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ABSTRACT 

The effect of the capillary region on the transient response of the 

water table to recharge was studied. A two-dimensional model was devel-

oped to simulate growth of groundwater mounds when flow and storage in 

the capillary region are significant. The contribution from the capil-

lary region was described analytically in terms of measurable soil proper-

ties and recharge rate. 

A series of laboratory experiments, simulating the spreading of 

groundwater mounds due to steady recharge from a narrow strip, was con-

ducted. The adequacy of the numerical model i n predicting mound height 

was verified by comparing its solution with the results obtained from 

the physical model. 

The numerical model was used to generate a series of solutions to 

detennine the effect of bubbling pressure head, pore-size distribution 

index, initial saturated depth, depth to water table and recharge rate 

on predicted mound height. The results indicate that the effect of 

capillarity significantly influences the development of groundwater 

mounds. For practical cases where the initial saturated thickness is 

large, the influence of capillary storage is much more important than 

capillary flow. Directly beneath the recharge area, in-transit water 

has a significantly greater effect on capillary storage than the con-

tributions from the static moisture content profile. The effect of the 
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capillary region increases for decreasing pore-size distribution index, 

decreasing initial saturated depth and increasing recharge rate. Pre-

viously available solutions underestimate the growth of groundwater 

mounds by as much as 56 percent at least for the practical case analyzed. 

Nestor Ortiz 
Civil Engineering Department 
Colorado State University 
Fort Collins, Colorado 80523 
Spring, 1977 
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The Recharge Phenomena 

CHAPTER I 

INTRODUCTION 

The demand for water by an increasing population of the world has 

placed greater emphasis on the exploitation and utilization of ground-

water resources for irrigation, industrial and domestic water supply. 

In many aquifers, present groundwater withdrawals exceed natural recharge 

and produce a mining situation. This continuous overdraft may lead to 

undesirable effects such as increased pumping costs, land subsidence and 

in the case of coastal aquifers saltwater intrusio~. In these situations, 

additional sources of surface water must be identified and brought into 

the area. In addition, the depleted aquifers must be recharged if ground-

water is to be maintained as a viable source of water. 

Spreading basins, because of their general feasibility, efficient 

use of space and ease of maintenance, are the most widely used technique 

for artificial recharge. Water is supplied to the basin and allowed to 

infiltrate through the bottom, slowly recharging the groundwater aquifer. 

By artificially recharging an aquifer, intermediate storage is pro-

vided for withdrawals as future needs dictate. The recharged water is 

stored in the originally unsaturated zone between the land surface and 

the water table. 

Previous investigations have centered around the development of an 

adequate description of flow below the water table. Relatively little 

attention has been given to an evaluation of the influence of the capil-

lary region upon the rate of development and shape of groundwater mounds. 

It is hereby intended to develop a two-dimensional model to simulate 

the transient response of the water table to artificial recharge 
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considering both capillary storage and capillary flow in the partially 

saturated region. 

Objectives 

The primary objective of this study was to evaluate the effects of 

capillary storage and capillary flow, in the partially saturated region, 

on the growth and shape of groundwater mounds from surface recharge areas. 

To achieve the above objective, a numerical model was developed. The 

numerical model incorporates an effective saturated height to simulate 

the effect of capillarity on storage and an effective permeable height 

to account for flow above the water table. The model was c001pared with 

results obtained from an existing analytical solution. In addition, 

the model was checked with results from a physical porous media model. 



CHAPTER II 

REVIEW OF LITERATURE 

2.1 State of Art in Groundwater Recharge 

Previously, no attempt had been made to model the effects of the 

capillary region above the water table in the analysis of the growth of 

groundwater mounds. Approximate analytical expressions, for the formation 

of groundwater mounds and ridges beneath spreading basins of various con-

figurations, have been reported by many investigators. Common to most 

of these developments are the assumptions that the aquifer is homogeneous, 

isotropic and infinite in areal extent. In addition, the hydraulic prop-

erties of the aquifer remain constant with time and space, and the flow 

due to percolation is vertically downward until it reaches the water 

table. 

Among the available solutions are those presented by Bauman (1952), 

Bittinger and Trelease (1960) and Glover (1961). In addition to the 

above assumptions, all the solutions are limited to a rise of the water 

table relative to the initial saturated depth not greater than 2 percent 

(Hantush, 1967). 

Solutions based on a linearized differential equation in tenns of 

the head averaged over the depth of saturation have been obtained by 

Hantush (1963,1967) and Marino (1974) for several different boundary 

conditions. These solutions are applicable where the rise of the water 

table relative to the initial saturated depth does not exceed 50 percent. 

Experimental work reported by Marmion (1962) has shown that Glover's 

solution is not acceptable for cases when the height of the ridge is not 

small relative to the initial saturated depth. 
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Computer models, too numerous to mention, have been developed to 

analyze the transient response of the water table to artificial recharge. 

However, no attempt was made to include the flow above the water table in 

any of the studies. The following sections present the significant stu-

dies on treatment of the flow in the capillary region. 

2.2 Parameters Describing Capillary Properties 

Many investigators have proposed empirical relationships by which 

capillary properties can be described, on the drainage cycle, in terms 

of parameters characteristic of porous media. Gardner (1958) found that 

the relationship between capillary conductivity and capillary pressure 

head for many soils seem to fit an equation of the type 

K = a (2-1) 
e b + (Pc/pg)" 

where Ke is the unsaturated hydraulic conductivity, Pc/pg is the capil-

lary pressure head, n is a constant for a given soil, and a and b 

are constants such that a/b is the saturated hydraulic conductivity. 

Another such relationship was proposed by Arbhabhirama and Kridakorn 

(1968) in the form 

Ke= K/[(Pc/Pb)n + l] (2-2) 

where K is the saturated hydraulic conductivity, Pb is the bubbling 

pressure head and n is a constant. 

Equations 2-1 and 2-2 are similar except that the former is not 

dimensionally consistent so that the constants used depend upon the units 

in which the variables are expressed. Both empirical relationships were 

obtained on small laboratory samples. These relationships describe a 

smooth function that predicts a finite decrease in Ke with a finite 

increase in Pc within the bubbling pressure range. The reduction in 
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Ke just before Pb is reached is apparently a boundary effect. White 

et al. (1972) found that the ratio of exposed surface to volume of labor-

atory sample affects the capillary pressure-saturation relationship for 

ratios of Pc/Pb near unity. Initial desaturation of the samples occur-

red at exposed boundaries in a portion of the pore space which does not 

form a connected network of channels. Application of the data obtained 

from laboratory samples to field problems presents difficulties because 

such samples have a larger surface to volume ratio than the soil material 

in the field. Values of saturation and consequently Ke for a given 

capillary pressure would be expected to be greater in the field than for 

laboratory samples. 

Brooks and Corey (1964) presented a method for characterizing porous 

media in which the dependence of permeability and saturation upon capil-

lary pressure is expressed in terms of bubbling pressure and pore-size 

distribution index. According to Brooks and Corey, the relationship 

between effective saturation and capillary pressure for most porous 

materials can be expressed by: 

" for p > Pb Se= (Pb/Pc) c- (2-3) 

and Se = 1. 0 for p < Pb c-
The effective saturation, Se , is defined by 

S = (S-S )/(1-S) e r r (2-4) 

where Sr the residual saturation, is the saturation at which the theory 

assumed the permeability is zero. The saturation, S , defined as the 

fraction of the pore space filled by the liquid, is related to the volu-

metric water content, e , by 

s = e/cp (2-5) 

where cp is the total porosity. 
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The bubbling pressure, Pb' is defined as the minimum capillary pres-

sure at which a continuous nonwetting phase exists. The pore-size dis-

tribution index, A, was shown to be a measure of the relative distribu-

tion of the pore sizes and was defined as the negative slope of the 

straight line portion of a plot of log Se as a function of log Pc/pg 

The relationship between relative permeability, kr' and capillary 

pressure can similarly be expressed by 

and 

k = (P /P ) n r b c for p > Pb C -

kr = 1.0 for Pc.::. Pb 

(2-6) 

where kr is the ratio of the effective permeability to the saturated 

permeability. The relationship between A and n has been derived 

theoretically and verified experimentally by Brooks and Corey and is: 

n = 2 + 3A (2-7) 

The mathematical expressions of equations 2-3 and 2-6 have been verified 

by a large number of experimental data taken from laboratory samples 

(Laliberte et al., 1966). 

Permeability is dependent on soil properties only. Therefore, for 

systems where the solid matrix and fluid are assumed not to interact, 

the permeability, k, is related to the hydraulic conductivity by 

K = lli. 
µ (2-8) 

where µ is the dynamic viscosity . It is apparent that the relative 

hydraulic conductivity, Kr' is also given by equation 2-6 since the vis-

cosity, density and gravitational acceleration appear in both numerator 

and denominator. 
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2.3 Treatment of the Capillary Region 

Although the effects of the capillary region have been formally 

neglected in evaluating the growth of groundwater mounds, attempts have 

been made by drainage engineers to somehow account for the flow within 

and above the capillary fringe. Donnan (1946) performed sand tank 

experiments to evaluate the validity of the expression 

Qdl 2 2 
he - hd 2K = (2-9) 

for determining the spacing of drains. Where Qd is the total drain 

outflow, L is the drain spacing, K is the saturated hydraulic conduc-

tivity of the sand, he and hd are the water table elevations at the 

midpoint and at the drain outlet, respectively. He found that it was 

necessary to modify the above equation by adding the height of the capil-

lary fringe, which was assumed to be the height above the water table 

at which the soil first began to desaturate, to the water table elevation 

in order to obtain closer agreement with experimental results. van 

Schilfgaarde (1970) also suggested that the water table should be 

increased by a constant value to account for the flow in the capillary 

fringe. 

Chapman (1960) considered the effect of the capillary region upon 

discharge, height of seepage face and shape of free water surface for 

the case of steady flow through a bank with vertical faces. He consider-

ed the capillary flow to be confined within the capillary fringe. From 

comparison of his solution with the results of an electric analog, he 

concluded that the contribution from the capillary fringe increases as 

the ratio of the capillary rise to average depth of flow region is 

increased. 
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Childs {1959) and Youngs {1970) considered the case of steady drain-

age in equilibrium with a constant infiltration rate using a hodograph 

analysis. Although they considered capillary flow to be confined to the 

region remaining essentially saturated, the effect of the percolation 

rate on the height of the capillary fringe was considered. It was observ-

ed that the thickness of the capillary fringe increased with increase in 

infiltration rate. 

Bouwer {1959) presented a concept of "critical tension" which he 
/ defined as the •tension at the center of the range over which the hydraul-

ic conductivity decreases rapidly on the equilibrium conductivity-tension 

curve. The elevation of the critical tension is somewhat greater than 

the thickness of the capillary fringe and this difference was intended 

to account for the flow in the partially saturated region. 

When the water table rises significantly with time, as a consequence 

of recharge, the capillary region influences the flow a second way. The 

pore volume occupied by in-transit water greatly reduces the fillable 

pore space. The reduction in fillable voids becomes more significant 

as the infiltration rate is increased. In addition, as the depth to 

water table is decreased, the fillable voids are further reduced due to 

the contributions from the static moisture content profile. Both infil-

tration rate and depth to water table, therefore, will tend to influence 

the specific yield. 

Glass, et al. (1977) attemped to account for the decrease in spec-

ific yield, in the zone of infiltration under a pond, in analyzing the 

response of the water table to artificial recharge. Based on experimen-

tal evidence of Bodman and Colman {1943) they arbitrarily assigned a 

specific yield to the zone of infiltration with a value equal to 20 percent 
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of the specific yield elsewhere in the aquifer. This artificial value of 

the specific yield used in their development fails to give due consider-

ation to those parameters that can result in significant differences in 

the flow situation. The results of their numerical model were compared 

only with the linearized analytical solution of Hantush {1967}. This 

comparison is limited to the case where the effects of the capillary 

region are not considered. 

