solution. Then Whisler and Klute (1965) decided to develop the finite
difference approximation about the n+1/2 time level. The n+1/2 time
level for the right hand portion of equation [40] was obtained by tak-
ing the average of equation [39] at the nth time level and equation

[40] at the ntl time level. The generalized equation is

1 n n n n
Becs Sive s T[hi,j—l 242044 2= DL g
At D(g) AX2
n n n
i hi—l,j = 2hi,j + hi+l,_j:|
2
Ay
[ 42]
ntl nt1 1
hy 5.1 - 2hy 3 + hs 3
7 (1-7)[ i.3~1 153 i, i+l
AX
1 1 ntl
Mo = & b i hi+1,j]
NG

When 7 =1, equation [42] reduces to the fully explicit equation
[39], when 1=0, [42] forms the implicit equation [40], and when =%,
the equation becomes the Crank-Nicolson equation. One-dimensional
forms of these equations can be obtained by eliminating the Ax or AY
related terms.

The merits of each equation should be evaluated to determine which

equation should be used in the model. Ideal conditions for the

numerical model were given by Remson, et al. (1971) as :
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1. the method should be convergent and unconditionally stable
for At chosen independently of Ax or Ay,

2. the model should have relatively small truncation error
without greatly increasing the complexity of the resulting
equations, and

3. the solutions should be easy to compute.

The qualities of each equation can be determined for one- and two-
dimensional forms of the flow equation.

In one-dimensional flow problems, the solution can be obtained
rather easily. The explicit equation can be solved by iteration or
matrix methods of solving simultaneous linear equations. Several iter-
ation methods are the Jacobi, Liebmann, modified Liebmann or Gauss-
Siedel, and the successive over-relaxation SOR, that are enumerated
in order of increasing speed of convergence. The major asset of the
explicit equation is its ease of solution, but the equation has a
serious liability because of nonconvergence to a solution when At has
been chosen too large. The explicit equation can be written as

m- 1 = 5
s B _2QtAD2§Q2) h + 4t Do) (h?_l+h ) [43]
X

1 Ax2 j+l

Stability and convergence of the explicit equation will be maintained
as long as the coefficient of h? remains positive. Solving the co-

efficient equal to zero for At gives

2
1 ax a4
A% < 3 Ble) e
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for stable, converging solutions. Hence, as one decreases Ax to im-
prove the accuracy of the solution, the maximum time step is decreased,
resulting in more time step iterations per solution.

Both the implicit and the faster converging Crank-Nicolson equa-
tions must be solved by matrix methods for solution of the system of
linear equations. The coefficients form a tridiagonal matrix which may
be readily solved by the Thomas algorithm or similar method with a
medium amount of effort. The implicit and Crank-Nicolson equations
should not be applied to nonlinear problems since the resulting equa-
tions are also nonlinear.

In summary of numerical methods of analyzing one-dimensional flow,
the explicit method is the easiest to use, but it may require small
time steps for stability of the solution. The implicit and Crank-
Nicolson equations form a tridiagonal matrix which can be solved
rapidly. For nonlinear problems, the Douglas-Jones predictor-corrector
method described in detail in Remson, et al. (1971) should be used.

The explicit, implicit, and Crank-Nicolson forms of equation will
be analyzed for two-dimensional flow situations. The explicit equa-
tion is solved in the same manner as described before, except that the
iteration process is in both the x and y directions. The solution of
the explicit equation is easy to calculate, but stability may be a

problem. Equation [39] can be written as
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I

o et ¢ 221D (8 ) (ax3+ay?2) \ .0
Mo s 1 - hy .
L33 K axz ﬁyz ) 1,]

+

AtD(8) ( n n ¥
Al lave T it e [45]
P A S 2 [Pi,3-1 1 Pa,sn |

+

2[R n

Solving the coefficient of the hg’ term equal to zero for At

J
gives

2 Ayl
AN AX< AY [ 46]

2D(g ) (axZ+ay2)

for stable, converging solutions, Bear (1972). Hence, as one de-
creases either Ax or Ay to improve the accuracy of the solution, the
maximum time step i1s decreased resulting in more time steps and more
computer time per solution.

Both the implicit and Crank-Nicolson equations consist of five
unknowns and form matrices with five non-zero diagonals. This type of
matrix can be decomposed into kl tridiagonal matrices, where k and 1
are the number of nodes in the x and y directions, respectively.
Hence, these methods are very difficult to solve.

Peaceman and Rachford (1955) developed a new method called the
alternating direction implicit "ADI" which retained the best features
of the implicit and Crank-Hicolson methods. The ADI procedure was con-

vergent and unconditionally stable, resulted in a low truncation error,
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and retained the desirable tridiagonal form of equations for two-
dimensional flow problems. The procedure consists of two time steps.
During the first step, one space variable is evaluated implicitly
while the other space variable is evaluated explicitly. The second
step consists of interchanging the roles of the space variables in
step one and solving the new set of equations. Each step results in
a tridiagonal matrix which can be readily solved by the Thomas
algorithm. The solution of the second set of equations is considered
the answer for the specified At. Although the equations utilized in
each step result in an unstable solution, alternating between the two
sets of equations, while At is held constant during each application of
the ADI methods gives a solution that is stable for all ratios of

At/Ax2 and at/Ay2.

For example, the equation for the first time step is

n+1 n n n n .
hisj = hi’j £ hiaj"l - 2hisj v h133+1
At D(g) Ax2
[47]
n+1 1 m1l
gl - ANE, 5. Dl g
NG
and for the second time step is
n+2 nt+1l B2 nt2 nt+2
Wl W P [T
at D(e) Ax2
(48]
n+1 1 n+l
Died gins ZBighit Riciy
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Remson, et ad.. (1971) states that the ADL method uses; only. foun
percent of the number of computation steps involved in the SOR method
and only 14 percent of the number of steps used in the Crank-Nicolson
method.

In summarizing numerical methods for two-dimensional flow, the
explicit method is the easiest to solve, but may become unstable unless
At is held small as indicated by equation [46]. The implicit and
Crank-Nicolson methods do not result in a tridiagonal form of equations
and, therefore, are very difficult to solve. The ADI method was de-
veloped to retain the assets of the implicit and Crank-Nicolson
procedures, and still result in the tridiagonal matrix which can be
readily solved. As noted in the literature review, Amerman (1969) had
difficulty solving unsaturated-saturated flow separated by a phreatic
surface by the ADI method. Current researchers are not apparently in
agreement on the merits of the ADI method. For example, C. R. Amerman
has gone back to the SOR method for future publications that the author
has reviewed. Conversely, G. S. Taylor has recently changed from the
SOR method to the ADI procedure. Still other researchers are develop-
ing a new finite element method. The discussion of the finite element
procedure is too involved to present in this thesis.

Considering the ease of programming the SOR method, the uncer-
tainty of the ADI procedure for mixed flow, and that modern digital
computers are much faster than those used by previous researchers, the

safest and easiest method to use in this report is the SOR method. If
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stability or excessive computer operation time becomes a problem, the

alternate method of solution would be by the ADI procedure.

The Model

The model for the solution of the general flow equation is based
on an explicit finite difference procedure which is an adaptation of
the building block approach developed by Vimoke and Taylor (1962) for
the electrical resistance network analog. The equation defining cur-
rent flow in the network at each grid intersection or node can be used
to develop finite difference equations to model two-dimensional flow.
The flow region is defined by a grid or mesh of points called nodes,
separated from each other by finite differences, called the mesh
increment. It is assumed that the mesh increments are small enough
that each rectangle formed between the nodes can be considered to be
of uniform moisture content and hydraulic conductivity and that they
are referenced by the upper-left node of the rectangle. The soil is
assumed to consist of a variable number of parallel horizon layers,
in which the horizons are of arbitrary thickness. The horizontal mesh
increments can also be selected arbitrarily except as specified later
for the nodes adjacent to the drain.

The boundaries which identify the physical region to be modeled
are zones of zero potential gradient, hence, no flow occurs across the
boundaries. These zones of zero gradient result from impervious layers
and lines of symmetry where the potential is a mirror image on each

side of a line of symmetry. Boundaries in the model can be set in
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any configuration to establish the limits of the grid to be analyzed,
but are usually set along the lines of symmetry established by water
sources, water sinks, and mid-planes between sources and sinks. The
vertical boundaries are established by lines of symmetry and the bot-
tom boundary results from an impervious layer. These boundaries are
established by use of mirror image nodes to define the condition of
zero potential loss across the boundary. The boundaries are con-
sidered to be in parallel pairs which define a rectangular flow area.
The flow region consisting of zones of transient and steady flow
separated by a moving water table is shown in Figure 4.

The finite difference equation for transient flow can be derived
by utilizing Figure 5 and the resistance equations [22] and [23].
Figure 5(a) represents four blocks of soil with characteristic flow
resistivity of ry, ro, r3, and r4. The dimensions of the blocks are
a, b, c, and d as indicated in Fig#feSTh) - The resictance analoey is
shown in Figure 5(b), which results in 5(c) when the pairs of parallel
resistances are combined according to equation [23]. The resistivities
between nodes 1, 2, 3, -4, and node O are

2b
Rl = _Lr%_ [493]
cr1+ar2

2crory
Ry = G, + by S

2dr
R3 —— _._31_ [490]
ar3-+cr4
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Figure 5.

S,

a c

r 5o

1 b 2

f& d r3
5(a)

5(c)

Building block analog of the electrical resistance network.
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2arlr4
WL cdx ) + o [ 49d]

These values can be utilized in a modified form of Kirchhoff's
law [ 20] where current is permitted to accumulate at the central node,

such as on a capacitor, which gives

[ 50]

$1%0 P2%0 @3%0 P40 (atc)(b+d) ap
Ry ot THlG L R (et LTI @ Z it
where the potentials ¢; and resistivities R; are as indicated in
Figure 5(c). The right side of the equation equals the change in
volume of moisture stored in the four soil blocks given in Figure
5(a). The term A8 is the fraction of the total soil volume that con-

tains water. Solving equaticn [50] for the new moisture content gives

n n n n
I TRENT PR, Pi1,3 - 01,4 . G104 - 94,
el RT3 1) R s T R

[51]

n n n n
Pt e U5 Mt 1 P T L W %j)
In the computerized form a, b, c, and d from equations [ 49] and [ 51]
are replaced by DHj_l, DVi_qs DHj, and DV;, respectively. The values
T}, T9», I3, and rgq4 are the average of the four node resistance values
at the corners of the rectangles represented as in Figure 5(a).
For the case of steady-state flow, the right side of equation

[50] equals zero. Solving the resulting equation for ®0 gives
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R2R3R4¢’l + RlR3R4§?52 + R1R2R4¢3 - R1R2R3¢4
%0 = RRjR, + RjRR, + RRR, + R RR, [52]

or in i,J notation is

1 n n 1l
n+1 _ RoR3R4Pi-1,j + R1R3R4P4, 5+1 + R1RoR4P5+1,3 + R1R2oR3%3, -1
$1,3 T RgR; +  Rifghy et BiRoity |+ RKyhois

[53]

where the n+l superscript in the right side of equation [ 53] denotes
using the most recent value. Utilizing new ¢ values as soon as they
have been computed increases the rate of convergence to the correct
solution.

Another method that will greatly improve the rate of convergence
of the iterative application of equation [53] is to use successive

over-relaxation, whereby the new potential value is given by

'
¢’(rilt§) = 03,5+ (05,5 ~91,5) = QW e ;+ el s [sd]
where O<w<2. An optimum relaxation factor can be determined by Carre's
method given on page 202 of Remson, et al. (1971) for a square mesh.
Otherwise a table of values given in Taylor and Luthin (1963) may be
used.
A cylindrical source or sink increases the resistance to flow by

a factor Cy/2 as given by Vimoke and Taylor (1962). The drain resis-

tance, Cq, 1s given by

Cq = 229 = 0.0212217; [55]
120m
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and

Zo = 128 logjpp + 6.48 - 2.34A - 0.48B - 0.12C, [56]

where p = s/T, s is the square mesh size, r is the drain radius and

4
4 9

1+0.405p ~
1-0.405p

L 9%1

-8
1+0.163p
B = = > [ 58]
l-O- 163p

-12
1+0.067

£ = """"R?TE ) [59]
1-0.067p

When a cylindrical source or sink occurs at nodes 1, 2, 3, or 4 in
Figure 5(c), the R value for that node determined with equation [ 49]

should be replaced by the computed value times Cd/2.

Computational Procedures

The computer program establishes two-dimensional storage arrays
corresponding to the grid nodes. Five arrays are used to store the
current values of water potential (head) H, hydraulic potential PHI,
resistivity R, moisture content THETA, and a hysteresis code MC.
Fixed parameters are also stored in arrays to simplify the solution
of several cases. These parameters are the horizontal and vertical
mesh increments DH & DV, elevation Y, coefficients for the hysteresis

relationships, and constants for the water content of the soil.
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The initial values for the head, potential, resistivity, moisture
content, and hysteresis code are assigned to each node. The potentials
are defined such that the potential of the row corresponding to the
soil surface 1s set equal to the elevation above the drain and the po-
tential at the drain is equal to the drain radius. Initial resistivity
values are determined from the moisture content versus hydraulic con-
ductivity equations for the saturated moisture content. The equation

for hydraulic conductivity is

C1
K= ey - SRR [ 60]
3
|4 ™~ + Co
and the resistivity is 1/K or
R=C |H®3 + cq [61]

where K, R, H, C;, Cy, C3, Cy = l/Cl, and Cg = C2/Cl are the hydraulic
conductivity, resistivity, water head, and the C's are coefficients fit
by least squares regression analysis, respectively. The relationship,
moisture content versus water potential, is also fit by least squares
regression analysis to the equation
(3

6 = —g—— [62]
|42 + By

where g, H, and the C's are the moisture content, head, and coef-
ficients which have different numerical values than in equation [60],

respectively.




Solution of flow in saturated soil is obtained by solving
equation [ 53] for each node in a stepwise order beginning with the
first node in the row immediately below the soil surface and progres-
sing from left to right. The top boundary is not relaxed because the
potential of this row must remain equal to the elevation. Also, the
potential of the drain node is kept equal to the drain radius. This
procedure is repeated row wise until the flow region is completely
traversed. The sequence of relaxation of the nodes is indicated in
Figure 6. At the completion of each traverse, each image boundary
node potential is set equal to its counterpart within the flow region.
The traverse 1s iterated repeatedly and the change in potential at

every node during two consecutive iterations is computed by

k 1 )
ERROR:zzlgs{l’*l.—gs"i‘.l. [ 63)
i= Tl sJ sJ
When this value becomes less than some specified value, the SOR process

is complete and the ¢“+l values are considered the steady-state so-

lution. A limit is also placed on the maximum number of iterations
that will be performed.

To initiate the unsaturated flow situation, the potentials of the
row of nodes above the soil surface are set equal to the potential of
the row below the surface. A specific time interval At is chosen and,
beginning with the row of nodes coinciding with the soil surface, the
finite difference equation [51] is solved for the change in moisture

content at each node where the head H is less than or equal to zero.
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Figure 6. The sequence of progression during relaxation process.
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When all nodes have been traversed, the head checked, and the unsteady
flow equation has been applied resulting in new 6§ values, then new H,
¢, and R values are calculated and placed in the storage arrays for
every node where the head was less than or equal to zero.