Luthin {1959} and Luthin and Worstell {1957} accounted for the change 

in specific yield with depth, in a problem of transient drainage, by tak-

ing an average of the specific yield at initial and final water table 

depths. The specific yield was evaluated from static water content-ten-

sion curves. It was concluded that using a constant specific yield can 

lead to significant errors as the water table approaches the ground 

surface. 

Childs {1960} qualitatively described the effects of depth, precipi-

tation rate and rate of drainage upon the specific yield. He showed that 

the specific yield could have values ranging from essentially zero when 

the water table is close to the soil surface to a constant value for very 

deep water tables. He also illustrated that the specific yield is signif-

icantly affected by the infiltration rate. 

Duke {1972} presents a procedure for evaluating quantitatively the 

effect of depth to water table upon the apparent specific yield in terms 

of measurable soil properties. In his analysis the soil profile was in 

static equilibrium with the water table. His conclusions were essential-

ly the same as those of Childs. 

Schmid and Luthin {1964} applied the approach of Hooghoudt to anal-

yze the hillside seepage problem of steady vertical recharge seeping 
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through the soil into a pair of parallel ditches penetrating to a slop-

ing impenneable barrier. Although they did not explicitly evaluate the 

effect of capillary flow, they suggested integrating the area under the 

conductivity-capillary pressure curve from zero to the pressure at the 

soil surface, then dividing by the saturated hydraulic conductivity to 

obtain an equivalent depth to be added to the flow region. 

Bouwer (1964) presented a method of accounti,ng for the capillary 

flow suggested by Schmid and Luthin (1964). Bouwer evaluated the thick-

ness Ze of this fictitious capillary fringe as 
H' 

le=~ f K(z)dz 
0 

(2-10) 

where H' represents the depth to the water table from the soil surface, 

K, the saturated hydraulic conductivity, K(z) , the capillary conduc-

tivity and z the vertical distance measured from the water table. 

Hedstrom et al. (1971) and Duke (1973) utilized this concept and a 

similar one related to capillary storage implied by Childs (1960) to 

evaluate the effect of capillary flow and capillary storage upon the 

performance of transient drainage systems. Since this concept will be 

used to analyze the growth of ground water mounds, as pertains to this 

investigation, the relationships developed by Hedstrom et al. and used 

by Duke will be discussed in the following chapter. 



CHAPTER III 

DEVELOPMENT OF THE PROBLEM 

The growth of groundwater mounds due to vertical precolation from 

surface recharge areas is considered as shown in Fi•gure 3-1. Water 

supplied to the basin infiltrates through the bottom under the influence 

of capillarity and gravity at rates less than the saturated conductivity. 

When an aquifer is recharged by spreading water over an area which 

is underlain by a relatively impermeable stratum, a ground water mound 

is formed. In engineering application, the study of these profiles is 

of value for: 

1. Predicting the amounts of lateral flow to adjacent fields or 

ponds. 

2. Predicting the amounts of groundwater storage associated with 

natural or artificial recharge sites. 

3. Predicting the time required for a recharged mound to decay 

to a given height. 

4. Predicting responses of the water table at individual loca-

tions for optimizing operational recharge. 

5. Predicting when the rising mound will reach the ground surface, 

and hence when pond intake rates will become limited by· sub-

surface conditions. 

6. Analyzing the theoretical relations in comparison with actual 

field observations and in determining how they are influenced 

by the various parameters that affect them. 

Before proceeding with the formulation of the stated problem, the 

assumptions to be used are presented: 
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Figure 3-1. Diagrammatic representation of a groundwater mound 
beneath a spreading basin. 
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l. Constant infiltration rate so the effects of capillary hys-

teresis can be neglected. 

2. The porous medium at any given location is homogeneous in the 

vertical direction, and isotropic so that the saturated hydraul-

ic conductivity may be treated as a scalar quantity. 

3. The conductivity and saturation can be described in terms of 

capillary pressure by the Brooks-Corey equations. 

4. Soil and fluid properties remain constant with time so that 

the soils considered do not shrink or swell. 

5. Percolation is vertically downward until it reaches the water 

table. 

6. Vertical percolation rate is less than the saturated hydraulic 

conductivity and therefo~e the t~ansition zone is partially 

saturated. 

Most of this study is concerned with the use of a numerical, two-

dimensional flow model, based upon the Dupuit-Forchheimer assumptions. 

This model has been modified to incorporate the effects of capillary 

storage and capillary flow for predicting mound growth in response to 

artificial recharge. 

Based on Dupuit-Forchheimer assumptions, the differential equation 

describing nonsteady groundwater flow below the water table, in the 

presence of recharge, can be stated as follows (Eshett et al., 1965): 

a aH, + a aH _ aH .ax (Kh ax ' ay (Kh ay ) - Q(x,y) - Sy at (3-1) 
where 

K = saturated hydraulic conductivity 

H = piezometric head 

h = water table elevation referred to impermeable lower 
boundary 
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SY = specific yield 

t = time 

Q(x,y) = distributed source term. 

To account for the changing storage capacity and conductivity in 

the partially saturated region, the concept of an equivalent saturated 

height and an equivalent permeable height is used (Hedstrom et al., 1971; 

Duke, 1973). In terms of the above two variables, the mass continuity 

equation may be modified as: 

L [K(h+H) .!tl] + L [K(h+H) l!!_] - Q(x,y) = S ah - a (h+H) ax k ax ay k ay y at - ~eat s 

where 

(3-2) 

Hk = an equivalent depth of saturated soil having the same 

capacity for horizontal flow as the capillary region 

extending from the water table to the soil surface, 

hereon referred to as effective permeable height. 

'Pe= drainable porosity. 

Hs = an equivalent depth of saturated soil having the same 

volume ofdrainablewater as the capillary region. 

3.1 Equivalent Permeable Height 

The effectiveness of the capillary region for transmitting horizon-

tal flow is expressed by: 

where 

H' = distance from water table to soil surface, 

Ke= effective conductivity. 

(3-3) 
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For H' .::_ Pb/pg , the effective conductivity is equal to the satur-

ated hydraulic conductivity, hence Hk = H' . On the other hand if 

H' > Pb/pg , Ke= Ke{z,q) and its magnitude will be less than the 

saturated conductivity above z = Pb/pg , hence Hk .::_ H' . 

The development of the equation for the effective permeable height 

is based upon static equilibrium considerations. The Brooks-Corey equa-

tions for effective conductivity can be expressed as: 

K = K e for p < Pb C - (3-4) 

and 
p 

K = K( _Q_ ) n for p > Pb e Pc C - (3-5) 

Under static conditions, assuming the f luid constitutes a physical 

continuum, the capillary pressure head is equal to the elevation above 

the water table. Hence, equations 3-4 and 3-5 can be written as 

and 

K = K e 

p /pg 
K = K{ b )n for z Pb/pg e z 

{3-6) 

(3-7) 

To evaluate the effective permeable height Hk , equations 3-6 and 

3-7 are substituted into equation 3-3 and upon integration yields: 

(3-8) 

The depth of flow to be used in equation 3-2 would be 

(3-9) 

In order to simplify the computations of Hk , equation 3-8 may be 

written in terms of dimensionless variables, by dividing both H' and 

Hk by Pb/pg. Letting H! = H'/{Pb/pg) and Hk. = Hk/(Pb/pg) equa-

tion 3-8 may be written as: 



I 1-n H = n - H. 
k. n - l 
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(3-10) 

Equation 3-10 provided a basis for evaluating the effect of capillary 

flow on the growth of groundwater mounds. 

3.2 Equivalent Saturated Height 

The influence of the partially saturated conditions upon the stor-

age of water is analyzed by using the concept of an equivalent saturated 

height defined by: 

( 3-11) 

where Se is the effective saturation defined by Se= (S-Sr)/(1-Sr) 

and Sr is the residual saturation. The effective saturation may also 

be written in terms of capillary pressure as (Brooks-Corey): 

(3-12) 

where A is the pore-size distribution index. For the problem under 

consideration, Hs has to be evaluated from both static equilibrium and 

steady infiltration considerations. 

For the condition when Pc.::. Pb then Se= 1 and Hs = H' . On 

the other hand if Pc> Pb then Se< l . Therefore Hs < H' 

Static Equilibrium - As previously stated z = Pc/pg for static 

conditions. Hence substituting equation 3-12 into equation 3-11 and 

noting that Se= l for Pc.::. Pb yields 

Pb/pg H' 
Hs = f dz+ J (Pb/Pc)A d(Pc/pg) 

0 Pb/pg 
(3-13) 

Integrating equation 3-13 yields 

p p (Pb/pg)A-1 H,1-A - 1 
HS = _Q_ + _Q_ ( ------=----- ) pg pg l - A (3-14) 
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In tenns of dimensionless variables Hs
1 

and H. , equation 3-14 becomes 

- A - H!l-A 
Hs. - A - l (3-15) 

Steady Recharge - During steady recharge to the water table, the 

effective saturation throughout the profile below the recharge site 

attains a minimum value greater than the residual saturation depending 

upon the flux, and the capillary pressure head at every point is less 

than the elevation above the water table. The relationship between capil-

lary head and elevation may be defined in terms of three separate regions 

bounded by z' , z" , H' as shown in Figure 3-2 where 

z' = elevation at which the capillary pressure equals the 

bubbling pressure, 

z" = elevation at which the effective conductivity approaches 

the flux in magnitude, 

H' = elevation of ground surface from the water table. 

Therefore, for a given profile under steady vertical flow, Hs can 

be expressed as follows: 

z' z" H' 
Hs = J dz+ J Se dz+ J Se dz , 

Q Z I Z 11 
(3-16) 

for H' < z" the third integral does not exist. Before the value of Hs 

can be obtained, the limits of integration have to be evaluated. 

By using Darcy's Law q = -Ke aH/az , together with Brooks and Corey 

equations s = e (Pb/P cl and K = (P /P )n r b c for Pc > Pb ; also, Ke=K 

and S = 1 e for p < Pb C -
; and the fact that K = q ew from z = z" to 

z = H' ; the elevations and corresponding capillary pressures at the 

three separate regions are evaluated as: 

I _ 1 
z. - 1 +q. (3-17) 
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Figure 3-2. Capillary pressure profile in a soil a) in static 
equilibrium with a water table, b) with a steady 
downward flux of water. 
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(-q.)-1/n 
211 = _1_ + f dP. 

l+q. 1 1+q.P.n 
(3-18) 

H' = Height of ground surface above the water table 

@pc= Pb/pg (-q_)-1/n (3-19) 

where 

q. = q/K 

z! = z'/(Pb/pg) 

z'~ = 2 11 /(Pb/pg) 

n = 2 + 3;\ 

P. = (Pc/pg)/(Pb/pg) 

The value of Hs can now be evaluated for the case of steady 

recharge by substituting the appropriate limits of integration from 

equations 3-17, 3-18, and 3-19 into equation 3-16 which, when integrated~ 

yields: 
1 ( );\/n '/ (-q.)-1/n 

H = --g. + (-q )An H' + J s. l+q. . . 1 1+q.P.n 
(3-20) 

Equations 3-15 and 3-20 provide a basis for evaluating the effect of 

capillary storage on the growth of groundwater mounds. 

3.3 Development of Expression for the Specific Yield 

By observing equation 3-2 in a previous section it can be seen that 

SY ah/at and $e a(h+Hs)/at are equal. Since the specific yield 

depends on the depth to the water table, by changing the order of dif-

ferentiation of $e a(h+Hs)/at with respect to the saturated thickness, 

an expression for the specific yield can be obtained in terms of $e , 

Hs and h , i.e., 
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By separating the tenns we arrive at 

aH 
SY= ~e (l + ahs} (3-21} 

For the case of steady recharge, the specific yield can be evaluated 

by substituting the appropriate expression for the equivalent saturated 

height (equation 3-20} into equation 3-21 which gives: 
p 

S =~ {l+__Q__L[l 
y e pg ah 

( }"/n --g. + (-q }"/nH' l + q. • . 

(-q.)-1/n ->. 
+ f P. -

l 

( }"/n ~9· dP. ]} 
l+q.P.n 

(3-22} 

If the profile is not sufficiently deep, such that H1 < z" , then S y 

is given by: 
p PS. 

S {l + b a [ l f y = e pg ah l +q. + l dP. ]} 
P."(l+q.P.n} 

(3-23} 

where P is the dimensionless capillary pressure at the soil surface. s. 
· For the case of mound growth during recharge, the specific yield 

below the spreading area may be less than that adjacent to the spreading 

area. This is caused by the possibility of an increased moisture con-

tent of the soil below the recharge area because of in-transit water. 

Hence, adjacent to the spreading area, the specific yield can be 

obtained by evaluating Hs , from static equilibrium consideration of 

the soil profile with the water table, and substituting into equation 

3-21. Substituting equation 3-15 into equation 3-21 yields: 

S = ,i. [l + Pb ..L ( " - H' 1->.. 
y -re pg ah >..-i }] (3-24} 

Substituting the expression for Hk given by equation 3-8 into equation 

3-2 yields: 
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ah a n~H ' l-n(Pb/pg)n-1 
Sy at= ax {K[h + Pb/pg ( n-1 )] :~} 

n-H'l-n(Pb/pg)n-1 ah 
n-1 )] ay}-Q(x,y) 

(3-25) 

where SY is evaluated from either equations 3-22, 3-23, or 3-24 depend-

ing on whether Hs has to be calculated based on static or steady down-

ward flow conditions. Equation 3-25 is a differential equation for the 

transient response of the water table to artificial recharge accounting 

for the effects of capillary storage and capillary flow. The equations 

used in sections 3.1, 3.2 and 3.3 were presented by Duke (1973). 



CHAPTER IV 

NUMERICAL SOLUTION 

The partial differential equation describing the transient response 

of the water table to artificial recharge accounting for flow and storage 

of water in the capillary region was solved numerically using the finite 

difference technique. The general computer program, for transient two-

dimensional flow in a saturated water table aquifer, was developed by the 

professional groundwater staff at Colorado State University. The develop-

ment of the model and its use have been reported by Bittinger et al. 

(1967), Eshett and Longenbaugh (1965), and Bibby and Sunada (1971). This 

program was modified to incorporate an equivalent permeable height and an 

equivalent saturated height to account for the effects of the capillary 

region on the growth of groundwater mounds. The modified numerical model 

RECAPl employs a backward-difference-implicit scheme to solve the system 

of finite difference equations and is designed to simulate non-steady 

state in the two-dimensional horizontal space. 

4.1 The Finite Difference Equations 

The nonlinear partial differential equation describing the transient 

response of the water table to artificial recharge accounting for flow 

and storage in the capillary region may be written as: 

where 

a ( aH) + a ( aH) _ aH + _Q__ ax K HF ax ay K HF ay - SY at t:.xt:.y 

K = saturated hydraulic conductivity (L/T), 

HF = depth available for horizontal flow. This depth 

of horizontal flow is the sum of the water table 

height and the effective permeable height (L), 

(4-1) 
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H = water table elevation or piezometric head, 

referred to an established datum (L), 

SY = specific yield (dimensionless), 

Q = net groundwater withdrawal (L3/T), 

x,y = space dimensions (L), 

t = time dimension (T). 

The term HF was computed from equation 3-8, which was integrated using 

the Gaussian quadrature technique. 

Dividing the region of groundwater flow into a rectagular grid 

system and using an implicit backward-difference scheme, equation 4-1, 

written for one grid, becomes: 

where 

= Q~ . - EtH~ . 
1 ,J 1 ,J 

t 2K .. K .. l6Y .. 6Y .. 1HF~ . k A = 1,J 1,J- 1,J 1,J- 1,J- 2 6Y .. K .. 6X .. l +6Y .. 1K .. 16X . . 1,J 1,J 1,J- 1,J- 1,J- 1,J 
t t 2K .. K. ·+l6Y . . 6Y. ·+lHF . ·+k B = 1 ,J 1 ,J 1 ,J 1 ,J 1 ,J 2 

6Yi,jKi,j6Xi,j+l +6Yi,j+lKi,j+l6Xi,j 
t t 2K .. K. l .6X .. 6X. l .HF. k. C = 1,J 1- ,J 1,J 1 .. ,J l-2,J 

6X .. K . . 6Y . l . +6X. l .K. l .H . . 1,J 1,J 1 .. ,J 1- ,J 1- ,J 1,J 
t 

t 2K .. K. l .6X .. 6X. l .HF.+k. D = 1 ,J 1- ,J 1 ,J 1- ,J 1 2,J 
6X . . K .. 6Y.+l . +6X.+l .K.+l .6Y .. 1 ,J 1 ,J 1 ,J 1 ,J 1 ,J 1 ,J 

t 
t SY .. 6X .. 6Y .. 

E = 1,J 1,J 1,J 
6t 

(4-2) 

(4-3) 

(4-4) 

(4-5) 

(4-6) 

(4-7) 

The i,j notation (see Figure 4-1) refers to the grid for which a 

particular equation is written and the superscripts represent the time 

level of computation. The term (HF~ . ,) in the coefficient At and its l ,J-72 
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t Ht+ t-. t_Ht 
Q + S . . !':.X • . t-. y . . Ii t 

X 
J-direction 

a (K HFtsy ~H )ts x 
c3 X X oX 

= At ( H. . -H. . ) t+H 
l,J-1 l,J 

- Bt(H . . -H .. )t+M 
1,J 1,J+l 

l,J l,J l,J 

I-direction 

( K HFt-x ~H )!';y aY Y ay 

- Ct(H. l .-H .. )t+M 
1- ,J l,J 

- Dt(h .. -H. . )t+L'i t 
1,J 1-l,J 

Figure 4-1. Finite difference grid and its physical significance. 
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counterpart in the other coefficients is the depth available for hori-

zontal flow between grid i,j-1 and i,j . 

following equation 

t HF. . , . is computed by the 
l , J -"2 

where 

t t t HF .. , . = MAX(HF .. , HF .. 1) - MAX(Z .. ,z .. 1) (4-8) 
l ,J-"2 l ,J 1,J- 1,J l ,J-

HF= depth available for horizontal flow referred to an 

established datum, 

Z = bedrock elevation, referred to the same datum. 

Equation 4-8 ensures that the flux out of a dry grid will be zero. 

The coefficients At, Bt, Ct, Dt, Et are computed at the beginning 

of each time increment and held constant throughout the time increment. 

This approximation effectively linearizes the difference equation for 

the unconfined case and makes solution possible. The volumetric source 

term, Q, where applicable, is the volume of water added through the top 

of each grid in a given time interval, defined as positive for flow into 

a grid. 

4.2 Procedure For Analysis 

The finite difference approach requires subdivision of the study 

area into a system of rectagular grids. Before initiating the computa-

tions for the first time step, the equivalent permeable height and the 

equivalent saturated height are evaluated for a series of water table 

depths and stored as arrays in the main program. These data are used to 

evaluate the specific yield and total flow depth for each subsequent time 

step until the analysis is completed. At any given time step the equiv-

alent permeable height for each grid, corresponding to the present water 

table depth, is selected from this array. This height is then added to 

the present saturated thickness to obtain the total flow depth for the 
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present time step. In a similar manner the equivalent saturated height 

is obtained for the previous and present time steps. The specific yield 

is then evaluated for each grid, The implicit backward-difference form 

of equation 4-1 is then written for each grid as a function of the flow 

across each of its four faces and the net vertical withdrawal. The 

resulting system of equations is then solved simultaneously, using Gauss 

elimination, for the water table elevation at the end of the selected 

time step. This predicted value is then used as the initial water table 

elevation for the next time step and the entire process repeated. Suc-

cessive solutions for the following time increments form the complete 

analysis. The basic sequence of events is shown in Figure 4-2. A des-

cription of the main program and each subprogram is contained in Appen-

dix A. 
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Figure 4-2. Sequence of computational events. 
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DATA 

CALCULATE EFFECTIVE SATURATED HEIGHT 
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CALCULATE EFFECTIVE SATURATED HEIGHT FOR STEADY 
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l+q. l l+q.P.n 

IS NUMBER OF 
TIME STEPS 

COMPLETE 

no 
CALCULATE 

SPECIFIC YIELD 
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SY= ~e(l + ahs ) 

CALCULATE AVAILABLE DEPTH 
FOR HORIZONTAL FLOW 
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CALCULATE HEADS 

OUTPUT RESULTS 
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CHAPTER V 

VERIFICATION OF NUMERICAL MODEL 

The numerical model used in this study is based on Dupuit-Forchheim-

er assumptions and utilizes the concepts of equivalent saturated and 

permeable heights to account for the effects of capillarity upon the 

growth of groundwater mounds. Before the numerical model can be used to 

evaluate the effects of capillary storage and capillary flow, it is 

necessary to demonstrate its adequacy to simulate mound growth. 

To verify the adequacy of the numerical model for predicting mound 

heights, the results of the numerical model without capillary effects 

will be compared to an existing analytical solution. In addition, the 

numerical solution will be compared to the results of a physical model 

where the capillary effects are significant. The physical model will 

simulate the spreading of a groundwater mound due to steady recharge from 

a long strip of width 60 cm. 

5.1 Comparison With Analytical Procedure 

One method to be used in evaluating the numerical solution consists 

of comparing its results with those of an analytic solution, which in 

this case, is Glover's solution. This comparison is for the case when 

capillary effects are small and may be neglected. 

Both solutions are based on Dupuit-Forchheimer assumptions, but 

Glover's solution assumes a constant flow depth throughout the recharge 

period thereby restricting the mound height to be very small compared to 

the initial saturated thickness of the aquifer. This assumption is not 

made in the numerical solution. To avoid any discrepancies that may 

arise from the preceding assumptions in Glover's solution, a large ini-

tial saturated thickne$s is used for this comparison. 
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The spreading of a groundwater mound due to a continuous recharge 

from a long strip of width 60 meters is considered. An impermeable 

boundary representing the center of symmetry and a constant head boundary 

are imposed at x=O and x=365 meters , respectively. The aquifer is 

assumed to be bounded by a horizontal impermeable base, 

Glover (1961) approached the problem by assuming that the aquifer 

is homogeneous, isotropic, infinite in areal extent and bounded by a 

horizontal impermeable base. In addition, the formation coefficients of 

the aquifer were assumed to be constant in both time and space, and the 

effects of the capillary region were neglected. The flow depth is 

treated as a constant throughout the recharge period thereby limiting his 

solution to the case where the rise of the water table relative to the 

initial saturated depth is small. 

where 

The equation for the one-dimensional case is 

(5-1) 

h = height of the groundwater mound above the original water 

table level , 

x = distance measured horizontally from the center of the 

strip, 

t = time, 

a = ( KH0 ) / 4> e , 

and is solved for the above conditions, The resulting equation for the 

height of the groundwater mound at any point, x, due to continuous re-

charge becomes (Glover, 1961): 
R t 2 u2 -u2 

h = 2 J ( - J e du) d~ 
0 /; u1 

(5-2) 



where 

and 
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ul = x - WL2 

u2 = x + WL2 
14aE; 

E; = (t-n) 

R = i/c/>e , 

n = time of application of incremental recharge, 

i = unifonn continuous recharge rate, 

W = width of recharge strip. 

The basic solution of equation 5-2 is appropriate for an aquifer of 

infinite areal extent. To account for the effects of the imposed bound-

ary conditions the method of images was used. 

Numerical results are compared with Glover's solution in Figure 5-1. 

The excellent agreement for mound heights between the two solutions is 

indicative of the adequacy of the numerical solution in describing the 

development of mound heights for the above assumptions. 

5.2 Verification With Physical Model 

5.2.1 Description of the physical model 

The physical model is a narrow flume approximately 3.65 meters 

long, 40 centimeters high and 5.1 centimeters wide, containing a por-

ous medium. The model is built of steel frames and acrylic plastic 

walls. A sketch of the model is shown in Figure 5-2. The upstream 

end has an end plate made of impenneable rubber to simulate an imperme-

able boundary. At the downstream end a plastic end box was attached. 

The retaining wall of the end box is a metal screen, which was used to 

provide a means by which water can leave with very small head loss. 
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The end box was provided with a drain at the bottom. The drain was con-

nected to an adjustable constant head tank with 3/4 inch flexible tubing. 