The grid is then traversed and all nodes with positive head
values are iterated as for steady-state flow described above. If the
potential values of the third row were modified, the described pro-
cedure is repeated with average ¢ and R values for the time step until
the ¢ value does not change. This is a solution to a new steady-state
flow region described by new boundaries. By repeating the application
of the transient followed by steady-state solution, the boundary be-
tween these flow regions keeps moving, resulting in a series of steady-
state solutions which can be interpreted as an unsteady-state solution
for the total flow region. The iteration-relaxation procedure can be
terminated when the moisture content of the nodes in the unsaturated
region reach field capacity or some other limiting value.

Remson, et al. (1971) suggest that At be small at the start and be

increased at a linear rate, such as by:

sty = (a + bt )(ax)? [64]

where a and b are constants such that a>0 and b>0. Small time in-
crements are used at first because too great a change in moisture con-
tent will cause the system to become unstable. As the soil drains
and the flow rate decreases, longer time increments can be utilized up

to the established maximum time interval.
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Evaporation is quite similar to drainage except an incremental
amount of water is subtracted from the nodes at the soil surface dur-
ing each time period. Equation [50] is still valid for water moving
in the flow region below the boundary in response to this imposed
gradient. The amount of evaporation can be determined from the soil
moisture and the corresponding climatological data or some other
criteria.

Hydraulic conductivity is not constant when considering unsatur-
ated flow since it is a function of the degree of wetness. Hysteresis
occurs when the soil goes from a drying to a wetting cycle and vice
versa. As noted in the literature review, the hysteresis is much
greater in the moisture content to water potential relationship than in
the moisture content to hydraulic conductivity relationship. Hysteresis
is assumed for relating moisture content to water potential. Field
or laboratory data can be used to generate these equations by a least
squares regression analysis to fit equation [60] or [62] to the ap-
propriate data. The moisture code MC value is used to determine
whether drying or rewetting is taking place and for selecting the
proper set of equations.

Simulation of infiltration is essentially the reverse of the
evaporation procedure except that hysteresis occurs, requiring a dif-
ferent set of moisture content to water potential relationships. Also,
the gradient at the interface is quite large, which implies that the

time increment should be reduced compared with that for evaporation.
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If infiltration occurs rapidly enough, the surface may become satu-
rated, resulting in saturated flow near the soil surface.

The computer program model consists of several subroutines to
perform specific operations in an iterated sequential order. Although
many variables are in common among most of the subroutines, the use of
subroutines has aided greatly in reducing the size of the program and
in understanding the logic involved in the programmed solution. The
program subroutines are called INPUT, OUTPUT, FLOW, SAT, UNSAT, NEWH,
NEWR, NEWMC, LINRP, FTABLE, EQPLOT, and PABC. These subroutines are
controlled by the main program and called either by the main program
or by each other.

The INPUT subroutine reads the input data, calculates the drain
resistivity, initializes all arrays for the solution of saturated flow,
and calls LINRP to establish the coefficients of the moisture content
to water potential and hydraulic conductivity to water potential re-
lationships from tabular soils data. This subroutine prints a listing
of all input data.

The subroutine OUTPUT writes all output from the computations,
such as tables of THETA, MC, R, H, PHI, Q, and WIV, which are the
moisture content, moisture hysteresis code, resistivity, water poten-
tial (head), hydraulic potential, flow or tile discharge, and water
table elevations, respectively. The routine also calls EQPLOT, which
results in a printer plot of equipotentials in the flow medium.

In subroutine FLOW, the water table elevations, the flow through

the soil surface, and the discharge from the tile drain are calculated.
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If the soil profile is inclined, the routine computes the discharge
from each tile drain.

The subroutine SAT calculates new potentials for each node in the
flow region by method of successive over-relaxation. The method is
based on the building block method of combining network resistances as
described by Vimoke and Taylor (1962). The boundaries are established
using image nodes.

For unsaturated flow, UNSAT subroutine determines new moisture
content, THETA, values for all nodes where the water potential H is
less than or equal to zero. After each new THETA value is calculated,
the moisture code is determined by calling NEWMC and a new H value is
computed by calling NEWH. When an iteration has been completed, NEWR
is called to determine new resistance R values and renew the image
PHI and H values.

The subroutine NEWH utilizes the past moisture hysteresis code
and the moisture content value to compute a new water potential H
value from the correct wetting, drying, or scanning characteristic
curve. The water potential is calculated by solving equation [62]

f okl

In the NEWR subroutine, new hydraulic potentials are computed, the
values of PHI and H are set for the image nodes, and the resistivity R
values are calculated for all nodes including the image nodes. The
value K(9), based on the resistivity change at each node is used to

adjust the time increment, DELT, in the main program.
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The NEWMC subroutine determines whether the flow is along the
wetting or drying primary characteristic curves. If the moisture con-
tent trend changes, the flow is along a linear scanning curve until
the other primary curve is reached. The moisture codes are 1, 2, 3,
and 4 for drying, drying to wetting scanning, wetting, and wetting to
drying scanning curves, respectively.

Subroutine LINRP fits a least squares curve of the type given in
equations [ 60)] and [62] to the seil ,cheragteristie sdafaiinThe'unvbnis
forced through the first data point assuming it to be the saturated
value which is usually known. The subroutine calls FTABLE which de-
termines the "“F" tabular value for significance of fit of the curve.
An option of plotting the data and fitted curve can be called by the
PLOT subroutine from the IBM Scientific Subroutine Library.

The subroutine EQPLOT determines the equipotential curves for the
flow region grid by linear interpolation and calls PABC which is a
printer plot subroutine available at most computer centers or may be
obtained from the company, Share. The subroutine EQPLOT will plot the
equipotentials, drains, nodes, and the water table with the standard
printer.

The main program's function is mainly the control of the sub-
routines. Its basic operations consist of calling: INPUT to set the
initial conditions, SAT to calculate a saturated solution, FLOW to
determine the flow, and OUTPUT to print the results. The next sequence
is to set the top boundary and call UNSAT to compute new THETA, H, PHI,

and R values for nodes where H is less than or equal to zero. After
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UNSAT has been completed, SAT is called to relax the potentials of the
nodes where H is greater than zero. This sequence of calling UNSAT and
SAT is iterated until the top boundary value remains constant, then
the FLOW and OUTPUT subroutines are called. The time increment is
modified and the UNSAT-SAT sequence is repeated until a problem so-
lution occurs.

The first part of the output consists of a complete listing of the
input data, initialization values, and coefficients of the <nil mois-
ture and conductivity to water potential equations. Output fzom the
model includes the tables H, PHI, THETA, MC, and R values which are the
head, potential, moisture content, moisture hysteresis code, and the
soil resistivity, respectively. Output also includes the flow across
the upper boundary and through the drains or sources, the water table
elevation at each vertical column of nodes, and a plot of equipoten-
tials. Incremental time, accumulated time since the onset of un-
saturated flow, accumulated number of iterations, and a measure of the
completeness of the relaxation process are printed each time the
moisture content table is printed. The frequency of these printed
tables is controlled by input parameters.

Variations of the program can be used to simulate moisture move-
ment in the profile under drainage, infiltration, evaporation, and
irrigation processes. The procedure can be used to simulate both
natural and man made moisture movement situations and can be used as
a design tool to evaluate proposed designs for drainage, irrigation,

and leach bed systems, etc. An example showing the contrast of time

e R S
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and effort of an empirical design based on experimental plot results

and that based on the numerical simulation model is given in Figure 7.
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RESULTS AND DISCUSSION

After developing a model, an important step that should follow
is the testing of the results of each part of the model or the model
as a whole. There are two distinct phases of the model, steady-state
and transient flow. Hence it is logical to assume that a valid test
of the model is to verify that each phase of the program gives valid

answerse.

Steady-State Flow

A comprehensive test of steady-state flow is to compare the flow
rates and potential distributions for cases of uniform and layered pro-
files with the drain placed at varying depths. Figure 8 shows a com-
parison of the equipotential plots for three drain depths. The solid
curves are those computed by the model and the dashed curves are those
found by Burke and Taylor (1965). Although the curves by Burke and
Taylor were found by numerical methods, their results were within five
percent of the analytical results by Kirkham (1949). The equipotential
curves from the model are almost identical with those by Burke and
Taylor.

A two-layered soil was modeled for steady-state saturated flow and
the equipotentials are plotted along with those by Burke and Taylor in
Figure 9. Again the drain depth was varied. The results of the model
compare well with those of Burke and Taylor.

Table 1 is presented to show a comparison of the drain discharge

per hydraulic conductivity of the top lavyer, Q/Kl. Again, the ratio is
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Table 2. Drainage into a 10.2 cm (4") tile drain spaced at 29.3
meters (96').

. ; e e
Drain Ko @ o
Depth Value EI _EI

m m2/m m2/m
g6l (2Y) Ky 0.60 0.54
S205) K1 1.10 1.00
2.44 (8") Ky 0.98 0.88
.61 (2Y) 0.1Ky 0.36 0.34
B:52 (8" ) 0.1K; ©.12 Oied
2.44. (81) 0.1K; OJIL 0.10

*Model results.

**Research by Burke and Taylor.
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in good agreement with that published by Burke and Taylor, thus

verifying the steady-state portion of the model.

Transient Flow

The test of the unsaturated flow part of the model was conducted
by using soil characteristic data supplied to the author by Dr. R. R.
Bruce through personal communication. Graphs of this data have been
published in Bruce (1972). Test data selected were for the B; horizon
of the Cecil loamy sand profile. Figures 10 and 11 show the moisture
content to water potential and hydraulic conductivity per saturated hy-
draulic conductivity to water potential relationships as plotted with a
Wang 2200 plotting output writer, respectively. These characteristic
curves could have been plotted, less accurately, by specifying NPLOT
equal to one in the simulation program.

The profile selected was eight feet deep with the tile drain
depth equal to six feet and the spacing equal to fifty feet. A plot
of the computer model drawdown results is shown in Figure 12 along
with a plot of the solution of the van Schilfgaarde equation solved
for m iteratively as suggested by van Schilfgaarde (1974). His
equation is

2dg
m = 9Kt (95_)2 [ 65]

def
(2dg*my)e ©
m

i

o]
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where

d, = = [ 66]

d(8, d dq d2
1+ g(ﬁ—ln-r-) - 3.55 - 1.6 + 2?-2

and the variables d, d,, f, K, mj, my r, s, and t are the depth from

the tile to the impervious layer, the equivalent depth, the drainable
porosity, the saturated hydraulic conductivity, the initial and final
midplane water table elevations above the drain for the time period,
the drain radius, the drain spacing, and the time period, respectively.

For the By horizon of the Cecil soil, the C;, Cp, and Cg values
in equation [ 60] were 2.006, 4.712, and 0.243 and in equation [62] the
values were 0.00321, 0.00483, and 1.308, respectively. The computer
solution exhibited some unstability giving a step shape curve instead
of the smooth curve one would expect. The steps correspond to the
location of nodes in the model, which seems to be characteristic of
a soil with low Cy and C2 values in equation [62]. The drainable por -
osity of the Cecil soil is equal to 0.105. The dashed curve shown in
Figure 12 is for the van Schilfgaarde equation using d, r, s, K, and f
equal to 2, 0.2083, 50, 1.701, and 0.105, respectively. This curve is
offset the amount of time required before drawdown in the computer re-
sult occurs because the computer model assumed a horizontal water
table, whereas the van Schilfgaarde relation assumes an ellipse shaped
initial water table.

The simulation for soils described by Taylor and Luthin (1969) had
values of Cy, Cp, and C3 in equations [60] and [62] of 0.1 to 10, 0.1

to 10, and 3, respectively. Plots of several characteristic curves in
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these ranges where A = l/Cl = l/CQ are shown in Figure 13. A set of
soil characteristics was arbitrarily chosen from the center curve; such
that C;, Co, and C3 were 2.0, 2.0, and 3, respectively. When this soil
was used in the computer model, the smooth drawdown curve shown in
Figure 14 was obtained. The time increment used in this analysis was
equal to 0.001 days. Since this type of soil characteristic data are
similar to data for several soils described in the literature and pro-
duced a smooth drawdown curve, these data were selected for simulation

of drip irrigation.

Simulation of Drip Irrigation

Drip irrigation can be simulated by modifying the moisture content
values at the soil surface to give the result of a given application of
water at specific nodes. This is accomplished by determining the in-
crease in moisture content of the surface row of nodes, evaluating
equation [62] for a new H value associated with the new moisture con-
tent, computing a new value of R with equation [61] using the new H
value, and solving the unsaturated-saturated sequence in the program as
described previously.

Drip irrigation was simulated with the same soil as shown in Figure
13, A=0.5 with a uniform profile of eight-foot depth. A tile drain
was located six feet deep and at a forty-foot spacing. A typical emitter
rate was assumed to be constant at 0.018 gallons per minute, therefore,
the node spacing on each side of the drip irrigation line was also main-
tained constant at one foot. The irrigation lines, spaced at five feet

with drip emitters every two feet were simulated as line sources. The
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drip irrigation commenced at one-tenth day after drawdown had started
and continued for 0.02 of a day when four-tenths of an inch irrigation
water would have been applied to replace the daily evapotranspiration

losses. The drawdown curve is shown in Figure 15. A sequence of water

table profiles for the situation are shown in Figure 16.

The results shown in Figure 15 indicate an immediate response to
the drip irrigation since the H=0 value, indicating the water table,
is computed by linear interpolation. It is not clear whether the tem-
porary water table recession at time equal to 0.22 days is the rmsult
of unstability caused as an aftershock wave from the drip irrigation
or the approach of a midplane node by the water table. The recession
curve slope and position following the short period of unstability cor-
responds well with the curve prior to the problem, indicating a self-
correcting condition has occurred in the program.

The water table just prior to the irrigation is shown to be a
smooth curve and that shortly after the application, the water table
position rises toward the nodes that received the water application.
As time progressed in the solution, the application effects were dis-

sipated toward the drain.

Simulation of rainfall

Simulation of rainfall on the tile drained soil may be conducted
by modification of the data; whereby water is added to all surface
nodes 1in proportion to the surface area represented by each node.
Figure 17 shows the results of modeling rainfall on a complete Cecil

loamy sand profile assumed to be eight-foot deep to the impervious

‘_———
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layer. These soils data were used for this and the following analysis
because they were readily available and represented an actual soil.
The tile drain was located at the six-foot depth and at a fifty-foot
spacing. Again the nodal effect on the water table position for the
Cecil soil can be readily seen. As the water table continues to re-
cede at adjacent nodes, the line of zero water potential moves away
from the node and resumes the correct shape.

The effect of applying three-quarters of an inch of rainfall dis-
tributed over one-eighth of a day, was to stop the water table reces-
sion during the first storm and reduce the water table slope during the
second rainfall, which started one day after the first rain storm.

To demonstrate the full capability of the model, the Cecil soil
profile was inclined four percent and the rainfall rate was doubled
to one and one-half inch, applied once each day. The rain was started
one-half day after the unsaturated drainage began, lasted for one-
eighth of a day, and was repeated daily. For this situation the soil
was layered with variable node spacing and had intermittent rainfall ap-
plication, as in the previous example. The situation shown in Figure
18 differed from the other cases because hysteresis was assumed and

the soil profile was inclined. It was assumed that no flow occurred
across the vertical lines of symmetry, the same as in the horizontal
case. Although this assumption is not theoretically correct, the re-
sulting error which occurs prior to drawdown to the tile was assumed to
be small when the slope was small. The nodal effect is still evident in

the curves. With this exception, the results are as expected. The re-

sults do demonstrate the capability of the program.
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SUMMARY AND CONCLUSIONS

The soil moisture for surface applied water on a tile-drained
profile was modeled by means of a digital computer. The computer model
is based on the electrical resistance network analog. The computation
method is the explicit finite difference technique which was solved
by successive over-relaxation procedure. The computer program, con-
sisting of specialized subroutines, was used to solve saturated steady-
state and transient flow problems. All situations analyzed assumed a
tile system was located in the soil profile at an arbitrary depth and
spacing. The soil depth to the impervious layer, thickness and soil
characteristics of each parallel horizon, profile slope (limited to
small slopes), and water application rates are input data.