This was used to simulate a constant head boundary condition. Any desired 

head in the end box can be maintained by sliding the adjustable constant 

head tank to the proper position and locking it in place with thumb 

screws. The overflow water from the tank is diverted to a sump through 

a flexible tube. A sketch of the endbox and constant head tank is shown 

in Figure 5-3. 

5.2.2 Fluid and media 

Water was used as the wetting fluid in these experiments. Two dif-

ferent porous media were used. One of the materials used was spherical 

glass beads about 2.5 nm in diameter . The glass beads are fairly uni-

form in size. The material is very easy to place in the model and the 

medium homogeneous. Data collected using the gla~s beads serves to check 

the numerical model for the effect of capillary storage. This is because 

the bubbling pressure head of the glass beads is very small (~ 1 cm) and 

hence, the effect of horizontal capillary flow is fairly small. 

The other porous material used was Ottawa sand, grade 20-30. The 

material was placed in the flume through a plexiglass tube 2.5 centi-

meters in diameter. The material was placed in layers 2-3 centimeters 

thick so that the packing would be as uniform as possible. Data col-

lected using the Ottawa sand provide comparisons for the numerical model 

on the effects of both capillary storage and capillary flow. Since the 

bubbling pressure head is about 8.8 centimeters, capillary flow should 

be significant away from the recharge area whereas capillary storage 

should be significant below the recharge area. 
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5.2.3 Detennination of media properties 

The media properties that had to be known for the experimental 

studie$ include saturated hydraulic conductivity, K, bubbling pressure, 

Pb, pore-size distribution index, A , effective porosity, ~e, residual 

water content, er, and bulk density, Pb. All the above properties were 

obtained either from the capillary pressure-relative conductivity data, 

or from samples taken from the column used to obtain these data. 

The relationship between capillary pressure head and effective con-

ductivity was determined by using the short-column method described by 

Corey et al. (1965). The relative hydraulic conductivity was computed 

by dividing the effective conductivity by the saturated conductivity. 

The relationship between the relative hydraulic conductivity and capil-

lary pressure head for the Ottawa sand is shown in Figure 5-4. 

The bubbling pressure head and the pore-size distribution index 

were determined from Figure 5-4, following the procedure described by 

Laliberte et al. (1966). The bubbling pressure head is obtained by 

extrapolating a straight line to the ordinate axis where the relative 

hydraulic conductivity equals unity. From the negative slope of the 

straight line portion of the curve, the parameter n is obtained. The 

pore-size distribution, A , is then calculated from the relationship 

n=2+3A. 

The total porosity of the material in the flume was detennined by 

utilizing the bulk density, Pb, of the medium and the particle density, 

Ps , and the relationship, 

= l - pb/ps (5-3) 
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The bulk density was measured by dividing the gross weight of air-

dry sand in the flume by the known volume occupied by the material. The 

particle density was measured by the pycnometer method. 

The residual moisture content was determined from the test section 

by allowing the column to drain for three days to a suction of approxim-

ately one meter after the completion of an experiment. Knowing the dry 

weight, volume and weight of sample after three days gravity drainage, 

the residual water content was computed, The effective porosity ~e 

was determined from the relationship 

(5-4) 

The hydraulic properties of the porous media used in these experi-

ments are presented in Table 5-1. 

Table 5-1. Properties of Porous Material 

Type Ksat Pb/pg 
~e A Grain size Description 

cmLsec cm ITITI 

Glass beads 5.066 1.0 0.32 7.0 2.5 Industrial Glass 
beads Type V-110 

Sand 0.65 8.8 0.20 4.14 pass 20 Ottawa sand 
ret. 30 
ASTM 

5.2.4 Measurement of hydraulic head in the model 

The hydraulic head in the model was measured to locate the position 

of the water table. Piezometers, installed in one sidewall of the model, 

were used to measure the hydraulic head. The number of piezometers used 

at any given time depended on the position of the water table. For any 

given run the maximum number of piezometers used was 20 The piezom-

eter system consisted of seven columns, six columns with five piezometers 
6.4 centimeters apart, and one column with three piezometers (see Fig-

ure 5-2). 
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Each piezometer 1s constructed from a 5/8 inch diameter bolt bored 

along its axis. Disc-shaped nylon screen is sealed to the threaded end 

of each bolt. The piezometers are screwed into the sidewall of the model 

with very small penetration into the medium. A seal between the bo1ts 

and the model wall was obtained with 0-ring seals. A view of the piezom-

eter is shown in Figure 5-5. 

0-rino 

/ 
brass tube 

soldered to body 

nylon screen - cement < ro body 

hole bored alono 
axis of body 

Figure 5-5. View of Piezometer. 

The manometers are capillary glass tubes mounted on a board. Flex-

ible plastic tubing was used to connect the brass tubing in the piezom-

eter to the manometers. To obtain the hydraulic head it was found nec-

essary to photograph the manometer board instead of taking the measure-

ments directly from the manometers to obtain simultaneous measurements 

of all piezometers. 

5.2.5 Recharge experiment 

The initial condition for each recharge test was that of a horizon-

tal water table at a previously selected elevation. This was achieved 
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by observing the piezometric head levels from a row of seven piezometers 

to insure that no detectable initial hydraulic gradients existed. 

When the correct hydraulic head had been established, a constant 

recharge rate was started at the soil surface using a rainfall simulator. 

The simulator, 60 centimeters long, 6 centimeters wide and 4 centimeters 

high, was located at the upstream end of the model. The recharge rate 

was set by adjusting the pressure gauge, mounted at the top of the flume, 

to a given pressure. The pressure readings were then converted to vol-

umetric units from the calibration curve obtained for the simulator. 

During a test, the pressure gauge was continuously observed and the flow 

corrected to minimize variations in discharge throughout the test. The 

hydraulic head was obtained by photographing the manometer board at suit-

able intervals of time. These readings were continued until the water 

table beneath the recharge area was approximately one bubbling pressure 

head below the soil surface: 

5.2.6 Comparison with physical model 

Data from the physical model on the growth of the mound for the two 

series of tests are given in Appendix Band a portion of the data, typ-

ical of the results obtained, is plotted in Figures 5-6, to 5-9. Figures 

5-6 and 5-7 present data for the glass beads at two different times. 

Since the bubbling pressure head for the beads is only one centimeter 

and the pore-size distribution index is 7.0, the effective permeable 

height will, according to equation 3-10, be small compared to the initial 

saturated thickness of 14.35 centimeters. Consequently, the effect of 

capillary flow will be small since it is directly proportional to the 

magnitude of the effective permeable height. The results from the glass 

beads will serve to evaluate the numerical model in its ability to 
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simulate the effects of capillary storage. It is apparent from Figures 

5-6 and 5-7 that the agreement that exists between both models at early 

and later times is quite good. 

Figure 5-8 and 5-9 present data for the Ottawa sand. Since the 

bubbling pressure head for the sand is 8,8 centimeters, which is the 

same order of magnitude as the initial saturated depth of 6.7 centi-

meters, the effect of capillary flow is significant. The results from 

the Ottawa sand will, therefore, serve to evaluate the ability of the 

nume.rical model in simulating mound growth when both capillary storage · 

and capillary flow are significant. Figure 5-8 shows that for the Ottawa 

sand comparable agreement exists between the numerical solution and 

experimental results at early times. However, at later times a lesser 

degree of coalescence exists below the recharge area and some scatter 

is observed in the proximity of the toe of the mound as shown in Figure 

5-9. 

Local nonhomogeneity, as discussed by Smith (1970), may contribute 

to the scatter of experimental data. The lower mound heights predicted 

by the numerical model below the recharge area may be attributed to the 

fact that the numerical model does not consider the effects of vertical 

gradients. Also, the reduction in porosity due to entrapped air as dis-

cussed by Hanson (1977) is not considered. Thus, one would expect the 

actual mound heights to rise more rapidly than predicted, 

It should be noted that the results from the numerical model were 

obtained from actual soil properties detennined in a separate laboratory 

test and not by calibrating the numerical model. The above comparisons 

between experimental and numerical results are considered sufficiently 
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accurate to justify further use of the numerical model in evaluating the 

effects of capillarity on the growth of groundwater mounds. 



CHAPTER VI 

RESULTS AND DISCUSSION 

The primary objective of this study is to illustrate how capillary 

storage and capillary flow in the partially saturated region affect the 

growth of groundwater mounds under steady recharge, To achieve this 

objective the numerical model, which has been verified with a physical 

model, will be used to generate a series of solutions to illustrate the 

effects of capillarity. Although the numerical model is capable of sim-

ulating mound growth in the two-dimensional horizontal space the solu-

tions to be presented are for the one-dimensional case of strip recharge 

as this is the condition under which the numerical model was verified. 

6.1 Influence of the Capillary Region on Analytical Solutions 

Present analytical solutions are based on the assumptions that the 

water table effectively bounds the permeable region and that the fillable 

pore space is independent of soil water pressure and, therefore, is a 

constant typically equal to the drainable porosity. This amounts to 

neglecting the effects of the capillary region. To illustrate the sig-

nificance of these assumptions on the growth of groundwater mounds due 

to steady recharge, Glover's solution will be compared with the results 

of the numerical solution and the experimental test. This comparison 

is presented in Figure 6-1 using the experimental model dimensions. 

From Figure 6-1, it is apparent that Glover's solution does not 

compare with either the experimental or numerical model results. The 

large discrepancies in Glover's solution are due primarily to the devel-

opment of large mound heights as compared to the initial saturated thick-

ness. Also, the constant saturated depth assumed in Glover's solution 

will reduce the flow away from the recharge area thereby forcing Glover's 
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solution to be higher than either numerical model or experimental results 

beneath the recharge site and lower away from the recharge area. 

It is interesting to evaluate the effects of the capillary region 

when the mound heights are small compared to the initial saturated thick-

ness. To illustrate this condition the numerical model results are com-

pared to Glover's solution in Figures 6-2 and 6-3 for prototype dimen-

sions of L1 = 100 meters , K = 86.4 meters/day , ~e = 0.2 , q = 2.59 

meters/day and H
0 

= 80 meters . It is apparent from Figure 6-2 that 

Glover's equation underestimates the central mound height by as much as 

48 percent at early times and 16 percent at later times. The reason for 

this discrepancy is due primarily to a reduction in specific yield not 

accounted for in Glover's solution. It can also be noted that the mag-

nitude of the error increases with time. 

The depth available for horizontal flow, as predicted by the numer-

ical model, is larger than Glover's constant saturated depth. Consequent-

ly, Glover's solution unde~estimates the flow away from the recharge site. 

As a result of the decrease in volume of water to be stored, the mound 

height obtained from Glover's equation is smaller away from the recharge 

area. The magnitude of the error increases with time as the water table 

approaches the ground surface. However, the relative error decreases 

from 56 percent at early times to 24 percent at later times. This evalu-

ation is shown in Figure 6-3 at 150 meters from the edge of the recharge 

site. The above analyses indicate that neglecting the effects of capil-

larity can lead to significant errors in the prediction of mound height 

both beneath and away from the recharge site. 
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6.2 Mound Growth Evaluation 

The numerical model was used to generate a series of solutions for 

different boundary and initial conditions, soil properties and recharge 

rates to evaluate the growth of groundwater mounds. The remainder of 

this study is concerned with the analysis of the generated data. 

6.2. 1 Influence of capillary storage and capillary flow 

The contribution of the capillary region on the transient response 

of the water table to artificial recharge depends on both capillary 

storage and capillary flow. Under steady downward flow conditions the 

pore volume occupied by in-transit water greatly reduces the fillable 

pore space. For deep water tables the reduction in fillable voids is 

dependent on the infiltration rate only. On the other hand, as the 

water table approaches the ground surface, the contribution from the 

static moisture content profile further decreases the fillable pores. 

Consequently, capillary storage i5 dependent on in-transit water and 

the contribution from the static moisture content profile. The numerical 

model RECAPl, developed for this study, can simulate no capillary effects 

(Hk=O, Hs=O), no capillary flow (Hk=O), no capillary storage (Hs=O), the 

influence of in-transit water only (Pb/pg= O), or the combined effect 

of capillary storage and capillary flow. 