The model was used to simulate moisture movement in the soil dur-

ing drip irrigation, intermittent rainfall, and rainfall on an in-
clined soil profile when hysteresis was considered. The program could
be used to model a soil profile under drainage, infiltration, evapor-

ation, and irrigation processes. The procedure could be used to

J simulate soil moisture movement situations and can be used as a design
tool to evaluate proposed designs for drainage, irrigation, and leach

1 bed systems, etc.

‘ The results showed an immediate response to drip irrigation and
rainfall applications. The recession curve was like the exponential
recession that was expected. The water table receded rapidly above
the tile drain and drawdown progressed slowly toward the midplane

boundary in the horizontal profile situations.
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The model has two serious problems at its current stage of de-
velopment. The solution becomes unstable if too large a time incre-
‘ ment is chosen and, at least for one soil series, delays in water

table recession occur as the water table approaches a node.
I The first problem i1s a limitation of all explicit finite differ-
ence methods used to solve moisture movement in the soil. Implicit
methods of solving these problems result in a stable solution, but
must be solved by matrices methods. The matrices for two-dimensional
problems are difficult to solve unless the alternating direction
implicit method is used which produces two tridiagonal matrices
which may be solved easily by the Thomas algorithm.

The second problem may be associated with the soil type and not
the method, since smooth water table curves were obtained for the
drip irrigation example before the irrigation started. At that time,
the water table had receded past two rows of nodes above the drain.

Hence, the future research in the modeling of soil moisture will
involve investigating the ADI method and probably replacing the SAT
and UNSAT subroutines by the equivalent ADI procedure. Also, other
situations involving the surface flow and geologic flow should be in-
corporated into the program to model rainfall in excess of the in-

filtration rate and deep percolation out of the soil profile.
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List of Symbols Used in Computer Program
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ABSC

ACD
ADH
ADV
ALOG

B1,J)

BCD

c(1,J)

CCD
C3L1
@3L2
Cos
COSPIO
C3U1
c2
DAT)
DCD
DELPHI
DELT
DEVMS

DEVSS
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LIST OF SYMBOLS USED IN COMPUTER PROGRAM

Coefficients in the drying equation for soil layers,
THETA (H)

Horizontal heading - bottom of plot output
= 1 or drain resistivity

Temporary for DH(1)

Temporary for DV(1)

Natural logarithm function

Coefficients in the wetting equation for soil layers,
THETA(H)

= 1 or drain resistivity

Coefficient in the conductivity equation for soil layers,
R(H)

= 1 or drain resistivity
Lower limit of C3, Level 1
Lower limit of Cg, Level 2
Trigonometric function
COS(PIO)

Upper limit of C3, Level 1
Upper limit of Cg, Level 2
Temporary storage for coefficient arrays
= 1 or drain resistivity
Change in PHI value at a node
Change in time or T increment
Deviation mean square

Deviation sum of square

R R R R T R RIS



DH(J)
DR(J)
DV(I)
E(I)
EQPLOT
ERROR
EXP
F(I)
F1

F2
FDH
FL
FLOW
FTHETA
F(I)
GA

GB

GC

GE
GMMMA

H(I,J)

Hl

H2

Distance horizontally between nodes

Daily rate of water application at surface nodes
Thickness of each layer of the soil profile
Scanning curve intersection with wetting curve
Subroutine to locate and call plot of equipotentials
Absolute sum of changes in potential during an iteration
Exponential library function

Field capacity theta values for each soil layer
Lower F value

Upper F value

Bsle. 142

F left side of interval

Subroutine calculates drain outflow

Float theta value

Saturated theta (moisture) for each soil layer
Gamma of A

Gamma of B

Gamma of C

Gamma of E

Library gamma function

Finite difference estimate of pressure head, cm or feet
oI H2O

Left potential value of plotting rectangle
Right potential value of plotting rectangle

H average

9%




S B R B

IA

IB

IC

IBE

IH

IK

IMAGE( )

IMC

INPUT

IPHI

1Q

IR

ISAT

ITHETA

IWT

IXMAX

HSUM

PEQPLT

96

Temporary of HA, HD(I) plot page heading

el

H - left side of interval

Horizontal row number

Sum horizontal space

Sum of horizontal distance

Do loop counter for vertical direction

Integer error code of gamma function

Integer error code of gamma function

Unsaturated iteration counter, error code of gamma function
Integer error code of gamma function

Integer to control output of equipotential plot, 1 = plot
Integer output H control, 1 = print H table

Saturated iteration counter

Character storage for points to be plotted

Integer to control output of moisture code, 1 = print
MC table

Subroutine to initialize arrays and determine soil
coefficients

Integer output phi control, 1 = print PHI table
Integer to control output of flow, 1 = print flow

Integer to control output of resistances, 1 = print R table

Control for saturated subroutine

Integer output theta control, 1 = print THETA table
Integer to control output of water table, 1 = print WTV table

Integerized X maximum

_




IYDIFF
IYMAX
g

K(1)

KA

KB

KC

KD

KE

KF

KG

KH

KI

L

LI
LINRP
LS
Mc(I,J)

MCI

NC
NDRAIN
NEWH

MEWMC

7/

Integerized maximum Y coordinate difference
Integerized Y maximum

Do loop counter for horizontal direction
Constant control integer parameters for the drainage system
Vertical node number at bottom of soil

Image row number at bottom of grid

Horizontal node number at the right boundary
Horizontal column number for right image column
Vertical node number above lower boundary

Node to left of right boundary

Vertical node number at left drain

Vertical node number at right drain

Maximum saturated iterations

Do loop vertical layer counter

Control parameter

Subroutine to fit given function to soils data
Layers of soil data

Moisture hysteresis code storage array

Moisture code at I,J4d-= deying,-3>5 wetting, 2 = and
4 = scan cubwes)

Number of layers per rectangle plus one

Number of data points for each characteristic curve

Card punch unit number

Plot drain as D if NDRAIN = 1, NDRAIN = 2 plot right drain
Subroutine to calculate new H values

Subroutine to determine moisture code




NEWR
NH
NL
NM1
NM2
NP
NPL
NPLOT

NR

NV
OR
OUTPUT
P(I)
PO(I,J)
Pl

P2

P3

P4

P5
PHI(I,J)
PLOTA
PLOTB
PLOTC

PM

Subroutine to calculate new R values

Do loop counter in horizontal direction
Number of segments per layer

N -1

N-2

Printer unit number

Do loop potential line counter

= 1, plot by library routine

Card reader unit number

Number of points to be plotted with a given character
Do loop counter in vertical direction
Ordinate heading of plot

Subroutine controls output

Constant control floating point parameters
PHI(I,J) values at end of previous time step
Mesh size at drain/drain radius

Used in calculating drain resistivity

Used in calculating drain resistivity

Used in calc&lating drain resistivity

Drain resistivity

Hydraulic potential

Sets up plot, headings, scales, etc.

Stores characters to be plotted

Prints plot

Maximum potential

9
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P10 Radians of soil slope

PR Sum of probability

PR1 Lower probability limit, level 1

PR2 Probability of level 2

P1R Temporary of PR1

P2R Temporary of PR2

Qt7) Flow rate array

QBD Flow in resistance below drain

QL Flow out left'drain per unit length
QLD Flow in resistance left of drain

QR Flow out right drain per unit length
QRD Flow in resistance right of drain
QTD Flow in resistance above drain
R(I,J) Hydraulic resistance values of the soil

RO(I,J) R(I,J) values at end of previous time step

R Top arm of the resistance network star

R2 Right arm of the resistance network star
R3 Bottom arm of the resistance network star
R4 Left arm of the resistance network star
REGMS Regression mean square

REGSS Regression sum of squares

RESID Residual

RESID2 Residual squared
SAT Subroutine calculates saturated potentials

SC3 Standard deviation of C3

EEE ———— e ————.,



SIN
SINPIO
SQRT
SSU
SSUV
SSV
SSY;
SU
SUMT
SUU
SuV
SV
SVv
SY

SYy

10(157)

3.
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TEST(I)

100

Trigonometric function

Sine of land slope

Library square root routine

Sum of squares of U

Sum of squares of U ¥ V

Sum of squares of V

Sum of squares of Y

Sum of U

Total sum of elapsed time of flow since saturation
Sum U squared

Sum U * V

Sum of V

Sum of V squared

SU. YOF TV

Sum of Y squared

THETA(I,J) values at end of previous time step
T value (lower limit)

T value (upper limit)

Arféy to store NS, ¥, and **

THETA (I,J) Moisture content array

THETAX

T

U

UNSAT

Temporary THETA value
T left side of interval

Y transformed

Subroutine calculates unsaturated moisture contents

X transformed




V1

V2

vC
VEXP
VL

VM

VS
VSUM
WTV(J)
WTX(J)
WTY(I)
e hs)
XMAX
XMIN
XX(I,J)
¥ (DJY
YD
YDIFF
YH

YL

YM
YMAX
YMIN
YR

Y¥i{E,J)

—————

O

Upper potential value of plotting rectangle
Lower potential value of plotting rectangle
Vertical column number

Vertical expansion factor in EQPLOT

Value left side of rectangle.

DV(I) * HK/HL

Sum vertical space

Sum of vertical distance

Vertical height of water table above left drain centerline
X coordinate for plotting the water table points
Water table elevation in Y direction

Horizontal distance from left drain

Maximum horizontal scale value

Minimum horizontal scale value

Node horizontal distance

Elevation head above center of left drain, also used vim)
Elevation of drain

Y difference for plot

Estimate of Y

Y left side of interval

Y at middle of integrated zone

Maximum vertical scale value of plot

Minimum vertical scale value of plot

Right side of interval

Node elevation

L—_
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APPENDIX B

Computer Model Soil Profile
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Figure 1. Typical computer model soil profile complete
with parameters.
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APPENDIX C

Computer Statement Listings
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SIMULATIUN UF TwU CIMENSIONAL SATURATED AND UNSATURATED DRAIMAGE &
OPTIONAL wATER APPLICATION AT THE SOIL SURFACe

COMPUTER INPUT / OUTPUT NUMBERS
NC = CARD PUNCH UNIT NUMBER

WR = CARC RLADER UNIT NUMBER

NP = PRINTER UMIT NUMBER

CESCRIPTION OF PARANMETERS

K{I) = NO. | NOuwcSy, N@®. J NJUES, I LEFT DRAIN, I RIGHT DRA[M, MAX.
SATURATED ITERATIONS., BEGIM UNSAT. PRINT, PRINT [NTERVAL,
END CF UNSAT., PRINT, CONTROUL DELTT CHAMNGE, K(10) = NODE AT
THFC TUP UF THZ UNIFORM SOIL LAYER, N(L1l) = O - READ A, B,
AND C COEFFICIEWISS I E FIELVU OR = 1 - COMPUTE A,8, ANO C
CCEFFICIENTS FROM LAYER DATA oY LINRP SUoROUTINE, UNSAT.
ITERATIONS FCR STEADY STATE, K(21) - K(28) USE 1 FOR QuUTPUT
TABLES UF TheTAa, MCy Ry Hy PHI, Qy wlIV, A®KD cQPLOT.

A(L,J) = COLFFICIENTS IN TH. DRYING cQUATION (THETA VS H) FOR EACH
SCIL LAYceRe. THET (L4 J) = A(L,1)/(H(I,3)%%A([,3) + A(L,2)).

B(I,J) = CUEFFICIENTS IN TH_. WETTING EQUATIOUN (THETA VS H) OF EACH

SUIL LAYER. THETA(L,J) = B(l,1)/(H(I,J)*%8(1,3) + B([,2)).
ClI,J) = CULFFICIENTS [N THS CONMDUCTIVITY ECUATION (R VS H) OF THE
SCIL LAYERS. R(I+J) = C(I,4)*ABS(H(L,J))*%C([,43) + C([,5).

D(I) = TEMPURARY STGRAGE FOR COEFFICIENT ARRAYS All,J), B(Il,J),

AisD C(1,J).
THETH . /' THETA SAT. SCANNING CURVE [MNTERSECTION WITH THE
WETTING CLRVE FOR FACH O.1 INTERSeCTION WITH DRYING CURVE .

Q)

FOI) ‘= EIELL CAPACITY: THETA VAULWES"IFOR EACH SOIL LAYER .

‘G(I) = SATURATED THeTA (MOISTURE) FUR EACH SUIL LAYER &«

CH(I) = CISTAWCE HORI1ZOnWTALLY BETWELY THE NODES .

DV(Il) = THICKMESS GF bACH LAYER OF THE SOIL PROFILE .

P(I) = URAIN RADIUS, PONDED THICKNESS, SAT. OVERRELAXATION CONST.,

SAT., ERRIR LIMIT, ORAIN RESISTIVITY, MIN. LIMIT OF PHI
CIFFrRENCuLy [WITIAL DELTT, REUOUCTION CF ODELTT, PERCENT R
CHANGES TUO SeT K(9), INCLINATIOM AMGLE IN RAUIANS, P(11) =
LIMIT OF Phl ERRUR AT THE SOIL SURFACE, VvEXP IW £QPLOT,
BLGINNING OF DR(J) WATER APPLICATION, DURATION OF WATER
APPLICATIUN, AHD CYCiLE TIME Or WATER APPLICATION.

R(IyJ) = HYUKAULIC RESISTANCE VALUES OF EACH SOIL LAYER .

DR(I) = NUOL WATER APPLICATIONM RATE IN L*%3/T.

OIMENS TON PH"30030)OH(50v3U)'rHETA(30v30)UR(30'10)'MC(30’30)IY(30

1,30),Q(36),<(30),A(30,5),8(30,5),C(30,5),0(5)+E(30),F(30),G(30),DH

2(30),LV(30),P(30)ywTY(30),wTV(30),QL(4),QR(4),P0(30,30),T0(30,30)

3,RU(30y30),LR(30)

COMMON KA,K0 KCyKDyKE yKF ¢KGyKHyKI yPHI,H, THETA,RyMC,Y,Q+K,A,B,C,0,E

LyFoGLyDH OV P yMC MRy NPy IKyERROR ) IC yDELTy SUMT 4 WTY,,WTV,GLyR,PO,TO,RO

2 yUR

NR=5

WP=6

MC=17

CALL I[HPUT
CALL SAT (0)
cL(l)=0.
CR(1)=0.

CALL FLOW (0)

PHI(KB, L)=PhI(KU,3)
PHI(KByKD)=PHI(KB,KF)
D0 I J=1,E0D
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PHI(l,J)=PHI(3,12)

06 1 I=1,KkB

MC(I,J)=1

THETA(IL,J)=G(I)

F(LyJ)=PHI(I,3)=-Y{I:J)

H(L,1)=H(1l,3)

H(I,KD)=Hl{I,KF)}

H(l,J)=H(3,J)

H(KB,J)=H(KE,J)

IC=0

SUMi=0.

CELT=P(T7)

CALL OUTPUT (lylylylylylylyl)

DO 2 [=1,KB

LO 2 J=1,KD

TO(IJ)=THETA(I,J)

PO(L,J)=PHI(I,J)

RO(IyJ)=R(I,J)

SUMT=SUMT+DELT

IC=1C+1

KJ=K(12)

CU ¢ [=1,KJ

P¢¥=0.

CO 3 J=1,KD

PP=PP+ABS(PHI(1,J)=-PHI(3,J))
PHI(1l,J)=PHI(3,J)

CALL UNSAT (L1)

CALL SAT (1)

IF(PP.LE.P(11l)*KU.AND.IC:+NE.O) GO TO 5
CONTINUE

CALL FLOA (1)

IFCIC/K(T7)uNEele*IC/E(T) OR.IC.LT.K(B)) GO TO 6
CALL OUTPUT (K(21),K(22),K(23),K(24),K(25),K(26),K(27),K(28))
IF(K(9) .GT.0) OLLT=DELT%*P(8)

[F(h(9).LE.O) DLLT=DELT®=(L1/P(8))
IF(IC.Ew.K(t)) 50 TO 999
IF(SUMT.GE.P(13)+P(1%)) P(L3)=P(13)¢+P(15)

IF (SUMT+.0001.LT.P(13)) GO TO 7

00 b J=Z,KC
THETA(2,J)=THETA(2,J)+DR(J)I*=DELT*&4./((DH(J-L)+DH(J)) *¥DV(2))
[F(THETA(2yJ).GT.G(2)) THETA(2,J)=G(2)

CALL NEW"!C (2.:]1[0(21J')

CALL NEWH (¢,J) ®
CALL KEWR (L1)
IFCLL.HE.O.JR.IC/K(T7).NE.L.*IC/K(T7)) GO TO 9
CALL UUTPUT (Llylslylylylsyl,yl)

STGP

END
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DIMLNSIOw PrL(30,30),H(30,30),THETA(30,30),R(30,30),¥C(30,30),Y(30
1933),60(030)9n(30),A030,2),803095),C(30,5),0(9),E030),F(30),6(30),0H
2(30),LVI30) s (30)ynTY(30)ynTV(30),GLI%4),WR(4),P0O(3D,30),T0(30,30)

351330, 30),LR(30)

COMMOM Kyg &L g KCy kDo XT okl o KGy K 9K i 9PHIyHy THETA,Ryi4C 7, JyNyA,B8,C,0,E
LoFoisoDhyCVeP g NCyNRyNPy [KyERKRGKy [C,DELT ySUMT o WTY,,wTV,QLyQRyPO,TO,RU

2y UR

REAL. (NRs 1) K
FUOLMAT(LUIT)
KA=NI(1)
Apb=n(1)+1l
KC=K(2)
W=r(2)+1
RE=Kn(1)-1
K=K (2)—-1
KG=¢(3)

Kh=K (&)
Kl=K(Y)

REAL (iR 92) CHyUV Ly FyGyPyDR

FOREATCLGFT )
Pl=LVIKG)I/P(1)

P2=(le+.4Ud%P1%%(-4))/(Ll.—-.4uUSEPLl%E*(-4))
P3=(letelboxpP223(-8))/(le-eclO3%pP2%%(-8))
PO=(let U6TEP 3% —12))/(le—ab6T*P3%x(-12))
P5=00.%¥nLOGIPL)-2.34%P2-.4E*P3-.12%P4+6.48
PIn) =8 .5%PS/(120.%3.14159)

SIyPlu=stiale(10))
COSPiO=C0S(P(L1D))
VS=-ULV(KB)

D0 uvlu I=1l,kb

VS=vS+DV (Ri-1+1)
Y(KE-1+142)=NS*CUSPLO
YO=Y(KG, <)

DO V20 1=1,KD
Y(192)=Y(1y2)-YD
HS=-Lh( 1)

ul) G20 J=LlynU
IF(J.Gl.1)HS=HS+LCH(J-1)
Hil,ul)=0.0

YLy Jd)=Y(1,2)+HS*SINPLO
PHILL,J)=Y(L,J)+p(2)

TFCL.5T.2) PHIML,J)=PHI(2+J)/2.0

Phl(KGy,2)=PL 1)

IF(P(LI0) eNELOJ)erHI(KH,KC) =P (1) +Y(KH,XC)

LS=n(10)

VO U3J 1=1,30
DG ¢30 J=1,y5
All,J)=0.
B(I,J)=0.
Ctl,J)=0.

IFIR(L11).LW.0) RtAD(NR, 14)
Ly I=a bl S ) o =G INmdi=inggo ) i =1L S

FURMAT (5(1PC15.0))

iF(K(11).FO.u) 50 TO 04V
READ 6 CHARACTER ®AME A%D NuMBER OF JBSCPRVATIIMS

ReAJ W UATA CARDS FOR 1
uv0 050 1=1,LS

CALL LINRP (Dy1y).0Lly.05,NR,taP,1C)

LL U590 J=1,>

(A4 ,A2,15)

((ACT4J)yJd=195)s1=1,LS)y((BIl,J),d=1,5)




108

050 A!l,J)=0(J)
KtaAu 6 CHARACTER NAME AND NUFBER GF OBSERVATIONS (A4,A2,I15)
KAy N DATA CARDS FGR I TH LAYER, Y(1), X(I), (2F10.0)
GO UL60D I=1slS
CALL LINRP (u.l..Ol..US.NR.NP,NC)
Ud) vb0 4=1,>
D60 B(l1,J)=0(J)
REal 6 LHARACTER NAME AND NulMBeR UOF OBScRVATIONS (A6 ,A2,19)
READU N DATA CARDS FUR I T4 LAYIR. Y(i)y X(1)y» (2F10.0)
DO 070 I=1,LS
CaAal L LINRP (LolyeUly el yinRoyNP,,NT)
DO V70 J=1,5
G70 C(1,4)=D(J)
040 DU U0 [=LS,kB
DU uB0 J=1,5
AlLyd)=A(LS,J)
ClIl,J)=0(LS,J)
080 C(l,4)=L(LS,J)
Bu 099 [=1,46B
Ld U900 J=1,aD
RO(I,J)=C(1,5)
090 KR(1,J)=C(1,>)
WHRITE(NPS3) (Lo (1)yDHOL)yOVIL)ZCCL)WFLE)aSCL) 4P (1) ,R(LI,41),DR(I),
11=1, 30)
3 FORMATE " L' 30Xy 011l 90Xyatin(1)y3Xy5HOHIT) 33 XK,s5HOV L) y4XK,6HL 1) ,4X,y4HF
LOI) y@hky@FGUL ) g An,,6HP (L )y eXybrRILy 1)y 3X,5HD%(1),30(//7218,8FB.4))
ARLT LR, e ULy Uv L), (allyd)yd=1y5),1=1,30)
A FURGATEY {H 0RY 1y 2%,5H9dl1)y iXeOda(l 2, yOnA(T ,2)y IXy6HA(TL,3
L)% XN GHSE]R)  TXG SN IS )R CHEZA7AL STy i USSR 3550 )
WRITLINP ) (LyLJ (1) (B(1+4J)yI=1,5),1=1,30)
5> FURMAT(TLIH att 1'y2ry5HuVIIT)y TIXy0Hs(Ly1)y TXy6H8(1,2), 7TX,6HB(I,3
L)y IXy6hinllya)y, IXy6HB(i99)y 30(//13,0PFT7.3,5(1PEL3.5)))
ARITE(MP 05 (19D (1) (CUL4J)9»JI=149),1=1,3C)
6 FORMATCSLICOND. L '92X,50LVIET) s TX4OFC(Ly1 )y (X 6HC(T1,2)y TX,6HC(I,3
1)y TX90HC(Lyo&a)y IXyetic([995)y30(//718yCPFT7.3,5(1P€ELl3.5)))
IFCCLHOL) aNc UHIZ2) ) JOR . (UH(IKF) cELUHIKC))) GO TU 100
IF((OVIL).MNL.uYIlg))oUkatDV(AC) el .0VIKA))) LD TO 10V
[F((UY(KG=L) . IE.DVIRG)) .UOR(UVUDVIKG) .Ne.DH(2)V)) 350 TO 100
IFCCCODVIRAH=1) eN=- oDV IRH) ) eUR c (DVIKH) o inS cDHIKF) ) ) e AND (P(LO) e MNE.V.))

L 60O TUu 100
[F((KSeotbe2) e ANDS (KGoLE.KA)  AND. (KH.GE.2) - AfiD. (KHeLEKA)) RETURN

1OC wRITE (NP, 7)
7 FORMATE7X, *MESH .NOT SQUARE AT THE DRALN O DRAIN KWODE [HCUORRECT')

sTOP !
END

¥V
S
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SUBRCUTINE JUTPUT (ITHETA,IMCyIRyIHyIPHI,LIQ,IWT,IEQPLT)

DIMENSION Pril(30,30)sH(30:30),THETA(30,30),R(3C,30),#C(30,30),Y(30
1930),4(3C),<(30),A(30,5),8(30,5),C(30,5),0(5),E(30),F(30),G(30),0DH
2(30)oLVI(30)4P(3C)yWTY(30)yWIV(30),QL(4),CR(4),P0(30,30),T0O(30,30)
3,RU(30,30)yLR(3u)

COMMON KA KU s KCy KD KE ¢yKF gKGyKHyKI yPHI yHy THETA R yMC Y »L9yKyA,B,C,0,E
LyFyGyDHyOV P ¢gNCyNRyNPj IK¢ERRORyICyDELT 9 SUMT yWTY ,WTV,CL,WUR,PO,TO,RO
23DR

IF(1THETIA.EZ.Q) GO TO OlO

WRITE(NP,L)IC,yUELT,,SUMT, (JsJ=1,KD)

1l FURMAT(LlHL,' AFTER CHANGING wATER CONTENTS®*,l&,' TIMES, OELT IS°®
LyF7.4,y' AND SUMT =',F3.4//* NUDE MOISTURE CONTENT*//([11,1318))
CO 100 I=1,48
100 WRITE(NP;2)1,y(THLTA(LyJ)yJ=1,KD)
2 FORMAT(/I392X914FB4/(5X,14F8.4))
010 IF(INMCLEC.OG) GO TO 020

WRITE(NP,3)(J,yJ=1,KD)

3 FORMAT(LEL//19H NOUE MOISTURE CODE//(IL11,1318))

DO ¢CO0 1=1,48

200 WRITE(NP, &)1, (MC(I,yJ)sJ=1,KD)
4 FORMAT(/13,14618/7(3X:1418))
020 IF(IR.EC.0) GO TU 030

WRITE(NP,5)(JyJ=1,KD)

S FORMAT(Llr1//7/19H NOGCE RESISTIVITIES//(111,1318))

CO 300 I=1,<8

300 WRITEINP2)1,(R(TI,J)yJ=19KD)
N30 IF(lh.Ex.N) GO TO 040

WRITEINP,6)(JyJ=1:KD)

6 FCRAT(LlHL//16H NOGE WATER HEAD //(111,1318))

-UU 400 1=1,<8

400 NRITE(NP,Z)I:(H( ['J)'J=1'KU,
040 IF(IPHI.EC.0) GU TO 0%0

WRITE(NP,7)iKy,ERRORy(JyJS=19KD)
7T FORMAT(9KHI1 AFTER,y[5,37H SATURATED [TERATIONS THE ERROR IS =
LFB.3//15H NIODE POTENTIAL//(111,1318))

DO 5CO0 I=1,xB

S500 WRITE(NP,2)I,(PHI(IyJd)9yJd=1,KD)
050 IF(1C.LC.O0) GO TO 060

WRITE(NP,8) G(l)s(JyJd=2¢KC)

8 FORMAT(/4X,'TOTaL AND FLOW THRU TOP',FB8.3,' (L*%x3/T)'//(111,1318))

WRITE(NP2) ([41=242),(Q(J)yJI=2,KC)

WRITE(NP»9) QL(L1),GL(2),SUMI,UL(3)

2 FORMAT(/4X,*VILE FLOW =',F8.3,' (L*%3/T)'/64X,'FLOW DURING DELT =°
lyFGe3y® (L%%3)*/&X,y"DURING SUMT =*',F8.3,' THt TUTAL FLOAN =°',F8.3)

IFC(P(LlU) N eV ) cAND.(IWUNE.C)) WRITE(NP,9) QRI(1),QR(2)ySUMI,QR(3)

060 IF(IwT.EC.0) GO TO 070

WRITE(NP,11)(J,J=2,KC)

1l FORMAT(/4X,'WATER TABLE OEPTH IN THE V DIRECTION (L) *//(I111,1318))

AKITE(NP,2) IWTy (WTV(J),J=2,KC)

070 IF(lECPLT.EL.Q) GO TO 080
CALL EQPLOT (KAYKCyKGyKH DV 4DHyP(10) yPHI yP (2} yP(L12) 3 [WT,WTY)

080 KETURN
END
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SUBROUTINE FLOW (ISAT)

CIMLNSIUN PRI(30,30),H(30,30),THETA(30,30),R(30,30),4C(30,30),Y(30
1430),G(30),n(30),A030,5)¢8(30,5),C030+,5),0(5),L(30),F(30),6(30),0H
2(30),UV(3C):P(30C)ywTY(30),WIV(30),0L(4),CR(4),PO(30,30),TO(30,301
3,R0(30,30),ur(30)

COMMUHN KAyKByKCyKD,KEsKF sKGyKHyKI ¢ PHI sH, THETA,R ,”C,YyCyK,AyBsC,DsE
LyFyGsOHsOV P ¢yNCyHR 1P 9 [K9ERRURH) ICyDELTySUMT ,WTY , ,WTV,CLosGR,POsTO4RO
290OR

DO 1 J=25KC
DO 2 [=2,KA

IF(t(lyJd)) 29394

3 WlY(J)=Y(2,4)-Y(I1,J)
GO 101
4 IF(K(I-1,J).6T.0.) GO TO 2

WTY(J)=Y(2d)=YUi=13J)+H(I=1yJ)/Z(H(I=1pJ)=HIL,d)J*(Y(I=-1,J)=-Y(I,J)
1)

GO T0 1 .

2 CONTINUE
L WIV(J)=WIY(J)/COS(P(10))

COIN=10l.

DO 5 J=2;KC

FDH=1.00

IF(J.EQe2.0.J.LG.KC) FDH=0.5
RA3=(R(cyJ)+RO(cyJ)+R(2,J+]1)+RO(2,J+1)+R(3,J+1)+RO(3,J+1)+R(3,J)+R
10(3,J))/8.
RA4=(R(2yJ-1)+R0O(2,J-1)+4R(2,J)+R0O(2,J)+R(3,J)+RG(3,J)+R(3,J-1)+ROI
13,4-1))/8.

R3=, %0V (2)+RA3I*RAL/(NH(J-1)}*RAZ+DH(J) *RAG)
GOJ)=FOHZF(Pt1I(2,J)-PHI(3,J)) /R3

S Q(L)=Q(1)+G(J)

GTD=(PHI(KG-142)-PHI(KG,2) )¢ (RIKG-1,1)+R(KG-192))/(P(S5)*R(KG-1,1)
1*R(KG-1,2))
CRD=(PHI{KGy3)-PHI(KGy2))*(R(KG-1,2)+R(KG92))/(P(5)%R(KG-1,2)
1*¥R(KG,2))
UBD=(PHI(KG+142)-PHI(KG2) )& (RIKGy1)#+R(KGy2))/(P(5)%R(KG,1)
L*R(KGy2))

CLO=(PHI(KGy I )=PHI(KGy2))*(R(KG=14s1)+R(KGy1))/(P(5)%R(KG-1,1)
1¥R(KG,1))

QCL(e)=QL (1)

GLE1)=QTC+0RD+CLO+CULD
CLIZI=ISAT*DELT#(QL(4)+QL(1))/2.