Figure 6-4 illustrates the relative importance of the capillary 

region on central mound height. For the conditions shown it is apparent 

that capillary storage is more important than capillary flow. Since in 

practical situations the piezometers are installed away from the recharge 

plot, it is interesting to evaluate the effects of the capillary region 

beyond the recharge boundaries. Figure 6-5 shows one such evaluation at 

150 meters from the edge of the recharge area. It is evident that the 
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effect of capillary storage is more important than capillary flow, the 

effect of capillary flow being negligible. 

Since horizontal capillary flow is directly proportional to the 

effective permeable height, and the effective permeable height, as ob-

tained from equation 3-10, approaches a constant at shallow water table 

depth, the contribution from capillary flow will be significant when the 

effective permeable height is of the same order of magnitude as the 

initial saturated thickness. In Figures 6-4 and 6-5 the effective perme-

able height was small compared to the total flow depth, since the ini-

tial saturated thickness was 25 meters and the bubbling pressure head 

was 1.5 meters. Thus, the contribution from capillary flow was expect-

ed to be negligible. 

From Figure 6-4 and 6-5 it is evident that the main contribution to 

capillary storage is from in-transit water. Directly beneath the re-

charge area approximately 90 percent of the effect of capillary storage 

is due to the contribution from in-transit water. In the above analysis, 

since the depth to water table was large, the effect of the static mois-

ture content distribution on capillary storage was small. For shallow 

water tab1e depth the effect from the moisture content distribution is 

more pronounced since the rate of change of effective saturated height 

with respect to water table depth is largest. This tends to reduce the 

specific yield thereby resulting in larger mound heights. 

It is interesting to evaluate the effects of the capillary region 

when the initial saturated thickness is of the same order of magnitude 

as the bubbling pressure head. This analysis is shown in Figures 6-6 

and 6-7 for the experimental model dimensions. It is apparent that the 

effects of capillary storage and capillary flow are equally important. 
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Also, the contributions to capillary storage are primarily due to in-

transit water. The capillary region increases the depth through which 

flow can occur under no capillary conditions. This increased flow area 

increa~es the rate of flow. As a result of the increased flow rate away 

from the recharge area capillary flow will tend to decrease the mound 

heights immediately beneath the recharge site as shown in Figure 6-6. 

Since the horizontal gradients beneath the recharge plot are larger than 

away from the recharge site the rate of flow towards the toe of the mound 

will be greater than away from the toe of the mound. As a result an 

increased volume of water has to be stored beyond the recharge site 

thereby resulting in larger mound heights in this region. The effect 

of capillary flow to increase the water table depths beyond the recharge 

area is shown in Figure 6-7. 

6.2.2 Influence of bubbling pressure head 

For large saturated thickness the effect of increasing the bubbling 

pressure head upon the transient response of the water table to artific-

ial recharge is shown in Figure 6-8. It is apparent that the growth of 

groundwater mounds beneath the recharge site is not sensitive to bubbling 

pressure head at least for Pb/pg less than 8 percent of the initial 

saturated thickness. 

Increasing the bubbling pressure head increases both the effective 

saturated height and the effective permeable height. This wil1 tend tc 

increase the effects of capillary storage and capillary flow. These 

effects will be significant for shallow water table depth or small ini-

tial saturated thickness or both; which was not the case considered in 

this analysis. 
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6.2.3 Influence of pore-size distribution index 

The effect of decreasing the pore-size distribution index, A , will 

be to increase the effective saturated height and, hence, the rate of 

change of the effective saturated height with respect to water table 

depth, thereby reducing the specific yield. As a result, the mound wil1 

rise more rapidly for smaller values of A, 

The effect of increasing A on the central mound height is shown 

in Figure 6-9. It is apparent that the growth of the mound is more 

sensitive to A than to the bubbling pressure head for the case analyzed. 

The sensitivity to changes in A decreases as A becomes larger. 

6.2.4 Influence of initial saturated depth 

It should be noted that a downward flux increases the volume of 

water in the partially saturated region thereby reducing the specific 

yield. For a larger volume of water stored in-transit, the effect of 

the capillary region would be greater since a smaller volume of water 

must move through the soil to obtain a given water table rise. On the 

other hand, the smaller the initial saturated thickness, the less would 

be the flow away from the recharge area. As a result, a larger volume 

of water has to be stored below the recharge site. Consequently, the 

effect of the capillary region on the growth of groundwater mounds would 

be more significant for smaller initial saturated depths. 

Figure 6-10 illustrates the effect of initial saturated thickness 

on the development of central mound height. It can be observed that the 

effect of the capillary region increases as the initial saturated depth 

decreases. It is also apparent that the effect of the capillary region 

increases with time. 
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6.2.5 Influence of depth to water table 

The effect of capillary storage on depth to water table is more 

pronounced as the water table approaches the ground surface. This water 1 

table dependence only affects the contribution from the static moisture 

content distribution which is very small compared to the effect of in-

transit water. As a result, depth to water table will have no signif-

icant effect on central mound height, except for very shallow w~ter table 

depths. 

Figure 6-11 illustrates the effect of depth to water table on the 

transient position of the mound. It is apparent that the central mound 

height is not sensitive to water table depth at least for water table 

depths greater than 5 times the bubbling pressure head. 

6.2 .6 Influence of recharge rate 

Since the contribution from in-transit water is more pronounced as 

the recharge rate is increased, the influence of capillary storage be-

comes more significant. As a result, the mound height obtained would be 

larger . The effect of scaled flux rate (q.=q/K} upon central mound 

height is shown in Figure 6-12. The primary result of increased recharge 

is to increase the mound height. Figure 6-12 also illustrates the pro-

portionate increase of capillary effects to increase in recharge rate. 
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CHAPTER VII 

SUMMARY AND CONCLUSIONS 

The primary purpose of this study was to evaluate the effects of 

capillarity on the growth of groundwater mounds due to steady infil-

tration. An evaluation of the results from the physical and numerical 

models used in this study leads to the following conclusions. 

The effects of capillarity significantly influence the development 

of groundwater mounds. It has been shown for the practical case analyzed 

that for a small rise in water table the analytical solutions underestim-

ate the mound height by as much as 56 percent. When the rise in water 

table relative to the initial saturated thickness is large, previous 

analytical solutions do not adequately describe the growth of mounds. 

The contribution from the static moisture content profile is rela-

tively more important away from than beneath the recharge area. It has 

been shown that directly beneath the recharge area approximately 90 per-

cent of the effect of capillary storage is due to the contribution from 

in-transit water. For ratios of initial saturated thickness to bubbling 

pressure head significantly greater than unity, which is the general 

case, capillary flow will h3ve very little effect on the predicted mound 

height. 

The pore-size distribution index, A , is significantly more impor-

tant than the bubbling pressure head in predicting mound heights. The 

sensitivity to changes in A decreases as A becomes larger. 

Depth to water table has relatively little influence on the develop-

ment of central mound height other than to limit its maximum height. 

For deep water table$ the specific yield below the recharge area is a 

constant. Its magnitude depends on the recharge rate and the pore-size 
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distribution index , Beyond the recharge site the specific yield is equal 

to the drainable porosity. The effect of the capillary region on central 

mound height increases for decreasing initial saturated thickness and 

increasing recharge rate. The magnitude of the capillary effect is 

directly proportional to the infiltration rate. 

Unless the water table is shallow and the bubbling pressure head is 

of the same order of magnitude as the initial saturated thickness, the 

hydrologist need only consider the effect of in-transit water in pre-

dicting the central mound height. Neglecting the contribution from in-

transit water can lead to errors in exces~ of 50 percent in predicting 

the growth of groundwater mounds. 
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APPENDIX A 

DESCRIPTION OF PROGRAM RECAPl 

Program RECAPl consists of a main controlling program and several 

subprograms. The main program's function is to control the execution of 

subroutines for all time steps at which calculations are desired. The 

subprograms are designed for specific tasks, such as physical parameter 

input, effective height computations and solving a set of simultaneous 

equations. A description of each subprogram, boundary and initial condi-

tions, selection of time increment and a listing of the computer program 

RECAPl are presented in this section. 

A-1 Boundary and Initial Conditions 

Boundary conditions due to geologic and hydrologic influences 

include (1) impermeable or no flow boundaries, (2) constant head bound-

areis, and (3) constant gradient boundaries. This program utilizes an 

initial water level coding to distinguish the type of boundary. H(I,J) 

is the initial water level in grid I,J and the coding used is: 

O < H(I,J) < 10,000 - actual water level elevation, 

10,000 2 H(I,J) < 20,000 - impermeable grid, 

20,000 2 H(I,J) < 30,000 - constant gradient grid, 

30,000 2 H(I,J) < 40,000 - constant head grid. 

For each case presented in this study the initial condition is that of 

a horizontal water table and the boundary conditions were either imperme-

able or constant head. 

A-2 Selection of Time Increment 

The maximum size of time increment, DT, which will provide adequate 

accuracy should be used to conserve computer time. The optimum DT was 

determined by performing short period analyses with varying DT values 
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for the selected grid dimensions. Smaller grid dimensions may require 

shorter time increments. The number of rows (NR) should always be less 

than the number of columns (NC) to conserve computer time during the 

solution of the set of simultaneous equations. 

A-3 Description of Subprograms 

Subroutine READPH 

This subroutine reads and writes the physical data describing the 

study area. The following variables are read and printed: DX, DY, FK, 

Z, Q, PHI, D, SLMD, BUBPH and QDOT. Q must be read in matrix form. 

Variables DX and DY require only NC and NR respectively. For each case 

presented the aquifer was assumed to be resting on a horizontal imperme-

able base and the hydraulic conductivity was uniform for each grid. 

Therefore, only one data card is required to enter the remaining param-

eters. 

Called from: Main Program 

Subprograms used: MATROP 

Important variables: DX, DY, FK, Z, Q, PHI, D, SLMD, BUBPH, QDOT. 

Subroutine READH 

This subroutine reads the initial coded water table elevations. H 

is decoded and set equal to HT and HP. One data card is required for a 

horizontal water table. 

Called from: Main Program 

Subprograms used: None 

Important variables: H, HT, HP. 

Subroutine MATSOL 

This subroutine sets up the coefficient matrix, CMATRX, and the 

right hand side vector matrix, CR. CMATRX is a reduced matrix containing 
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only the band of known values in the left side of the difference equa-

tions and is written vertically rather than diagonally. Its dimensions 

are (NR-2)*(NC-2) by 2*(NR-3). The coefficients are computed using 

Function PARAM and checked for adjacent boundary values of Hin subrou-

tine NSCOUNT. MATSOL treats known grid values of H. BSOLVE is used to 

solve the matrix equation set up. 

Called from: Main Program 

Subprograms used: PARAM, NSCOUNT, BSOLVE 

Important variables: CMATRX, CR. 

Subroutine NSCOUNT 

This subroutine transfers the coefficients, in CMATRX, multiplied 

by their respective H-value, to the right hand side vector matrix in 

case of constant head or known boundary conditions. It also sets coef-

ficients equal to zero in case of impermeable boundaries. 

Called from: MATSOL 

Subprograms used: None 

Important variables: None. 

Subroutine BSOLVE 

This subroutine solves the matrix equation set up in MATSOL by 

Gauss Elimination. BSOLVE is designed specifically for a diagonal 

matrix that results from analysis of groundwater systems. 

Called from: MATSOL 

Subprograms used: None 

Important variables: None. 

Subroutine ESATHS 

This subroutine evaluates the effective saturated height and the 

effective permeable height as a function of elevation when the 



infiltration rate is zero. 

Called from: Main Program 

Subprograms used: None 
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Important variables: HSQO, HKQO, SLMD, BUBPH, PETA. 

Subroutine ESATHQ 

This subroutine evalutes the effective saturated height as a func-

tion of elevation when the infiltration rate is greater than zero. Inte-

grals are evaluated by Gaussian quadrature. 