GLI3)=LSAT#=,L(3)+0L(2)

IF(P(10) .EQ.0) GU TO 6
CTD=(PHI(KH=-1,KC)-PHI(KH,KC) )*(R(KH=1,KF)+R(KH=-1,KC))/Z(P (5}
L*¥RTAR—1ynF)ZR(KH=-1,KC))

QRD=(PPI(KHyRD)-PHI(KHyKC))* (R(KH=-1,KC)+R(KH,KC))/(P(5)*R(KH-1,KC)
L*R(RFEyKC))

GeD=(PHI(KH+1,KC)=-PHI(KH,KC) )*(R(KH,KF)+R(KHyKC))/(PIS)%®R(KH,KF)
L*R(KH,KC))
QLD=(PHI(KH,KF)=PHI (KkHyKC) )¢ (R(KH=-1yKF)+R(KH,KF))/(P{5)&R(KH=1yKF)
1¢R(KRH,KF))

CR(4)=CRrRI(1)

CRUL)=QTC+WrD+QC0+QLD
CR(2)=1SAT*OLLT#{O0R(4)+QRID) ) /2.

GRU3)=ISAT*_K(3)+CR(2)

6 RETURN

END
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SUBRCUT INE SAT (LSAT}

CIMLNSION Pit1(30,30),H{30,3G),THETA(30,30),R(30,30),M(30,30),Y(30
1930)e0Q03G)ex(30),A(30,5)2,8(30,5),C(3G,5),0(5),E(30),F(30),G(30),bH
2(30)30VI3Q),P(30)yWTY(30),WIVI30),QL(%4),GR(4),P0O(30,30),T0(30,30%
3,R0(30530),DR(33)

COMMON KA¢KL gKCyKDyKE gKF KGoKHy K[ ¢PHI yHoy THETA R ;MC»Y;QsK»A,B,C,0DsE
LyFyGyDHUV ¢ ¢ NCoyNRyNP o IKERRORy ICDELT ySUMT ,wTY,WTV,CL,QR,P0,TO,RO

2,DR

DO 010 IK=1,KI
L=0

ERROR=0.

OC 020 [=3,KA
CO 030 J=2,kC
[F(H(IsJ).LE.O.AND. ISAT.NE.O) GO TO 029
L=L+1
RAL=(R(I=-19J-1)#RO(I-14J=1)+R(I=1,J)¢RO(I-1,J)+R(I1oJ}+RO(I,J)+REtE,
1J-1)+RO(1,J-1))/8.
RA2=(R(I=14J)+RO(I=1yJ)+R(I-1,J+L)+RO(I-1,4J+1)+R(I,,J+L)+RO([,J¢L)+
LR(I,J)+RO(I,J))/3.
RA3=(RLyJ)+RO(IyJI+R(T,J+1L)+RO( I, J+ L) +R(I+1yJ+1)+RO(I+1,J+1)+R(L+
Ll,J)#RC(1+1,J))/8.
RA4=(RITyI=L)I+RO([3J=1)+R( T4 J)+RO(IJ)+R (I +1,J)+RO(I+1,J)+R(I+1,4—
L1)+:GtI+ls0-1})78.
R1=2.%DVv(I[-1}*RAL¥RA2/(DH(J) *RAL+DH(J-1) *RA2)
R2=2.%¥DH(J)I*RA2%XA3/(DV( [)*RA2+¢LV(I-1)%RA3)
K3=L-’°DV(I)“RA}*RA"/(DH(J")‘RA:’*DH(J)*RA“)
R4=2 *UH(J-1)*RAa4*RAL/(CV(I-1)}*RA4+DV(I)*RAL)
ACD=1.U
8C0=1.0
-CCu=1.0
CCu=1.0
[F(J-3) V40,050,060
040 IF(lelLTek(3)-1.0R.I.GT.Kk(3)+1) GO TO 061
IF(I-K(3)) 070,080,090
070 CCv=2./P(5]}
GO TO 061
0680 UCELPHI=O0.
GO TO 100
090 ACD=2./P(5)
GO TO vel
050 [F(l.L@.K(3)) CCC=2./P(5)
060 IF(P(10).EQ.0.) GO TO 061
1F(J-KF) 061,062,063
063 [F(leLTeK(4)-14OR.1.GTeK(4)+1) GO TU 061
IF{1-K(4)) 070,080,090
062 [F(I.eC.K(4)) BLD=2./P(5)
06l DELPHI=(ACU/RL*PHI(I-1,J)+BCU/R2*PHI(I,J+1)+CCD/R3*PRLI(1+1,J)+DCD/
IR4*PHI([,J-1))/(ACD/RL+BCD/R2+CCD/R3+DCD/R4G)-PHI(I,J)
100 ERRUR=ERROR+ABLS(P(3)%DELPHI)
PHI(1yJ)=PHI(1,J)+P(3)*DELPHI
IF(PHI(isd)eGTaY(2,KC)I+P(2)) PHI(I J)=Y(2,KC)+P(2)
HLyJ)=PHI(T,J)=-Y(]1,J)
029 I[F(J.ECQKF) PHI(IykD)=PHI(I,KF)
[FliecQeKE) PHI(KE,,J)=PHI(KL yJ)
030 [F(let@.KE) HIKBsJ)=HIKE,J)
H(I,1)=H(I,3)
H{L,KD)=HUIL,KF)
020 PHitl,1)=PHI(I,3)
I[IF(LRROK.LE.P(4)%L) GO TO 110
010 CONTINUE
110 RETURN
END

‘I..IIlIlllllllllllllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlllllllllllllllllllllllllllllllllllllll
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150
160

163

lo2
161

200

120

112

SUBKCUTINE UNSAT (L1)

DIMENSIO PHI1(30,30),H(30,3C),THETA(30,30),8(30,30),~C(30,30),Y(30
1430)eQ(30),K(30),A(30,5),8(30,5),C(30+5),D(5),E(30),F(30),G(30),0H
2(30),DV(30),PU30)eWTY(30)yniVI30),GL(4),GR(4),P0O(350,30),T70(30,30)
3yRO0(30,3C)sisR{30)

COMMON ®A Ko yKCyKD 9y KE 9KF yKGe Kby KI yPHIyHyTHETA,R,CyY»QsKosA,3,C,D,E
LyFy539yDH;CVePsNCyNRy NP IKy,EFRROR, I CyDELT ¢ SUMT y,WTYsWTV,QLyQRyPU,TOsRA
2 DR

PHI(2,1)=PHIi(2,3)

PHE(29sKD)=PHI(2,KF)

CO 120 1=2,KA

C® 120 J=2,KC

IF(ii(I,J).Gl.0.) GO TO 120

RAL=(R(I-1yJ-1)+RO(I-1,J-1)+R(I-1,J)+RO(I-1,J)+r(I,J)4RO(I,J)+R(I,
1J-1)+RO(I,4-1))/38.

RAZ=(RI=1yJ)+RO(I=1pJ)+R(I=1sJ+1)+RO(I-1,yJtL)+R(I,J+1L)+RO([ yJel)+
IR(I2J)+RGC(I,J))/ 8.

RA3=(RIT4J)I+RO(TyJI+R(TyI+1) +RO(I yJ+L)+RCI+1L,J+1)+RO(CI+L,,J+L)+R( I+
11,J)+RO(I+1l,J))/8.

RA4=(R(TyJ-1)+RUG(IsJ=1)+R(L,J)+RO(TIyJ)+R[I+1,J)+RO(I+LyJ)+R(I+1,J~
L1)+RO(I+41,J-i))/8.

KLl=2.%¥DV(I-1)*RAL*KkA2/(DH(J) *RAL+DH(J-1) *RA2)

R2=2.%DH(J)*RA2%RA3/(DV(I1)*KA2+DV(I[-1)=RA3)

R3=2.*%DV(I)*RA3%=RA4/(DH(J-1)2RA3+DH(J)*RAG)

R4=¢. %DH(J-1)*RA4G*RAL/(DV([-1)%RA4+DV(IT)*RAL)

ACD=1.0

8CC=1.0

CCL=1.0

CCDb=1.0

IF(J-3) 140,150,160

IF(l.LT.R(3)-1.CR.I.GT.K(3)+1) GO TO 161

IF(I-K(3)) 170,180,190

CCD=2./P(5)

GO fO 1ol

THETACLL, 2)=GtI)

GO TU 200

ACD=2./P(5)

GO TC 161

IF(I.EQ«K(3)) DCD=2./P(5)

IF(P(10) .£0.0.) GO TU 161

Ir(J-KF) 161ls16¢5163

[IF(I.LT.R(4)-1.0Re1GToK(4)+1l) GO TO 161

IF(I-K(4)) 170,180,190 =

IF(I.EQ.Kt4)) BCU=2./P(5)
THETA(L,J)=T0(I+J)+LELT*4/((OH(J-i)+0H(J))&(DV(I-L)+DVI(I)))*(ACD/R

L1 (PRILI=19J)=PrI(1,J)4PC(I-1,J)-PO(1yJ))+8CO/R2%(PuI(I,J¢1)=PHL(1]
29J)+PO(CT4J+1)=-PU(l,J3))+CCO/R3=(PHILLI+LyJ)=PHI(],J)+PC(I+1,J)-PO(I,
3J))+0CD/R&4(PHI(L,J=-1)=-PHI(]1,J)+PO(1,J-11-PO(1,9)))/2.0
IF(THETA(L9J) Gl .GlLL)) TRETA(L,J)=G(I)

IF(THETA(TI,J)LT.F(T)) THETA(CIL,J)=F(I)

CALL NEWMC (1,J4,TO(I,2))

CALL NEwH (1,J)

CONT INUE

CALL HEWR (L1)

RETURN

END
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SUBROUT INE NEWH (1,J)

DIMENSICN Pitl(30,30)yH(30,30),THETA(30,30),R(3C,30),MC(30,30),Y(30
1,30),G(30),n(30)44(30,5),6(3G+5),C(3G,5),0(5),E(30),F(3D),G(30),CH
2(30)s0V(30),P(30),WTY(30),WTV(30),QL(%4),GR(&),PO(30,30),T0(30,30)
3,R0(30,30),0K(30)

CCOMFON KAsKBeKCsARCyKEsKF yKGyKHeKI yPHIsHy THETA,RyMC,Y,Qy)K,A,8,C,yD,E
lQF'\;!DH'LV'P"\‘C'NR'NP'IK,ERRUR’lc'DELT'SLHT.HTY'“"V[LL"«R.PO[IO'RO
2, DR

IF(h(I,J).Gl.0.) GO TO 8

MCIJ=MC(I,d)

GO 10 (1,24392)y MCIJ

DO 10 L=1,5

viLI=A(I,L)

TI=THLTA(I,J)

GC 170 5

DO 20 L=1,5

O(L)=all,L)

ITHETA=THETA(I,3)/G([)/0.1

FTHETA=ITHETA/10*G( 1)

TI=rTHETA

GO 10 5

D0 30 L=1,5

CiL)=bl1l,L)

TISTHETA(L,J)?

GO 10 5

D0 40 L=1,5

ClL)=b(L,L)}

TI=e(ITHETA)

MCIJ4=0

HD=HA

IF(L(LY/TI-L(21.£Q.0) HA=0.

[F(UCL)/TI-0(2).LE.O) GO TO 6

HA=-(D(1)/T1-D(2))*%(1./0(3))

IF((MCIJ.EQ.1)CR.(MCIJ.EQ.3)) GO TO 7

IF((MCIJeEG2) IR (MCIJ.EQ.4)) GO TO 4

H(TyJ)=((HA-HD)I*(THETA(L ,J)-+THETA))/(ECITHETA) *G([)-FTHETA) +HD

IF(1:D-HA) 8,7,7

H(I,J)=HA

RETURN

END
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SUBRCUT INE NMEWR (L)

CIMcNSION PitI(35,30),H(3Cy3),THETA(30,30),R(30,30),MC(30,30),Y(30
1,30)sG(30),n(30),A(30,5),8(30,5),C(30,5),D(5),E(30),F(30),G(30),CH
2(305,LVI3C),P(30)ywWIY(30),wiV(30),0L(%4),3R(4),P0O(30,30),T0(30,30)
39R0O(30,50),LR(30)

COMMON KAyKE ¢+ KCyKD¢KEyKFyKGyKHyKI 3PHI K, THETA,R,#C,Y,Qy,K,A,8,C,D,E
l.'F'G'UI‘ID.’IPI:‘CIrlRQNPIlK,ERKUI(,lC'DELr,SUMT'HTY'HTVIGL’QR'PO' IO'RO
2,DR

L1=0

K(9)=0

00 1 1=2,KA

CO ¢ J=2,KC

PHICLyJ)=H(I,J)+Y(1,J)

IF(PHE(T,,J).LTeOe) PHICI,ZJ)=0.

IF(PRICL,J)-PEI(KGy2)eGTP(6)) LL=LL1*+]1

PHI(KbBy J)=PHI(KE,J)

PHI(L,L)=PHI(],3)

PHICL,KLI=PAL(I,KF)

PRI(KRBy L)=PHT(KB,3)

PHI(K3,KC)=PHI(KByKF)

PHICLy L1=PHI(L1,y3)

PHI(L,KD)=Pti1(1,KF)

DO 3 1=1,K8B

DO 3 J=1,KD

HllyJ)=PRI(Ll,J)=-Y(I,J)

H(ILy,l)=H(I,3)

H(LyKO)=F{[,KF)

HEL, JY=H(3, 1)

HIKLyJ)=H(KEy J)

"CLO 4 [=1,KB

00 4 J=1,KD

IF(h([4J).Gt.C) GO TO 4

RUL,J)1=Cll,a)%au>5(H(I,J))*%C(1,3)+C(1,5)

IFCAES(RCIT,J)-RUL,J))/(RO(I,J)I*1CO)GT.P(9)]) K(9)=K(9)+1

CONT INUC

RETURN

EiND
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SUBRCUTI®E NEWMC (I,J,THETAX)

CIMCNSIUn PRIC30,30),H(30,30),THETA(30,30),R(30,30),MC(30,309,Y(30
1930),C(30),~(30),A(30,5),t:(30,5),C(30,5),D(5),E(30),F(3C),G(30),DiH
2(30),DV(30),P(30)ywTY(30),NTV(30),0L(4%),GR(4),P0O(3G,30),T0(30,30)
3,RO0(30,30),0R(30)

CCMMUN KA KD KCo KD KE9yKF gKGyKHy K[ yPHI sHy THETA,RyMC Y yQG9KyAyBsC,DHE
LyFsGoDH LV yPyNCyNRyMPy [KyERRORy IC DELT s SUMT yWTY, WTV,LCL,QR,P0,TQ,;RQ
2yCR

IF(H(I,J).GT.0.) GO TO 10O

ITHLTA=THETAX/G(I1)/0.1

FTHcTA=ITHETA/L10.%G( 1)

MCIJ=MC(I,4)