Called from: Main Program 

Subprograms used: None 

Important variables: HS, SLMD, PETA, BUBPH, QDOT. 

Subroutine SPYLD 

This subroutine computes the specific yield. 

Called from: Main Program 

Subprograms used: None 

Important variables: HS, HSQO, HT, HP, SY, D, PHI. 

Subroutine EFLOD 

This subroutine evaluates the total depth available for horizontal 

flow. This depth of horizontal flow is the sum of the water table height 

and the effective permeable height calculated from ESATHS. 

Called from: Main Program 

Subprograms used: None 

Important variables: HP, HKQO, HF, D. 

Subroutine MATROP 

This subroutine organizes data or results into a suitable form for 

printing and then prints, 

Called from: Main Program, READPH, READH 



Subroutines used: None 

Important variables: NR, NC, 

Function PARAM 
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This subprogram computes the coefficients in the left side of the 

finite-difference equation. 

Called from: MATSOL 

Subprograms used: None 

Important variables: PARAM. 

A-4 Program Listing 

On the following pages is the listing of the program RECAPl. 
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PROGRAM RECAPI 
p1iQ(;PAH PCCAPl 

111~Pl.:T,nu,~u,.,A~E,slNPUTtTAPE&•OUlPUTI 
C 
c; r.VALl.:ATE Tl'!A 1i'..l£llT. lttSFOtl:;( Of THE WATER TABLE T'J MHIFICI.AL. 
C P.tr.•u<>r,(,11A~fU ():1 DUP1.:1T-fO.(CHH(IH(I( A-SSUNPTION$,Cflll:,l(JLP.ll4G FL0-4 
C •~o GTO~AGl Ill THL cirlLLAPY RE~to~. 
C "· O~TlZ Jur,r . l 'H 7, CDC 1,ftOG 
C 

C 

Ol 11E~SION 
1 ox1s.1t1 
Z HP15,161 
l OIUTl1~l 
ft HSl2SOOI 

~i<ITE ff,, 2201 

~1<15 ,lb) 
, DY I'>, l 1, ) 
, 0 IS, 1'-1 
, OlLTISI 
, H';( j~ IZSOO) 

RfAO 15,?.10) NC,IIP,LOOPUL,OT,NOP 
Wf< ITC If,, ZlOI t:C,111<,LOOPuL,JT 

C CllNT?.lll VAP.IARLES 

, ';Yl,;,t6> , Z 15,tfil 
, H15 1 tl,I , HT15,1bl 
, llITPl1fil , n.10 l'>I 
, r;HATR.(l'• l 1 11, Cl( l<tll 
, H(0U(2500) t HfC5,1&1 

C NC•NU~BEP. Of COLUHNSCOIH(~SIONLESSI 
C NR•NUHBEP. OF P.O~S IOI~ENSIOIILESSI 
C NP. SHJULD ALWAYS RE LE,S THAN Ck EQUAL TO NC 
C LOCPUL=IIUHllE~ OF TIHE STCPS10111ENSIONC.ESSI 
C UT•Tl~E INCREHENTITI 
C ARRAI NA~ES DEFill(O AS FOLLOWS, 
C FK-SATUP.ATEU HYDRAULIC COtlOUCTIVIH IL/fl 
C SY-SPECIFIC YIELD IDIP'EHSICtlLESSI 
C Z-8E8R0CI( ELlVATION ILi 
C ox-•-DIHFNSION CF GRID Ill 
C OY-Y-!llMENSION Of GRIO CU 
C H-1,IITtAL WATER TA!lL F. ELEVATIOJ; ILi 
C HT-PRE~ENT HATER TAHLE ELEVATION Ill 
C HP-WATER TABLE ELEVATION AT PREVIOUS TIHE LEVEL ILi 
C Q-IIET SURFACF. INFLOW PEP. GRID -PCSITIVE DOWIIWAR!JSCVITI 
C DtTP-GOAOI~NT TCP 90UNOARY-CONSTANT GRADIE~T lOU NDARY ONLY ILi . 
C OlRT-G~A~IENT RIGHT dCUNOA~Y-CCNSTANT GRADIEhT BllUNOARY CNLYILI 
C DIBT-G,AOIENT OOTTOM ~~UNJAP.Y-CC~STAUT GRA!JIF.NT ROUNOARf DttLY(LI 
C OlLT-:;P.AOIENT LEFT ftOUllDA'H-CONSlANT GRAOtE :H 'lOUtlOlRY O~LYILI 
C CHATRX-ELEMENTS Cf TH£ COEFFIClE~T MATRIX 
C CR-ELEHENTS Of THE RIGHT HANO SIDE VECTOR ~ATP.IX 
C HS-EFFECTIVE SATU~ATEO HEI~HT AS A FUNCTION OF ELEVATION-
C INFILTP.HlOll PRESENTILI 
C HSCO-EFFECTIVE SATUOATEO ~EI~HT AS A FUNCTION Of ELEVATION-
C ND INfILTRATIONILI 
C Ho<QO-F.FFECTIVE Pf.RMEAflLE HEIGHT AS A FUNCTION OF ELEVATICN-
r NO INFILTRATIONILI 
C HF-TCTAL DEPTH AVAILABLE FCR HCRIZOHTAL FLOWILI 
C 
C NOP=CAPILlARY OPTIONS 
C O=fUU. CAPILLARY EFFECTS 
C l=INT~AttSIT WATER 
C Z=NO CAPILLtRY FLOW 
C l=NO Ct.PJLLARY EFFECTS 
C ••=NO CAPILLARY SlllRAGE 
C 

CALL R[AOH INR,NC,H 1 HP,HT,HWI 
CALL R.EAOPH I NR, NC ,fl(, SY, Z ,OX, OY ,HF ,PHI t O, SLHO ,!lUOPH, •lOOT, Q, PE TAI 
N = IU - HM • 1, I) I 
IF CINl)P,EQ,11,0R, INOP,EJ,311 OUFIPI' = 0,000Ql 

C 
C CllCULlTE EFFECTIVE PERHEAOlE HEIGHT AHO EFFECTIVE SAIU~lTEO 
C H(lGHT WHEN INFILIRATICN RATE IS ZERO, 
r. 

CALL ESATHS ISLHOeBUOPH,~SQO,Hl(QO,PETA,HI 
C 
C CALCULAT( lFf[CIIVE SATURATED HUGHT IIHEN I~fILT'tHION SUlE IS 
C GREAT[R THAN ZERO, 
C 

CALL fSATHQ ISL'10,Pl TA,lllltlP-l,HS,OOCT,NI 
IF INOP,L T • . H GO 10 llQ 
ll t) !DO I = t,NR 
nn 100 J = 1,NC 

SYft,JI : PHt · 
11)•1 C at~T I 'IUE 

A 01 112 
II O~H 
A 0 .. 
A OOU'i 
A ~o ,., 
A ~ ,}.<j 7 
A U a 'Ill 

oo :, ·1 
UH1 

A IJIJH 
A UHZ .. OHl 
A UDl'• ,. OHS 
A QQli, 
A uo 17 
A OH4 
l OHJ 
A 0020 
A 11n1 
;,, onz 
A OUJ ,. QQZI, 

A aoz5 ,. 002& 
A 032' 
A O~l~ 
A OOH 
A 0030 
A OOH 
A ouz 
A oon 
A 00 lit 
A 0035 
A 0~ l& 
A 00 37 
A 00 38 
A OOS<J 
A ~Oft1 
A JO'+l 
A OG '+2 

00 :• 3 
A OQ "" • ,\ Jo .. s 
A Ou'• b 
A o~.,, 
A 00<.4 
A OOiti 

30'>0 
A JOH 
A Ohl 
A OJ'>l 
A 00!>'• 
A oo ~s 
A OU ·,& 
A 0)',7 
A oa-.s 
A 00 •;-, 
A Q0b0 
A 00;,1 ,. ou .. z 
A QOf.3 
A QQ-,t, 
A JOh'> ,. OUn& 
A OU:,7 

" oa .. , 
A U-h'I 
A UOfO 
A U0/1 
A corz 
A uon 
A 0 11/1, 



C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 

tn 

120 

130 

160 

170 

1110 

l'JO 

200 

210 

n~ 
2 !U 
2',Q 
Z<; IJ 

1 
2'>0 

C01tT11tUE 
00 ZlO t'i • l,LOOPUL 

111 : "Olllt<;,ll 
Y=or · •xc; 
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NA A~O NO CfTf.RNINl THE SIZE o, lHE REOUCE0 uANO N4T~r•. 

N• : I Nit - ZI • INC - Z I 
Ne = Z • NR - 3 
ICD = Z • N~ - J 
IRII • IN~ - ZI • INC - 21 

CALCULATE SPECIFIC YrHD 

IF (PfOP.GT _.,, r.o ro 120 
CALL SPYLO CHS, HSQO ,tH, HP ,sv, hC, NR ,0, PHI, I'>, :1, :ioor ,SLND ,Pt:T Al 
CCNTil>IUE 
[F IIH,EQ,01 WWtrE Cb,21t01 l 
If Clrt,EQ.01 CALL MAfROP CNR,NC,SYI 
DO 1l O I • 1 , NR 
00 UO J • 1,IIC 

HP I l, JI : HT fl, JI 
CCNTINUE 
If l!NOP,EQ.01. QR.INQP.E~,ltl) GO TO 1SO 
00 lltO I = 1,NR 
00 lltO J = l,uc 

'iF( 1,JI• = HPII,JI 
CONTINUE 
CONTINUE 

CALCULATE THE DEPTH AVAILABLE FOR HORIZONTAL FLOW, 

IF IINOP•GE.ll.ANO, INOP,LE.JI I CO TO 160 
CALL EFLOO CHP,HKlO,HF,~~,NC,O,Nl 
CCN TINUE 
IF ltTt.El,O,l W'UTE c,.,z501 T 
IF ltTl,EQ,01 CLLL ~AfROP INR,~C,HFI 
CALL HATSOL INR,NC,NA,NB,FK,SY,H,HT,Z,DX,OY,1,0T,IRO,ICC,C"ATRX 
,CR, HFI 
NRl ,.. HR • 1 
NC1 : NC • 1 

00 It A"ID DO c; LOOPS ADJUST THE 80U~OAR\' ELEVH 11'15 HII,J) FO:{ THE 

00 180 12 = 2,NCl 
I~ CHl1,I21.GE,JOOOO.OI GO TC 170 
'if 11,IZI = HTIZ, [21 + OtTPIIZI 
IF CH!l,IZl,GE,20000,01 GO TC 170 
HTC1,IZI = HCt,I?.I 
IF llflNR,IZI.GE.l0000,01 1.0 TO 153 
HTCNR,121 = HTINR1,IZI - OIBTII21 
IF l'ilNR,IZI.GE.20000.0I GO TO 180 
HTINR,121 = HINR,IZI 

CONTINUE 
00 ZOO It • z,NR1 

IF CHCI1,1l.GE.50010,0I GO TO 190 
HTII1,1l : .HTIIl,21 + DILTIIII 
IF IHII1, 11.GE. 20000.0 I GO TC l':10 
HT Cl1,tl = HIIt,11 
IF IHIIl,NCI ,C-.E,J0000.01 C.O TO 210 
HTC rt, NC I = ~tT I I 1 ,H: II - 0 IR TI I 11 
IF . C•tll 1,NCI .<;E,20000,01 GO TO ZOO 
HTII1,~CI : Hlit,NCI 

CCrHtNUE 
IF l[Jl.E), 0.01 w~I TE er,. Zt,01 T 
IF IJll.l'l,01 CALL l'ACRCP lt<R,l4C,HTI 

CONT 1'4UE 
STOP 

FOl111AT IJX, ZHNl;,'+X, Z>INP,lX, 1,1-LCOPUL, U, '+HOELTI 
FClRl"AI llir;,FtO.•,,rt OJ 

FC"HAT l'>O., 7',W;P(ClfIC Y[(LO ~AP AT T :,f7,0,lX, 7H"l'lUff.<;J 
FCkl141 ,,, ,ix, 1tl'1UlPTH AVA!LAt1L1-.: FUR HU~IZOIHAL fLOII U I :,r,.o 
t 1 X t 7HHUl•Jf l '• I 
FC~~Af l',OX, ~/HWhTHl l[Vll HAP AT l s,F7.0,1t, l•tH!IIUf[;J 
r 14 0 