GU TC (142+394)y MCIJ

1 IF(ITHETA(ILI J)EC.O.) MC(1,J)=3

IF(THETA(TIsJ)eLL.THETAX) GO TO 10

MC(I,J)=2

IF(ITHETA.EQ.O) GO TO S

IF(ITHETA(LI yJ)LF.E(ITHETA)%G(I)) GO TO 10

5 MC(I1,J)=3

GO 10 10 -

2 IF(THETA(I,J).GE.THETAX) GO TO 6

MC(lcJ)=4

IH(THETA(L,J)eLE.FTHETA) MC(L,J)=1

G0 TO 10

6 IF(THETA(I J)GE.E(ITHETA)®L (1)) MC(I,J)=3

IF(THETA(IJ)EW.G(I)) MC(I,J)=1

GO TC 10

3 IF(THETA(LJ)EQ.G(I)) MC(I,J)=1

IF(THCTA(I,J).Gt.THETAX) GO TO 10
MC(L,J)=4

IF(ITHETA.EL.O0) GO TC 7

IF((THETA(IL yJ) eGToFTHETA) A" D (THETA(I yJ)LT.E(ITHETA)®G(I))) GO
1} ‘TO: 0

7 MC(I,d)=1
GO 10 10
4 IF(THETA(I,J).LE.THETAX) GO TO 8

MClI,J)=2

IF(THETA(L yu) .GT.E(ITHETA)*G(I)) MC(I,J)=3

GO 1G 10

8 IF(THETA(I yJ)LE.FTHETA) MC(I,J)=1
IF(THETACLJ) .ECG.O.) MC(I,J)=3

10 CONTINUE
RETURN -
END
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COBEUUT I CINR2 (CyICeFLyP2y Nty NPHNC)
LIMeAR ReGReSSI3WN WwHICH FITS LN-LN CWRVz THRU POINT (X(1),Y(1)).
el PROELEY PARaMETER ZArL FOR LN-LN LINLAR REGRESSION.
“EAD X(i)y v(I) vALULS (FIRST CAKD MUST CUNTAIN FITTED POINT).
AT FIT B8Y v=C(3)3L+ALJGIC(4))yaHERe VI1)=ALOG(L/Y(I)-1/Y(1))
2SI I=ACIGIREL)=KC L)) AND 2L =1/C(e)s02)=C(1)*C(5},C(3) AND
Cl4) BY REGRESSIAN,C(53)=1/Y(1l). FITTING THRU 1 PT MrANS OF=N-1
DIM:NSTUG XLau0) YO Luu) Ut Lud) o VILOO),P(305),L(5),TZ51(3)
DaTERg JESWT Z ST RS T 5 L &
REA (Nkypl) PRyPrLyN,NPLOT
FORMATUIAG o AZ 3 [5¢e2X011)

Py HR]l..PrUBLEY NUMBER (=AY BE ALPHAMERIC)

He e NUMBIR CF vaTia POINTS. WPLIT..OPTIJIN PLOTTING CODE (L = 2LOT)
RedAD (MNRry2) X(L),Y(1)
FOREATIZ2F10.0)
Su=v.
Sv=0.
Suu=0.
SVV=0.
SUV=uU.
DJ Llu I=2,Ni
2=A0 RS R XUOL BT )
vil)=aluolAGSO1/Y(L)=-1/Y (L))
UCD)=ALGulAS(ACT)=X(1)))
SU=SLHUL )
SV=>5V+VI(l)
suu=Sud+ul ) *ull)
S = SOV & v )
P S ey (0 fgledy (AT
e ==
w2 =V=-2
c(3)=(SUV-SU=SV/N¥1) /( 5SLU-SU%SU/MML)
Cla)=uXpP(SV/7:i1-C(3)%SU/N!L)
Lls)=1/7Y(1)
lE(alLl)enwtal) Cl)=1/Y(1)-Cl&)=ABS(X(1))*2C(3)
LS AT Y
CE2)=C(1)%C(Y)
SSU=SUU-sU*¥2/NM L
S5Y=SVV-SVES2/NML
SSU/=Suv -Su*SVv/LKL
L=S5U/SSvEC(3) %%2
REGSS=550UVv=se/SLU
UEY5S=SSV-R:GSS =
R2="-2
RLUMS=RZGSS
LEVMmS=Dzd5S/ Re
F=RLGYS/UVEVNS
CALL FTAOLE (leyR2,PLyP2yFL,yF2)
ir BT aF20 gui=il
[ (FaGt.F2) J=¢
IF (FeGoobFl) J=3
5C3=SGRT(DEVMS/SSU)
M=5GRF(FL1)
F2=5QRT(Fg)
L3L1=C(3)-T1%SC3
C3UL=C(3)+T1%SC3}
C3L2=C(3)-T2%5C3
C3Ue=C(3)+Tc*SC3

YH=Y (1)
IFCafl)eribod) YA=COL)/(ABS(X(L))&%C(3)+C(2))

W Ny



2

-

5)

15054

RESID=Y (1))=Y

ARITE (NP33) PRyPRLyNy(1,ClI)yI=1,5),DsX(1)sY(L),YHA,RESTOD
FORMSAT (1% 3 2A, 'L INLAR LN-LN REGRESSIGHN ANALYSIS FORCED THXU POINT
LOACLEY YO ) /LUK 'SCLUTICH 1S ¥ = CU1V/Z(X&:E(3)+L(2)) GR 1/Y = Cle
2)EXXFC(3)+L(9) 710X, "wrcRE VII)=aLlOo(L/Y(I)=L/Y (1)) AND U(l)=ALUG(
3XCI)=A(1)) EN'/710X,0y = LI3)5U + ALUGIC(4))"//10A " 2kUBL:M NAME ..
Got 9ibpad ) lOAy ' NUMEER OF OBSERVATIONS =°,16/710X, ' THL COEFFICIENTS A
SREV/S(1uXy Ly lle®)=",F17.6/)y1uxy"'R2 (LN DATA)=',F9.6//30X,"'TABL

6 OF RESIGUALS'/LOX, "1 utl) vil) x(n Yo
7 YHUT) ReESIDUAL'//10X,y*' 1" ,21X,4F10.5)

SY=vu.

SYY=0.

RES{D2=0.

DC 20 1=¢sN
YH=CLL)/Z(AB5(Xx(1))**L(3)+C(2))

RESID=Y{I)=YH

RESLL2=ReSTUI+RESIDERESID

SY=5Y+Y( 1)

SYY=SYY+Y(1)%Y ()

WRITE (WPy4) LedlI)yVOI) o X(L)yY(I)syYH,RcSID

FORMAN (L LLyr11.995FH10.5)

POI)=K(1)

PIN¢L)=Y(I])

P(N+N+]1)=YH

S5SY=SYY-5Y*,Y/NL

D=1-rRcSI02/5SY

k=S RT(AabS(u))

wWwRlIle (P99) REGSSYyREGMS ,FelEST(J),uM2,9EVSS LEVMS, %L ,S55V,P2,F2,P
Ll1yFleSC3)P2¢012+C5L2sC3UZyPLyT1l,C3L1»L3UL4R,U
FORMAT(/LOXy 420 in*)//2Lny " ARALYSIS OF VARTANCE'//10X,*SOURCE OF
1 SS S F'//10X,'"PEGRESD 1'y3F10.3,A4/10X,
2'ReESTDUAL® y 144 2F10.3/10X, ' TOTAL w1 7,710.3//10K,"'"TABLE VILUE*,2('F(
D'y F3ela') =Vt b )/ /10,420 .n%)/ /10X,y STARIARLU DEVIEATIUO OF CI3) =
4%, b 144377104, 'CIONFIDcNCE LINMITS U C(3) LOWER JPPE L 710X VLEY
Sikils T AR SRS LierT LIMITY//72(F16.241 19,4, 3%x,2F10.3/
0)/LUXy 'K (URIGINAL VDATA) =',Fl4.3/10X,'2 (URIGIUAL DATA)=',Fla.3)
wRITEe {(inCye) CLL1)yC(2),C13),C(4):C(5)

FORMAT(S5(1Pe1S.0))

IF (rPLOTeEW.L) CALL PLUT (ICyPaNy3,0,1)

RETURN

END
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SUBRCUTINE +TABLE (R1l, R2, Pl, P2, Fl, F2)
OATA DELT, LELF/U.005,0.C01/4,A, by PRls PR2/4%0.0/
IF (ACEG.RL/2.ANCB.EQ.R2/2.AND.Pl.EG.PLR.AND.P2.EQ.P2R) GO TO 1
P1R=P1
P2R=p2
A=R1/2.
B=R2/2.
C=(R1+R2)/2.
0=R1/R2
E=(R2+1.0)/¢c.
IF (G T 57 G a2
PR=0.0
CALL GMMMA (A. GA, 1A)
CALL GMMMA (B, GB, IB)
IF (Rl.NE.l.) GO TO 3
CALL GMMMA (E., GE, IE)
PR1=0.5%(1.0-P1)*GB/GE*SQRT{ 3.14159%R2)
PR2=0.5%(1.0-P2)*GB/GE*SGRT(3.14159%R2)
rL=0.0
YL=1.0
DO 4 [=1,10000
IF ((1.04(TL#+Z%VELT)*%2/R2)¢%*E .GE. 1.0E7S) GO TO 2
YM=1.0/(1l.0+(TL+DELT)*%2/R2) **E
YR=1.0/ (104 (TL+2%0DELT)*%2/R2)*%E
PR=PR+DELT/3.0%(YL+4*YM+YR)
I+ (PReLEoPRZ) FZ=(TL+3%*DELT)*%*2
FL=(TL+DLLT)=*2
IF (PH.GE.PR1) GO TO 1
YL=YR
4 TL=TL+2%UCELT
GO TG 2
3 CALL GMNMMA (C, GC, IC)
PR1=(1.U-P1}*GB/GC*GA/D*%xA
PR2=(1.0-P2)%GB/GC*GA/D* %A
FL=G.O
YL=0.0
OU 5 I=1,16000
[F ((1.04D*(FL+2%DELF))**C .GE. 1.0E75) GO TO 2
YHU=(FL+DELF)#%(A-1.0)/(1.0+40%(FL+DELF) ) **C
YR=(FL#2*DELF)*#{A-1.0)7/(1.0+D#(FL+2¢DELF))*=*C
PR=PR+DELF/3.0%(YL+4%YM+YR:)
IF {PR.LE.PRZ) F2=FL+3*DELF
FL=FL+DtLF .
F1=99.5-1.0/Kl
Ii" (PR.GE.PR1) GU TO 1
S FL=FL+2*%UELF
[F ((Pl.£Q.C.01).AND.(R2.EQ.2.0)) GO TO 1

2 F1=0.0
F2=0.0

1 RETURN
END
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SUBRUUTINE LUPLUT(KAyKCyKGyKHyDV4yDHyPLOyByP2,VEXP, IWT,HWTY)

LQUal POTENTIAL PLOT

IMAGE (1) = ARRAY FOR STORING CHAKACTERS TO BE PLOTTED

HD (1) = HORIZIONTAL HEAOING - 10P GF PLOT OUuTPUT

OR (I) = VE~TICAL HEADING - LtFT SIUE OF PLOT OLTPUT

AESC (1) = HURIZCNTAL HEADI®WG - BOTYOM OF PLOT OuTPUT

CH(LJ} = SLOPE DISTANCE BETWEEN NUDES

Cvil) = THILKNESS OF EACH LAYER

NOTE DIMENSIUGN Lt ARRAY & MUST BE SAME AS FROM THE CALLING PROGRAM

UDIMENSIGN ISNAGE( 1428)¢HD(25)50(12)3ABSC(25) 4X(900} ,Y(900) »XX (30,3
10),YY(36,30)+8(30,30),0V(30),0H(30),wTX(30),WTY(30)

DATA HD(1),rL(2),HD(3),HD(4) ,HD(2)/"EQUA*, "L PU*,*TENT', *TAL *,
L'PLUT' /s UR(EL),,GR(2)y0R(3),.R(4),0R(D)/*VERT?,*[CAL',"* DIS*,'TANC®
2o iE /s ALSC(L) ABSC(2),ACSCI3),ABSC(4),ABSC(5)/'HCRI®,*Z0ONT"*,
30 ALy D5 g ASTAL, & WUES Yk

KC = NUMBER OF NCUES HORIZONTAL + CNE

KA = NUMBER UF NUOES VERTICAL + ONE

KE & KA-1}

KfF = KC - 1

ADH = DHI(1)

ADV = DV(1)

CH(1) = 0.0

cv(il) = G.0

FINLC CCURDINATES OF NODES
vSum = 0.0

N =0

SINPLO = SI%(P10O)
CGS¥10 = CUS(PLY)

VU 1 hV=2yKA
. VSUt.=VSUM+DV (NV-1)

HSUM=0.0
DO 1 NH=2,KL
N=N+1

HSUM=HSUM+GH(NH-1)

X(N) = HSUM#COSP10 + VSUM=SINPLO

Y(N) = HSUM*SINP10 - VSUMZCOSPLO

XX(hVehn) = X(N)

YY(NVyNH) = Y(N)

XMAX AND XMIN = MAXIMUM ANO MINIMUM HOURI ZONTAL SCALE VALUE
YMAAX AND YMIN = mMAXIMUM AMD MIMIMUM VCRTICAL SCALE VvALUE
XMIN=0.

IXMAX=XX(KAyKC)/5.0+1.0

XMAX=5%[XMAX *

IYOILFF=(YY(2,KC)-YY(KA,2))/5.0¢1.0
YOIFF=5%IYDULFF

IF(U.833%¥XMnX.GI.YCIFF) YDIFF=0.833%XMAX
IF(YCIFF/0..33.6T.XMAK) XMAA=YOIFF/0.833
IYMAX=YY(2,hL)+1.0

YMAX=1YMAX

IF(PLOecG.0.) YMaX=0.

YMIN=(YMAX-YDLIFF)®VEXP

IF(PLO.EC.O.) Y2IN=YY(KA,2)&VEXP

CALL PLOTA(IMAGL yXMINyXMAX,yvHIH,YMAX,0)

STORE CCCRDINATES OF NODES IN PLOT ARRAY

CALL PLOTH(X,Yy*&*,N)

SET %PL FOR PERUULNT OF MAXIMUM POTENTIAL DESIRED
PH=YY(2+KC)-YY(KG,2)+P2+B(KG,2)

LO 2 MNPL=1,9

€ = P» ®= 0.10 * NPL

SET I AND J FOR RECTANGLES 70 BLC CHECKED
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CO 2 I=29KE

CO ¢ J=2,KF

NU=0

ML = NUMEBER OF LAYERS PER RLLTANGLE PLUS ONE
ML=CV(I)/CO5P10%51./(YHMAX-YVIN)

IF(ML.LT2) ML=2

NL = NUMOBER OF SEGMEWNTS PER LAYER
NL=CH(J)/COSPLO*10L e/ (AMAX-KAMIN)

IF(NLLT .2) NL=Z

HL = ML - 1

ME = Nisgapil

CHECK EACH SIDE UF THE RECTANGLE TO SEc IF DESIREN POTERTIAL CRO
SSES IT

IF((E <LE. _(1l,J) .AND. E .GE. BUI#+19J)) .OR. (€ .GE. BlI,J) .AND.
l1E LE.B(I+1,4))) GO TO 3

IF((E oLte btIyJ) .AND. E .GE. B(I,J¢+1l)) .OR. (t .GE. B(I,J) <AND.
lE .LE. B(I,J+1))) GO IO 3

IF((t oLE. &(IyJ+l) .AND. E .GE. B(I+1,J+1)) .0OR. (E.GE. Bl(IsJ+l)
l.AND. E .LC. B(I+1l,y,4+1))) GO TO 3

IF (oNOT. (F oLLe. B(I+1l,J) AND. E .GE. B8(I+1lyJ+1)) .OR. (E .GE. B
1(I+1yJ) ANL. E oLE. BU{I+1,0+1))) GO TU 2

SET K FUR DOLSIRED LAYER WITHIN RECTANGLE

DG « K = 1y ML

HR=h-1

Hl=0(l»,J)-(E(l,d)-b6(I+1,J))%HK/HL
H2=2(1ed+1)-(B(1,J+1)-B(1+L,J#1))%HK/HL

DETERMINE IF EQUAL POTEMTIAL LINE PASSES BETWEEN H1 AND H2.
IF(NUOTe((EeLEeHL.ANDLE.GEeh12) UR . (EeGE.HLoAND.E.LELH2))) GU TO 4
IF(HlI.EC.H2) GO 10O 4

-NJ = NU + 1

EN=UH(J) #AB5 ((H1-E)/(H1-K2))

VM=CV (1) #HK/tiL

X(NU)=HN%COSP 10+VMxS INP LO+XX(1,J)
Y(NUJI=HN&S NP LO-VMECOSPLO+YY (I1,J)

CUNTINUE

DC 5> L=1,NL

vVL=L-1

DETERMINE It ECUAL POTENTIAL LINE PASSES BETWEEN V1 AND V2.
VI=b(lyJ)=-(n(l,J)-B(I,d+1))*VL/VC
V2=B(1+14J)-8B(I1+1,J)-B(I+1l,J+1))=VL/VC

IF(.NOV e((EolLEeV]1.AND.E.GE.V2) .0R.(E.GE.VL.AND.E.LE.V2))) GO TO 5
IF(V1.EQ.V2) GO 1O 5

NU = WU ¢+ 1 " =

HN=0OH(J)=VL/VC

vieLV (1) *Aa6S((VLI-E)/(V1I-V2))

XING)=HNECOSPLO+VMESINPLO+XX(I,J)
YUNU)=HN*=SIvPLlO-VM=COSPLO+YY(I,J)

CONIT INUL

DcTeRMINE COoRRECT CALL PLOTHh FOR STURAGE IN PLOT ARRAY A%D STORE
GU TO (61962+963,64965,665;67,68,69),NPL

CALL PLOTB(A,Yy*Ll'yNU)

GO g 2

CALL PLCTBI(X,Y,*2?,NU)

GO 10 2

CALL PLOTB(x,Y,*3t,NU)

GO 10 2

CALL PLOTB(X,¥Yy*a'y,NU)}

G0 10 2

CALL PLOTB(xyYy*S5',NU)

GU T0 2
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CALL PLOTB(X,Yy*6'pNU)
Gu 10 2

CALL PLOTB(A,Ys*T7',NU)
GO IG 2

CALL PLOTB(XYs'b®y,NU)
GO 10O 2

CALL PLCOTBIX,Y,,'9°,NU)
CLiirInuE

121

CETeRMINE THE INTERSECTIUGN 3F THE WATER TABLE AND THE NCDE COLUMNS

[FLIWT.EC.O0) GO TO 7

DO b NH=2,KC

N=Nii—1

ATY(NI=YY(2,NH)=-wTY(NH)
WIXIN)=XA(2)NH) +%TY(NH)¥SINP10/COSP10
CALL PLOTB (WTX; WTY,'nW®,N)
NDRAIN=2

X(1)=XX(KGe2)

Y(1)=YY(KG,2}

X(2)=AX(KH,KC}

Y(2)=YY(KHyKC)

[IF(PLU.EL.O) NDRAEIN=1

CALL PLOTE(X,Y,*D',NDRAIN)

PLOT OQUTPUT GRAPH

CALL PLATC (tiDy2GyOR,»17,ABSC»19)
OH(Ll) = ADH

Cv(l) = ADV

RETURN

END
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1 1
1.00 1.00
1.00 1.00
0.00 0.00
0.5906 0.5906
1.00 1.06
0.00 0.00
0.199 C€.299
0.00 0.00
0.00  0.00
0.051 ©0.051
0.20 0.00
0.00 0.00
0.399 0.399
0.411 0.0@
0.00 0.00
.2083  0.00
0.00301  2.00
0.90 0.00
0.00 .1250
.1250 .1250
0.00 0.00

4.777851t-01
4.777851E-01
2.006653€ 00
2.349402¢ 00
2.57c644E 00
2.232135c 00
1.8148266-01
1.8148266-U1
l1.143708E 0C
2.441689E 00
1.752068E 00
2.052485% 00
1.5047¢9E-02
1.504729E-02
$.211140E-03
5.226068E-03
1.816083c-062
. 1.893196E-02

9 9

0 0

1 1
1.90 3.00
2,00 0.00
2.00 0.00

0e%921 1.8373 0

v.00 J.00
T.00 0.09
0.399 0.499
J.00 0.00
v .00 V.00
0.<10 0.26860
J.00 0.00
Z.00 0.00
0.425 0.436
G.CO 0.909
J.00 0.00
1.50 0.001
G.50 0.125
J.00 0.60
«1250 .2500
J3.00 0.00
v.0U C.0J

l.137456t 00
l.192745C¢L 0O
4.721535¢ 00
5.38853,5L 00
0e.432109c GO
9.432590t 00
4.540435E-01
4.5468435E-01
Z.691218c 00
5.620203L 00
4.350169t 00
4.523879C UG
£¢341991c-03
2.341991t-03
&4.027242E-013
3.159655E-02
1.9219385c-01
l.336Q60t-01

200 8
(0] 0
1 1
10.20 10.00 1
0.70 0.00
0.290 0.00
<4321 0.5879
O0.c0 0.00
0.Nn0 0.00
0.599 0.699 O
0.G0 0.CO
J..u0 0.00
0.2¢9 0.200 O
0.00 0.00
J.0C 0.CGC
C.4,0 0.411 O
0.00 0.00
030 0.00
0.0 0.0l O.
1..0 0.00
0.0 0.0C
«815 1.2500 1.
0..)0 0.00
C.u0 0.00

3.654466C-01
3.654466c-01
2.432652E-01
2.094410E-01
2e730339-01
3.1962173E-01
1.330927E£-01
1.830627L-01
L+396453c-01
2.405756L-01
c.202100&-01
3.326273€-01
1.9623G8E 00
1.962508 00
1.308028t CO
1.359773C 00
i «799162E 00
1.369299c 00

2 10 0

(0} 0 0

L 1 0
0.00 10.00 3.00
0.00 0.00 0.0
0.00 0.00 0.00
1.00 1.00 1.0V
0.00 0.00 0.00
0.00 0.00 0.00
«799 0.899 0.999
0.00 0.00 0.00
0.00 0.00 0.00
.200 0.200 0.200
0.00 0.00 0.00
0.00 0.00 0.00
<411 0.411 o0.411
V.00 .00 0.00
0.00 0.00 0.00
010 1L.00 c.02
0.00 0.00 Q.00
0.00 0.00 0.00
2500 1.2500 .312%
0.00 U.U0 - 0.J0
0.00 0.00 0.00

2.092991¢ 00
2.092991E €O
4.983422€E-01
4.226401i&-01
3.880730c-01
4.418691E-01
5.51017T0E 0V
5.510170E 00
8.743Uc4kE-C1
4.095524E-C1
5.707542t-01
4.872143E~01
6.645712E 01
6.645712E 01
1.217857t 02
l.913484C (@2
5.506354E 01
5.282072€E 01
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1.00
0.00
0.00
15100
0.00
0.00
1.000
0.00
0.00
0.200
0.00
0.0J
O.411
0.00
0.00
0.00
0.00
0.00
2500
0.0V
0.00
2.506266E
2.95C6266L
2.352941¢
2.2935177¢
2.>500000¢&
2.433090¢€
2.506266t
2.506266E
2.352941E
2.293577¢
23500000t vO
2.433090E 00
1.5564<0E-01
l.%%6420c-01
5.878897t-01
6.045950t: 00
1.058313kt Ol
7.057164E 00

00
co
oo
g0
00
00
0J
00
00
00
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APPENDIX D

Computer Model Output




13
14
15
16
17
18
| 19
20
21
22
23
24
25
26
27
28
29
30

K(I)
11
12

10

0

©F "o

©: 0 O &8 6 o0 ©0 o wu

DH{!)
1.0000
1.0000
1.0000
3.0000

12.0000

12.0000

10.0000°

13.0000
3.0000
1.0000
1.0020
1.0000
0.0

2.0

o
0
o

()
°
© O

© o U o
. o .
© O o

O O ¢ 0 YW 0 0O O U ©
. . . . . 0 ) . .
©O O O 0O © O o o o o

ovil)
0.5%06
0.5906
0.4921
1.8373
0.4921
0.5879
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0

0.0

E(I)
C.1990
0.2990
5.3990
0.4990
(<5990
0.6990
N.7990
6.3990
0.9990
1.0000
0.0
7.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
c.0
0.0
0.0
0.0
N.0
0.0
0.0
0.0
G.0

V.0

FCI)
0.0510
0.C510
0.2100
0.2800
0.2290
0.2C00
0.2000
0.2800
0.2000
0.20C0

0.2000

G(1)
0.3990
0.3990
0.4250
0.4369
0.40090
0.4110
G.4110
v.4llo
0.2110
0.4110

0.4110

P(I)
0.2033
0.0
1.5000
0.0010
2.0;56
v.0l100
C.0100
1.00u0
0.0500
0.0

0.00351

2.0000°

0.5000
0.1250
1.0000
0.0
0.0
0.0
0.0
Q.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

ROL,1)
0.15%6
O.1556
0.5879
6.0459
10.5331
7.0572
7.0572
7.0572
7.0572
71.0572
7.C572
7.0572
0.0
0.0
0.0

0.V
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DR(1)
0.0

0.1250
0.1250
0.2500
0.4125
1. 2500
1.2500
1.2500
0.3125
0.2500
0.1250

0.1250



H DRY |

10
L
12
13
14
15
16
17
18
19

20

22
23
24
25
26
27
28

29

30

pv(I)
0.591
0.591
0.492
1.837
0.492
0.568
1.000
1.000
1.000
1.000
1.000

1.000

A(Iy1)
4.7TT765E-01
4.7T7T765E-01
2.00665E 00
2.34940E 00
2.57284E 00
2.23279E CC
2.23279E 00
2.23279t 00
2.23279E 00
2.23279E 00
2.23279€E 00

2.23279E 00

All,2)

L.19746E
L.19746C
4.72153E
5.38853E
6.43211E
5.43¢5G¢E
5.43259E
5.43259¢
5.43259E
Y.43c59E
5.43259E

5.43259¢

00
co
00
co
00
co
00
Co
00
co
00

Co

A(l,3)
3.6544TE-01
3.65447E-01
2.43265€E-01
2.09481&E-01
2.73034E-01
3.19627€E-01
3.19627€E-01
3.19627E-01
3.19627E-01
3.19627E-01
3.19627E-01

3.19627E-01

A(l,%)
2.09299E 00
2.09¢99t 00
4.98342E-01
4.25640E-01
3.88675€E-01
4.47869E-01
4.47869E-01
4.47869E-01
4.47869E-01
4.47869€E-01
4.47863E-01

4.47869E-01
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A(l,5)
2.50627€E 00
2.5U627E 00
2.35294E 00
2.29358¢€ 00
2.50000€ 00
2.43309€ 00
2.43309E 00
2.43309E 00
2.43309€E 00
2.43309€ 00
2.43309E 00

2+43309€ 00




10
11
12
13
14
155
L6
17
18
19
20
21
22
23
24
25
26
27
28
29

30

ovii)
C.591
0.591
0.492
1.837
0.492
0.588
1.000
1.000
1.000
1.000
1.000

1.000

stlsl)
1.81483€E-01
1.81483E-01
1. 14377€ CO
2.44169t 00
1. 75207€ CO
2.05248E CO
2.05248E CO
2.05248E CO
2.05248E CO
2.05248E 00
2.U5248E CO

2.0924BE 0O

0.0
0.0
0.U

0.0

B(I1,2)
4.54243E-01
4.54843E-01
2.69122E 00
5.60020E 00
4.38017€ 00
4.99388E 00
4©.99388c 00
4.99388kt 00
4.99388E 00
4.99388E 00
4.99388c 00

4.99388E 00

BlIs3)
1.83093E-01
1.83093&-01
1.39645E-01
2.40576E-01
2.20210€E-01
3.32627€E-01
3.32627€E-01
3.32627E-01
3.32627€-01
3.32627€-01
3.32627€-01

3.32627t-01

BlIs4)
5.51017€ 00
5.51017€ 00
8.74302E-01
4.09552E-01
5.70754E-01
4.87214E-01
4.87214C-01
4.87214E-01
4.87214E-01
4.87214€E-01
4.87214€-01

4.87214E-01

126

B(I,5)
2.50627E 06
2.50627€E 00
2.35294E 00
2.29358€E 00
2.50000C 00
2.43309E 00
2.43309€e 00
2.43309€ 00
2.43309€ 00
2.43309€ 00
2.43309€ 00

2.43309C 00



CONDe.

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

30

Cvin)

0.591

0.591

0.492

1.837

0.492

0.584

1.000

1.000

1.000

1.000

1.000

1.c00

ClI,1)
1.50473E-02
1.50473E-02
8.21114€E-03
5.22606E-03
1.81608€E-02
1.69320€E-02
1.8932CE-02
1.89320€E-02
1.893¢0E-02
1.89320E-02
1.89320€E-G2
1.569320€-02
0.0
0.0
0.0

0.0

C(l,2)
2.34199€-03
2.34199€E-03
4.827124E-03
3.15965E-02
1.92198t-01
1.33606€-01
1.336C6E-01
1.336C6E-01
1.33606E-01
1.336C6E-01
1.33606E-01

1.336C6E-01

ClI+3)

l.96231t 00

l.96231€E 00

1.30803€ 00

1.35977€E 0C
1. 79916E 00
1.36930E 00
1.36930E 00
1.36930E 00
1.36930E 0OC
1.36930€E 0C
1.36930€E 00
1.36530€ 00

C.0

Cllsa)
6.645T1E Ol
6.64571E 01
1.21786E 02
1.91348€ 02
5.50635€ Ol
5.28207€e 01
5.28207E Ol
5.28207€ 01
5.28207t Ol
5.28207€E Ol
5.2820/€E 01
5.28207€E 01

0.0

127/

C(I.S!
1.55642E-01
1.55L42€E-01
5.87890€E-01
6.04595€E 00
1.05831€E O1
7.05716€E 00
7.05716E 00
7.05716E 00
7.05716E 00
7.05716E 00
7.05716€E 00

7.05716€E 00



SOLUTION IS Y

PROBLEM NAME

Cil)=
cl2)=
C(3)=
Cl4)=
Cis)=
R2 (LN DATA}=

ulin?