A OUI'> 
A 001" 
A 0017 
A 00 IS 
A O•J 7i 
A 00 :IJ 
A 00:11 
o\ OUIIZ 
A OJI\$ 
A 01 I'+ 
A ou ss 
A QOclo 
A 0117 
A onH 
A OHi 
A OO'IO 
A OJ'll 
A OO'IZ 
A 00<1S 
A OU'llt 
A OOiS 
A 0~ Jf, 
A 09q7 
A OOH 
A OOH 
A 0100 
A 0101 
A Oln 
A OlOl 
A Ol il lt 
A OlUS 
A 01 :1 6 
A 0107 
A 0108 
A 0139 
A 8110 
A OlU 
A 0112 
A ·0U3 
A 0111t 
A ouc; 
A 0116 
A 0117 
A DUS 
A Ull'J 
A OttO 
A 0121 
A OlZZ 
A 012l 
A 0121t 
A O 125 
A 0126 
A 0127 
A Olld 
.\ 012-:1 
A 0lJ0 
A OU! 
A 01H 
A 01H 
A O 1Jlt 
A ou; 
A HJ'> 
A 01,!1 
A 0118 
A 91 .l'f 
A o 1 1,0 
A 01'+1 
A 01'+2 
A Ut,J 
A O lit'• 
A O l 'o'i 
A O 1<,., 
A O 1 <,I 
A U 1 1,~ 

A 01 '•'I 
A ij\ •,O 
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SUBROUTINE MATSOL 
SUBQ~UTINl HAfSOL INO~CW,NCCOL,lP,lR,FK,SY,H,HJ,Z,DlLt,D(LY,Q,OELf 

l,IR1,ICO,C'1ATRt~CR,HFI 
OIHfh 'i lON F'l(INOl(OW,NOCOLI , SYINOPOW,rl'JCOLI, 

1 ~INO~ON,NOCOLI , HTINORO~,NOCJLI 
1. Z INOROw',tt?COL I , OE.LHNO~Oll, tfOCOLI 
1 fJCLYltlOROW,rlOCOll , OitfOf<OW,tfOCOLI , 
It C'1ATRX(lt>0,1COI , CRllt>OI , HFIUOROW, .. JCOLI 

r. Olt1F,{,l')N FOR CHATf•XIINR-7.l'(NC•7.l,Z•NR•31 A'IO FOR Cl((l'lP.•Zl'll•C• 
C THI~ ~UUROUTIN[ SETS UP IHl COlfFICIENT MATRIX AttJ THE RIGHT HANU 
C flATIII.( 
C T'lf CDf.FFICl':'.tU~ Al<C COl'<>UTEU fl Y rt•E ftHICT Iott PARAM, THt: F'Ol !1\.L A U 
C IN PAQA~ IS APPLICAOLl TO CA~[~ WITH VARIAOLE Of, OX, FK, AN "I SITU 
C T'll'.:l<ll ( S S 
C CMATRX - ELEMENTS OF THE CCEfflCIENT ~AT RIX 
C CP. • El<:MEtiTS OF TltE RIC,Hl MAIIO ,IOE I/ECTOR t1H1HX 
C T• E PAT~IX OOTAl~~o HAS rr: ZEPO CCLUNNS ELININAl~U. 
C 

PARAHIAIC! ,Al<Z,AH1,AtH',H1,AZZ,AX1,AXZ,AYl,Af~I O IZ, • Ao<1 • AICZ • 
1 AY1 • AYZ • IAt1AXllA;<1,AHll • ANOllAZl,AV i l 1/IIAX1 • Al(Z • AYZI 
Z • IAX?. • Al<1 • AY111 

00 100 J "' t,Ir< 
DO 100 I= l,IP 

100 CMATRXll,JI = 0,0 
NT = 0 
NC l = NOC OL - 1 
N~l = NOROII • 1 
10 NOROII • Z 
IM=Il3•1 
lC "' 111 • l 
IO= Z • 113 • 1 
D~ 1Z0 J = 2,NC1 
DO 1ZO I = Z,HRl 

NT= NT• 1 
CPltHI : O.O 
IF IHI I,Jl,C.E,t .0000,01 C.O TO 110 
JA = I 
JO= I 
CPAT~XINT,11 = PARA~IFKIJA,J - 11,FKll,Jl,HFIJA,J - 11,~Fll,JI, 

1 ZIJA,J - 11,ZII,Jl,OELXIJA,J • 11,DELXII,Jl,OELYIJA,J • 11,0ELY 
2 I I, JI I 

C~ATRXIHT,101 = PARAHIFKII • 1,Jl,FKII,Jl,HFII • 1,Jl,Hfll,Jl,Z 
II• 1 , Jl,ZII,Jl,DELYII • 1,Jl,OELYll,Jl,OELXII • 1,Jl,DELXll,J 

2 II 
CftATRXINT,ICI • PARAMIFl(II + 1,JJ,fl(ll,Jl,HFII • 1,Jl,HFII,Jl,Z 

1 II+ 1,Jl,ZCl,Jl,DELYII • 1,Jl,CELYll,Jl,OELXII t 1,Jl,CELXII,J 
Z II 

CPAT~Xl~l,IOI • PARAl'11Fl(IJD,J • 11,Fl<II,Jl,HFIJD,J • 11 ,HFll,JI 
l ,ZIJO,J + 11,Zcl,JI ,DELXIJO,J + 11,DELXll,Jl,DELYIJO,J • 11,0EL 
Z Y II, J II 

CALL NSCONT IHIJA,J - 11,~TIJA,J • 11,HTll,Jl,ZIJA,J • 11,Zll,J 
1 1,CMATRXINT,11,CMAT~XINT,lHl,CRINTII 

CALL NSCONT IHll • l,JI , • TII - 1,Jl,HHI,Jl,ZII • l,Jl,Zll,Jl,C 
1 MATRXINT,1131,CMATRXCNT,lil,C~INlll 

CALL NSCOtH lt!II + 1,JI , ,H it • 1,Jl,HTII,JI ,Zll t 1,Jl,ZII,Jl,C 
MA I ~XI •H , IC I , CM AT'! X 1111 , 1'1 I , Cf.' INT 11 
CALL tlSC:ONT IHIJO,J • 11,1-'TIJf.,J + 11,HTll,Jl,ZIJO,J • ll,ZII,J 
I ,r.MATRXINT,IOl ,C tUTPXlt,T,IMI ,CIIINTII 
Ct-lAT'1Xl:>,l,Itll = C11~T Rx 1q,1111 • ICHATRXINT,11 + C14ATRXINT,IBI t 

1 CMAT~•INT,ICI + C'1AT ,Hl'H,IOI t ISYII,JI • OC:LXII,JI • OELYII, 
Z J 111:-IF. L Tl 

C~Olfl = CRINTJ - IIHII,JI • SYII,JI • O[LXII,JI • OELYll,Jll/0 
ELT • 011,JI 
GC TO . lZO 

UU CHAHKINT,1111 " 1,0 
C'-'INTI = llfll,JI 

tza CUNIINUE 
CAlL u•;(ILVE ICM4TO,IP,I~,CRI 
,.., • 0 
un 1~0 J = 1,NC1 
on 1!0 I • i,NRt 

:• T • HT t -t 
1 .,0 t<lll,JI • t;RINTI 

tH TLl•:t,f 
l lHl 

!3 ooaz 
II U 1 tJ S 
il ooai, 
:i O~u, 
ij JO ·J .. 
fl OUJ/ 
fl DO~$ 
fl OU, 'J 
ti 0010 
ti ouu 
ii UUlZ 
ii 3J1 S 
0 0 ,11 .. 
11 Q~ !S 
J 001'> 

0017 
tl 001~ 
iJ ~Ul'J 
13 00 l~ 
J JO~l 

·3 0 -lU 
il D~Z J 
t.1 u~zc, 
cl ouzs 
UDO!& 
8 0027 
R 00>.d 
ii QOZJ 
!3 ~OJ~ 
0 OOJ1 
J oou 
I DJ.il 

LI OHlt 
3 UOJS 
d OH& 
8 0037 
S OOH 
!l 01H 
!3 OO<tO 
3 001t1 
0 OO<tZ 
S OD1tl 
0 001, .. 
a ooi,; 
8 J04& 
!3 00..7 
!J DO 1,S 
e ou .. 'J 
e oa,o 
0 00'>1 
0 OD'>Z 
8 OOH 
8 JO'>lt 
!3 DU ,S 
6 OJ~'> 
3 Oh7 
u oo•,s 
:3 0 Q•; •J 
U ODoO 
0 00,,1 
3 ~h2 
U OJi>J 
D DD ~-. 
0 OOu ·i 
0 OIJi:; 
0 O~uT 
d 00,S 
13 UO-, ·J 
,, U Of~ 
,1 JO fl 
·I OU I! 
d OJ/J 
:1 o.a , .. 
i ; l O I', 

J J, •• 
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-SUBROUTINE NSCONT 
C 
r, lt!IS <; tJl-<1: UIIN"" 111llN <; Ffij'i 1t1E COEHir;IENfS~ t1ULrTl'L I t. I n y TPI CII/ ~C 
C H•VALU ·~ , TO ft• t 1111;111 tlA'lO SfDf VEl;fl) R :unn l'l t:~:..L OF ,:t:'lHAIH 

l( ~OWN ~UU~ OA~Y CONPlffC~~. 11 ALSO SETS CO[rFtl:ttNTS EJUA~ TJ iE~O 
C Of' 11'1' ::!(HE A'lLf !JOU N(l~l"IC,, 
C 

C 
C 
C 

IF IHA,LT,?.0000,0J GO Tri 100 
CRL • C~L • CkXA • HTA 
C~XM • CRXM • CRXA 
C~Xl\ • 0,U 
GO TO lt O 

100 IF IHA,:.(,10000.0I G1 TO 120 
110 If IIHT'1 • · Z'11 ,LE,1. •J, 4N:J·,t<T ,1.C.T ,HTAI GO TO lZO 

IF IIHTA • ZAI.GJ.1.a.oR,HtA.LE.HT~I GO TO 130 
120 CR XA • 0, 0 
1JO Rf TURN 

100 

110 

120 

1 .lO 

1 c;o 

1"10 
1'0 

1110 

ENO 

SUBROUTINE SSOLVE 
SUBRCUTINE BSOLVE IC,1:,H,VI 

lHIS SU3ROUTINE SOLVES THE MATRIX, SET UP IN HATSOL, BY GAUSS ELIH 

OlHEJ.SI:)N • CIN,111 , VCNI 
LR "' CH • 11 / 2 
00 110 L • 1,LR 

H " LR • L + 1 
DO 110 I • 1, IH 

00 100 J z Z, H 
CCL,J - 11 = CCL,JI 
KN • N .. - L 
1(1' • H - I 
CIL,'fl • 0, 0 

CC l(N • 1, KN • 11 • 0 • 0 
LR s LR+ 1 
IH : N • 1 
DJ HO I • 1,IH 

NPIV :: I 
LS :: I • 1 
DO tZO l • LS,LR 

IF CABSICCL,111,r.T,AOSCCCNPIV,1111 NPIV L 
CC•HINUE 
IF nw1v.LE,ll • c.o TO 11t0 
00 130 J • 1,H 

TE11P • CCl,JI 
CII,JI = CINPlV,JI 

C rnPIV,JI • TE'1P 
fE 11P : Viti 
VIII • VC'IPIVI 
VC~P[VI • T".:MP 
Vl[I • Vl[JIC;l[,11 
oo 1,0 J = z,~ 
Cl[,JI • Clt,JI/Ctl,11 
00 170 L = LS,LP 

TEMP : CIL,11 
VILI • VILI •TEMP• VIII 
00 1f.O J = Z ,H 
r,CL,J • 11 : CIL,JI - TEMP• CII,JI 

CCL, '11 • 0, 0 
IF ILR.U,UI LI> • LR + 

CONT IN 1J<'. 
V 1111. : VI 'l 1/C ltl, 11 
JH = Z 
01) ZOO t = 1,IH 

L • ~I • I 

I if l 

on no J = ?,JH 
1('1 = l • J 

~Ill = VILI - CIL,JI ' V(l(H • 11 
[F IJH.LT ,HI JH • JI'\ • 

t: il J• :l 
C UJU l 
C JJJ4 
C J :IH 
1; JU Jh 
C UOJ 7 
.; UJH 
C UJ,1 • 
C OJlO 
C OiJl1 
C 0012 
C OJtJ 
C UOllt 
C OOli 
C OJlt> 
C 0017 
C 00111 
C OHCJ 

D OOOZ 
o aou l 
0 OO Clt 
D OUU'> 
0 OOH, 
0 OOH 
0 UOJS 
0 OOH 
0 001~ 
0 0011 
0 OHZ 
0 0113 
0 001ft 
0 001, 
0 001& 
D OU7 
0 0018 
D DOB 
o ao20 
0 Ql)t~ 
0 oozz 
0 OOZ.J 
n O~Zlt 
D 0'16 
o on;; 
(J OOZ7 
o ooz• 
0 O~l'J 
0 OU ~O 
Cl OOH 
U 01lZ 
.:J O~H 
0 0~ Sit 
o oa.is 
0 OOJ& 
O Oil l7 
fl OU l-1 
U 00 11 
o ou•,o 
f) 1)1) i.1 
u ou•,z 
U 00 ',J 
!J 0,1 't'• 
0 01 1,? 
0 0041, 
0 OO<t7 
U 00 -.~ 
0 0049 
D oa,o 
0 OU ·,1 
'l O'l ,z 
IJ QI) ' , I 
11 u·! ,,. 