-0.17913
0.91988
1.61303
2.30628
2.81708
3.51023
4.20338
4.89653
6.21828

COVDNOCOWVPWN =

=

eeoC-H B1
THE COEFFICIENTS ARE

2.006653
4.721535
0.243265
0.498342
2.352941
0.973835

OR 1/Y

TABLE OF RESIDUALS

vir) X(r)

0.0
~-0.85605 -0.83600
-0.38955 -2.50900
-0.19643 -5.01800
-0.07715 -10.03700
-0.01980 -16.72800
0.09105 -33,45599
0.24953 ~-66.91199
0.45020-133.82399
0.87920-501.83887

Y(r)

0.42500
0.36000
0.33000
0.31500
0.30500
0.30000
0,29000
0.27500
0.25500
0.21000

EREEEXEEEEEEIREEERBFERERXE AR SR EREEREXT KSR

ANALYSIS OF VARIANCE

SOURCE OF SS MS F
REGRESS 1 1.922 1.922 297.755
RESIOUAL 8 0.052 0.006

TOTAL 9 1.974

TABLE VALUEF(.05) = 5.31F(.01) = 11.25

e T T e T

STANDARD DEVIATIOM OF C(3) =

CONFIDENCE LIMITS OfF C(3) LOWER

LEVEL T VALUES LIMIT
1 0.05 2.3049 0.211
0.01 3.39548 0.196
R (ORIGINAL DATA) = 0.989
R2 (ORIGINAL DOATA)= 0.978

0.014

UPPER
LIMIT

0.276
0.291

LINEAR LN-LN REGRESSION ANALYSIS FORCED THRU POINT
= C(l1)/7(X*x%xC(3)+C(2))

WHERE V(I)=ALOG(1/Y(I)-1/Y(1)) AND U(I)=ALOG(X(I)-X(1)) IN
V = C(3)%U + ALOG(C(4))

*s

YH(1)

0.42500
0.35335
0.33599
0.32355
0.30995
0.29924
0.28381
0.26749
0.25044
0.21669

(X(l)yY(l)
C(4)=X*%C(3)+C(5

)
)

NUMBER OF OBSERVATIONS = 10

RESIDUAL

0.0
0.00665
-0.00599
-0.00855
-0.00495
0.00076
0.00619
0.00751
0.00456
-0.00669
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LINMEAR LN-LN REGRESSION ANALYSIS FORCED THRU POINT (X(Ll),Y(l)}
SOLUTION IS Y = C(1)/(X**C(3)+C(2)) OR 1/Y = C(4)*X*%C(3)+C(5)
WHERE VII)=ALCG(L/Y(I)-1/7Y(L1l}) AND U(I)=ALOG(X(I)-X(1)) IN
V = C(3)*%U + ALOG(Ct%))
PROBLEM NAME <c.K-H 81 NUMBER OF OBSERVATIONS = 9
THE COEFFICIENTS ARE
c(l)= 0.008211
c(2)= 0.004827
C(3)= 1.308028
Cla)= 121.785736
C(5)= 0.587890
R2 (LN DATA)= 0.927139

TABLE OF RESIDUALS
[ utrn) virn) X{I) Y(l) YH(I) RESIDUAL
1 0.0 1.70100 1.70100 0.0
2 3.75305 9.49014 -42.65099 0.Co008 0.00006 0.00002
3 4.23263 10.63370 -68.89799 0.00002 0.00003 -0.00001
4 4.65384 10.43825-104.98700 0.00003 0.00002 0.00001
5 4.99476 11.52085-147.63799 0.00001 0.00001 " -0.00000
6 533123 12.16743-206.69299 0.Co0001 0.00001 -0.00000
7 5.68791 12.32395-295.27588 0.CCO000 0.00000 -0.00000
8 5.97559 12.74085-393.70093 0.C0000 0.00000 -0.00000
9 6.26327 12.59115-524.93384 0.00000 0.00000 0.00000

L R e e e e R e R I e S R e Lt

ANALYSIS OF VARIANCE

SOURCE OF SS MS F
REGRESS 1 9.060 9.060 89.074
RESIDUAL 7 0.712 0.102

TOTAL 8 9.772

TABLE VALUEF(.05) = 5.59F(.01) = 12.28

33 22 222323222 222222 222222222222 222222 22 2 2 )

STANDARD DEVIATION OF C(3) = 0.139
COMFIDENCE LIMITS OF C(3; LOWER UPPER
LEVEL T VALUES LIMIT LIMIT
0.05 2.3649 0.980 1.636
0.01 3.5048 0.822 l.794
R (ORIGINAL DATA) = 0.950

R2 (ORIGINAL CATA)= 0.903

®%

1:29
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AFTZR CHAMGENG WATER CUNTENTS v TIMES, CELT IS 0.0100 AND S5GLHT = V.0
NIDE ROISTURE CONIENT
i 2 L] L] ] & L] ) 9 12 L ad il

| 0.3990 0.3750 0.3990 0.3490 0.3990 0.3990 0.3930 0.3290 0.3793 0.3390 2.3970 0.3990 4.324%0
L 0.3790 G.3,90 0.3990 0.395C 0.3590 0.3990 0.39%50 0.3790 0.399) 0.3970 0.3996 0.3990 0.3920
L] 0.56250 0.4¢50 0.4250 0.6750 0.6250 0.6250 0.4¢50 0.4250 0.4250 0.56250 0.42%50 0.4250 0.4250
L) 0.46380 0.4300 0.6360 0.4360 @.4360 0.64360 0.4360 0.436D 0.4360 0.4360 0.4300 0.4360 0.4360
S 0.4000 0.4C0G 0.4000 0.42CO 0.4000 0.4000 0.4CCO 0.40C0 0.4000 0.4900 0.4000 0.4GGO0 0.4900
L 0.4110 0.4110 U.4110 C.%i10 0.4110 O0.4110 0.4110 O0.4110 0.6113 0.5110 090.4110 0.4ll72 0.5110
’ 0.6110 0.4110 0.4110 O0.%11C O0.4110 O0.4110 0.4110 C.5L10 0.4110 C.&4110 0.4110 O0.<Lli0 G.sll0
L 0.4110 O0.41k0 0.4110 0.4110 0.4110 0.6110 0.4110 0.4119 0.4110 0.4110 0©.4110 0.s110 0.4il0

b 0.4110 0.4l10 0.4110 0.4110 0.4110 0.4L10 0.4110 0.4110 0.%110 0.4110 U.4110 0.4110 0.41l10

10 0.4110 0.4113 ©0.4110 C.4110 0.4110 0.4110 0.4113 0.411d 0.4110 0.41L0 0.4110 0.4110 0.4110
1 0.4110 0.5110 0.4110 0.4110 0.4110 0.4110 0.4110 0.4110 0.4110 0.4110 0.4110 0.4113 J.41L0
1z 0.0 0.0 0.0 c.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 9.

LODE EATER nEAD
] F 3 & 5 & r a 9 13 i 1z 13
i G.STAL 05734 0.5T741 0.5/57 0.5425 0.5892 0.5903 0.%904 0.5%06 0.5%04% 0.5904 0.5994 ©.5104
2 G.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 Q.0 Jed 0.0
1 C.5741 0.5736 U.5761 0.5/57 0.5625 0.5092 0.5903 0.5904 0.590¢ 0.5306 0.590¢ 0.5904 0.570%

® 0.9413 0.9359 0.9419 0.7762 1.0148 1.0/09 1.08C0 1.94813 1.0010 1.0d33 1.0008 1.0009 1.0300

5 1.5938 1.5266 1.5338 1.7419 2.2930 2.8126 2.8963 2.9073 2.9051 2.9236 2.9036 2.9042 2.9936
6 1.7008 1.5%42 1.7008 1.9¢40 2.6465 3.2806 3.3835 3.3973 3.3947 3.3927 3.3929 3.3936 3.3923
" L] 1.6899 1.68715 1.9897 2.2133 DJ.1064 3. 9473 3.767% 3.,9342 3.98ll 19737 3.2791 39799 ). W%
L Zol182 1.5%09 2.1162 2.TI5T 3.91d6 4.8163 4.90l6 %.9322 &.97d? 4.9703 G.if6d 4. 97Te <. 4lad
L ] 2.3003 U.2583 2.3003 3.300 4.7639 5.7933 5.9575 5.9810 5.97/8 5.9753 S.3/56 5.9765 S.9156
10 3.64896 2.8585 3.4896 4.1937 S5.6757 6.7793 6.9553 6.9605 6.9776 6.3f51 6.3/56 6.97163 6.9756
1L 6.5960 6.2322 4.596U 5.1725 6.6468 T.7749 7.9569 7.9409 7.97d) 7.9759 [.w761 17.97170 7.9761
12 34898 2.8485 1.4R9A 4.19NT S.AIST ALTTI9Y 6.9553 4.9905 A 97Te  B.FTSL 6.97Te &.97%3 8, 9054

AFTER 48 SATJRATCL EFCKRATIUNS THE EKKUR LS = Y

NODE POTERTIEAL
1] 2 3 L 5 & L) L] 9 10 [ 31 le (%]

S.9535 5.9528 5.9835 5.9u51 S.9719 S5.9986 5.9997 5.9995 5.9998 5.9998 5.9998 5.99%8 5.9994

2 6.0000 6&.0400 0.00UD 6.C0CO0 6.C300 6.0000 6.00G0 6.00C3 6.0000 6.0C30 &.0000 6.6G3C 6.07900
¥ 5.9835 5.9428 5.9835 5.9851 5.9919 5.9986 5.9997 5.9993 5.9993 5.9999 5.9998 5.9998 5.997°%
L3 5.85%2 5.8532 5.8572 5.8/35 5.9321 5.9582 5.3M73 5.9966 9.9943 5.7981 5.9981 YH.958<¢ 5.998:
- S 4.6738 4.5)66 &.6738 6.!219 5.3790 5.892%6 3.9763 5.9879 5.9951 5.983% 5.9836 H.9842 5.9436
[ 4.2887 $.1721 4.2887 6.5L19 5.234% 5.8085 5.9716 5.9857 5.9826 5.3¢06 5.9808 5.9815 5.930>
7 3.9899 3.69% 3.8699 4.2133 5.1046 5.8473 5.9574 5.9362 5.9dll 5.%739 S5.3/91 5.97939 5.9031
L] 3.1162 2.%507 3.L142 3.7157 4.910% 5.8163 5.9616 5.9822 5.9789 5.9765 5.9768 S5.9776 5.3768
9 2.3003 0.2283 2.3003 2:3200 4.7639 5.7933 $.9575% 5.°310 5.977/8 5.9733 5.375 5.9I565 S.9/56
10 2.64896 1.8635 2.6896 3.1937 &.6157 5. 7793 5.9553 5.9805 5.9776 5.9751 5.975%56 5.97/63 S5.97%
n 2.5960 2.2322 2.5960 3.1725 4.6468 35.7769 5.9549 5.94609 S$.9/8) 5.9759 S.976l 5.9770 S.9¢6l
12 2.4096 L.Rr35 2.4896 1.1937 &.6757 S.77193 5.955) $5.92C5 $.9776 S5.9751 S.705& S$.9763 S5.9754
TOTAL ANO FLOW THRU TOP 0.583 (Lee3/T)
2 b 1 - L] 3 7 w 9 10 1 12
2 0.0391 G.0753 O0.1361 0.239% 0.0650 0.0151 0.0081 0.0064 0.0022 0.0CLL 0.00Ce

TILE FLOW = 1.122 (Leey/1)
FLOW DURING DELT = 0.0 (Les3)
OUR ING SUAT = 0.0 THE TOTAL FLOW = 0.0

MATER JABLE OE-TH IN THE V GIRICIION (L)

0.0 0.0 v.0 eull 0.0 0.0 0.0 0.0 0.0 0.0 0.0




F PO~ nmg

el # C R L

-3.290€ 00
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7 ®
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ECUAL POILNTIAL PLOT
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HORIZONTAL OISTANCE



AFTER CRAMHLING @’ led

LuLE MUISTURE CUt il

[ ] -
L] 0.37%) W.3133
3 0.3990 0. 3565
i 0.4250 0.4250
L] 0.46360 0.43069
:] 0.40LLY U.4UL)
s 0.4110 0V.s1l0
P G611 G.611)
L] 0.4110 0.4110
kl 0.4119 0.4110
1o 0.6110 0.4:10
11 0.4110 O0.s112

12 0.0 0.0

NNOE MOLISTLAE COOc

[ ] 2
] ] i
2 L] L]
3 B i
LY i ]
5 1 L]
6 L i
L] i i
8 i i
9 i L]
10 1 1
11 i i
12 i { ]

NODE wATER MEAD
i 2
1 0.50L92 0.5580

] -0.0059 -0.C.%6
L] 0.5693 0.5%491
L3 0.92378 V.931>

¥ 1.%932 1.5259
6 1.7007 1.5561
I 1.8903 1.6:98
L] 2.1149 1.513
9 2.3012 0.2.8)
10 3.4)07 2.8.9>

11 4.59T71 4.233)

12 3.4907 2.8:99%

CONTENIS

1
v.3990
0. 3562
U.4250
G.43060
L.4C00
0.4110
G.4l10
0.4110
G.4l10
0.5110
y.s4l10

0.0

- = o -

3
0.5692
=C.0L5Y
0.5693
G.9378
1.5932
L.7007
1.8903
2.1147
2.3012
3.e07
4.5971

3.649J7

LG FIMES,

L] L]
0.3),30 0.3590
0.35ul 0.3719
0.4250 C.425%0
0.43¢G 0.4360
0.4,C0 0.4CCO
0.64112 0.4110
0.411C 0.sll10
0.4110 O0.4l110
0.sl10 O0.4110
0.4110 o0.sll0
0.4110 O0.4110
0.0 0.0

L) *

L] §

] |

i i

i ]

1 B

L i

i i

i 1

L] i

] !

[ ] i

L] i

£l L]
0.5720 0.5419
-C.0037 -0.cco
0.5720 0.5819

0.9,27 1.0l1ss
1.741% 2.3C05
L.9242 2.6435
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NCDE AESESTIVIIIES
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] 01556 J.1556 U.1956 C.l5% C.15% 0.1556 0.19% G.1256 0.1556 0.15% 02.i5%6 0.1556 0.1%%6
2 0.1576 0.1%41 0.15/6 0.1968 0.1557 0.1556 U.1556 0.15% 0.1536 0.%.56 0.1%% 0.1550 0.13%6
3 0.5872 0.5672 0.5879 C.5h79 0.507/9 0.5879 0.5379 0.5379 0.5879% 0.5879 0.,379 0.%377 0.>3/9
s 6.0659 6.0659 6.0459 6.0459 6.0659 0.0699 6.065) 6.0659 6.065%) 5.U67 6.0639 6.0639 6.0459

5 10.56831 1J.%5831 1C.5831 10.5631 10.5031 10.56831 10.5331 10.5831 10.5831 10.%431 10.7831 .0.5331 L0.5431

6 7.0572 7.0572 7.0572 7.05>72 17.05/2 1.0572 7.0572 7.0572 7.0502 7.0%72 71.9%572 7.(>72 (.2>/02
7 T.0572 7.0>72 17.0572 7.0572 7.0572 7.0572 7.09572 7.0572 1.05/2 7.0572 17.0512 7r.0572 7.0,72
L] 7.0572 7.0572 7.0572 7.0572 7.0572 7.0572 7.0572 7.0372 7.0572 7.05/2 7.>72 Tl.usl2 1.0:72
9 7.0>72 7.0572 ¢.0572 7.0>72 7.0572 7.0572 7.0572 7.0372 1.0572 1.0502 71.9507&c [.0572 1.0,72
to 7.0572 7.0572 7.0572 7.0572 7.0572 7.0572 7.0372 7.0572 7.05f2 7.0572 7.0572 7.3>02 17.0>/2
11 7.0572 17.03>72 7T7.0572 7.0572 17.0572 17.0572 7.0372 7.0572 7.0572 7.0372 71.9572 4.G>12 1.0>72
12 7.0572 7.0522 7.0572 7.0572 7.0572 7.0572 71.0572 7.0%72 7.0%5/2 7.0512 7.0572 7T.0572 17.0,0?
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6 4.2886 4.1720 4.28%6 4.5121 5.2364 5.8734 S5.9781 353.9966 5.9362 5.7359 5.9960 3.9261 S5.9960
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TOFTAL AMND FLOa THRU TGP V.%66 (Lee}/T)
@ ] L) ¥ 6 4 L] 9 10 1 12
2 0.0384 0.0743 G.1355 0.2392 0.0021 C.Oll2 0.0030 0.00l3 0.000> 0.00V02 0.uoOl
TILE FLCW = 1.122 tLee3/T)
FLOW OURING CELT = 0.311 (Lee))
CURING SumT = 0.1CC frE TOTAL FLuw = 0.112
MATER VABLE DErTH [N TME V OIRcCIIDYN (L)
2 1 4 ¥ L3 ¥ 3 9 10 1t 12
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APPENDIX E

Characteristic Curves for a Cecil Loamy Sand
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