80 

SUBROUTINE R£AOH 

r; Tl• !', ·;un;,(JIJT[llf IHAU'; )ti Al, INITIAL WAtEH U •ILE t.LfVATlOli C'< 
r; •if Al l FfJ;> C:Jl'IJ,Af'[li(i W41i . :> LlVfl C.l'AN6E'i 
G d=[ II HI AL ~AI FI> lA 'lll d.l VAJIOt.Cll 
C 1,T=" •'f. ';('H WI.Tf1> T41•U. fLEVAflCJl,ILI 
C H"=•nff:> T~lllf FL~. V~fl -JII :J'( llfAO Al f>;,EVl '.J:JS ll'1( L[Vfllll 
r, li•:,,,rrn [OIITAL W,'11: '~ LEJLL 
r. l f1C.: u : rr 1! 11Jlt'l ,\l~Y t C'lt 
r; i'1 : r; ~'-'I 1;1>lT ,I0',:11 14,<Y (,[Jilt 
'.: I'!,: , T(JI' '-1i 'JI IIJ Al>Y C'lllE 
r: ' ! 11C:: 't1 T T'J~1 :, '!' J!H1 .l,'.( f c.; r. :1F.: 
r: F)L :11rr1r;ATION 'lr ilf)Jl•; [r.~y "/Al'Jl~ r:F H 
r, HI !,JI Lf'.;', T••Arr n r,~ 11-,11.ft;, rnuL[ ELEVATr :n, :l'.l ilou r,OA'(V) 
r. HIJ,JI -; ·~F.AH~ THA'I a u oo ,sur Lt-:;s THAil Z ,J ,00- l11PE'111[A 1lLi: 
C. 11( 1, .11 filHAH:'> Tt<A,, l 0~0C IJUT Ll:'.SS THAil ;,, J ;o - UNOEk FLC.f 
C: ... l, JI ':; ~LA H THA •I .1onon rwr Ll ss THAN ~ 010 n-r;OIISTAIIT HlA J 
C 

C 
C 
C 
C 
C 

O["l[W;[,N H( .11> 1 :lCI 
REAL Ln:; 
iJlAD p;,zOOI HW,LllC,r>11C,TBC,llBC 
no 100 I = 1,Nr. 
oo 100 J = 1,11c 

Hl[,JI • HW 
100 COIH l'loJE 

00 110 I s 1 ,NR 
ti (I , 11 • L OC: t hW 
H(I 1 1ICI • Ri;C + HW 

110 CONT I14JE 
00 120 J = 1,NC 

H11,JI • TllC • HW 
H(NR,JI = a~c. HW 

1 ZO CO ~T lNUE 
00 1~0 J = 1,NC 
D01,0t=t•N;> 

KK • l-'II,Jl/10000 . t 1.C 
GC T:) 1130,1'+0,lS0,1601, KK 

130 HTII,Jl = HII,Jl 
GC TJ 110 

11+0 HTII,JI • HU.JI • 10000. 
GC D 170 

1i;o Hlll,JI • HII,JI - znnoo. 
GC fJ 170 

1<.o HT(I,JI = H(l,JI - Jqooo. 
170 HP( t,JI • HTl[,JI 
1'10 CONT l'IUE 

14'UTE 16, l •JOI 
CALL ttAlROP (NR,NC,H) 
R l:'. TURN 

, HTINR, t.CI , HP(Nk,NCI 

!'!~ f(ll<"IAT (S~X, ]c;HCOO[O MATER TAllLE ELEVATIOt;S AT fsQ) 
200 FJRMAT (SF10o11 

E1rn 

SUBROUTINE ESATHS 
SUORCUTfNf fSATHS liL~D,IUJPH,4S00,HK~O,PElA,NI 

THI, 5U~ROUTI«r CALCJL~lCS TH~ lFFECf[VE PlR11 ~ A~LE HC::[GHT •~n 
~FF[CTIVE SAT11~•r1 .J Hfl':.ltT ~!; A FUNCTil.li'< OF [LclAT hlN W'if.11 
[~FILT~ATIO~ ~All IS , ~co. 

01111 t-5IJN ..,,.ioc•u 
IJO l 1 I • 1, N 

rt I I I • t 
It i'O T : •t I I I/ r; •Jll l•H 
1F 1••110 1.Ll,1,111 GJ r .1 too 
H . ; l 1(1) < 11 :;L 1ll • ••n IT • 
11 , •: ')( I I = ( li'H • 111n1 • 
r;c ll 11U 

t !10 !'. r·n I "UL 
"~ Hll I HITI 
11 , l U I 11 H C 11 

I IO ,; l't; l !'il l• 
~, ru •1N 
t~ :'. 

, H( ! ~JO l , Hl(JH'il 

• l!o - SL!'IJII IISl>tn • ! 0 II • l ".J.lf'tl 
• 11. - Pt:f4II/IJ'!:T.I • 1.011 • •l ;J •!l'tl 

L ar11, z 
[ OJ .. I 
I uo .. .. 
f. 1a ; > 
l 0 :l i i, 
I. fJ .] " ' 
f 0 ·1 d 
l 0 ~ j 1 

' o,nry 
C !J ,)!! 
I iJJ12 

Ct l J 
l COl~ 
i. !.I ·)! s 

IJIJ l '> 
an, 

L 0-J .~ 
OH~ 

l O~lO 
[ nn 
!:: JU !Z 
!:. 0~? J 
F. 00 .... 
E ous 
C: onr, 
E ·aqu 
[ on~ 
t OJ:\I 
[ OJ .l J 
E IJH! 
E ij J 52 
E 00.SJ 
E UJ llt 
E ~o jS 
(. OJ 16 
E 003' 
£ OU Jd 
E OH'! 
c:: 00•0 
E UJd 

00 .,z 
E 0 ,) .J 
£ 00 .... 
E OU .. 5 
E OU 1,f> 
£ OJo.7 

0, .. 3 
E 00 .. • 
i Ohl 
L ",I ... 
[ Ohl 
E OC•,J 
,.: OJ ;., 

" O,dZ 
(, 0.; J J 
" 0 U .. ,,.; o Jo:; 
.., UJ Je, 

LJ I 7 
; J~ ·, 
t, 1)1'1 >) 
.. J J 1 
f, 01.t 
.., J I 1 l 
... ,J I ll 
', J I l iit 
t , 1 j ., 

,, ~t.J l II 

J l ~, f 
I~ ) ,I l -\ 
,, \:i i I 

J J .'•I 
1IJ .'! 



r. 
C 
C 
C 
C 
C 
r. 
C 
C 
C 

r, 
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SUBROUTINE READPH 
Sl!!I~ CIIT: •H ~f Alll''i UN,~,: , F "•; Y ,i, llX , JY, '4f, PttI, 0, SUtU,OUnPll,J .ll)T , 1l, J J -l t 

lP !· T~I JuJI 

Hll 'i SU ll~l•.JTI NI. t.:~Afl~ AN ll 111,;IHS Ttl( •'•IY'HCAL OHA OlSC~IIIING 
Tt<f 'i Y'iH '1. 

Pllt •Cl{ ~l'1At1Lr f'O .rn:IT YIC:!MI 'l 'i l ON L(<S) 
l) ::;1;cur1:, '.; t;i<, nt: [ L LI.VArl •JNILI 
S L!'lll•l'll~ ~ ~ll( !Jl :iH l•l '.fll l.l~ PWlXleIME.NSIU~LE'.:.SI 
0U il l'H 0 llJflfllI NC. " ·<f. :;s11~ r f(f A,)( LI 
Crl 'J T:SC,Hf'O FLU~ I.IA I·: .l' C..i I II ~f. UPIIA'{ilSIDI~tN'ilCNLESSI 

FFK•U'IIf01{'1 llYO'laULIC C0~1UC11Vl1YIL/TI 

l 00 

110 

lZO 

1.!0 

Oll'lf ~SI::JN 
1 DY(Nq, ~ CI 

11 '-I Ill 1&,l.,01 

F,<INR, 1,C I 
, ~F IN'1 1 1'C I 

, l (Nl(,NCI 
, SYltlR,NCI 

Rt::A:1 ('j,l', '11 PtlI,a,suir.,JUUr'H, tW Ol,FFK 
PETA= 2.0 • ll.O • '.:.L~al 
~'llTf. C&,t<;OI 0 trt,fl,SL~C,flUtll'H,QOOT,FF-<,PETA 
CO 100 J • l,NII 
00 10~ I( • 1,NC 

Fl((J,1(1 • O.O 
SYIJ,'<I = 0,0 
HFIJ,KI = 0.0 
Z IJ,<I • ~.u 
CIJ,1(1 • o.o 

Co NT IN •J':: 
1UAO 15,2001 IIJXl1,JI ,J 
Oll 110 ' 1 • Z,NH 
00 110 J • 1,NC 

OXII,JI • 0111,JI 
CONTPIUE 

l, NCt 

q(AO 15,10~1 COYII,11,I • !,Nq) 
00 120 J • Z,NC 
00 lZO I z 1,Ni;> 

'JYII,JI • OYII,11 
CONTI NU;'. 
00 1JO J : 
DC' 130 I( = 

r1<1J, I( I 
CONTINIIE 

1,NR 
1,NC 
: FFI( 

~EAU 15,2~01 110([,Jl,J = l,IICl,I • 1,NRI 
W~IH I&, 1601 
CALL ~ATRJP INR,NC,OXI 
ll~lTE If>, 1701 
CALL l'lftTP:JP INl',NC,DYI 
~PITE (&, lllCI 
CALL MAT01P IND,N r. ,FKI 
M!! IT!:: (<,, UO I 
CALL MATROP (~?,NC,Ql 
~ ( TIJfHl 

, 0 X ( N~, J1;C I 
, CN!l,fl;t;I 

14 ~ F ~ P~AT (7X, ~ HPHI,4X, lHU,10X, 5HLAMOA,St, SH~UijPH,6X, 4'i UOOT 
l,&X, 4H~jAT,lX, ~HP(lAI 

l<;Q F i: '-!f1Af IP.FlO.ZI 
1&0 FORMAT ISQ~, 24%H:J Si'ACI'•C.,X-OIRECTIO'll 
170 FOPf1Af 1,;a1, Z:.'4~~,o 5 P~Cih;,Y-O!~ECTIONI 
1~0 F'HMH (<, OX, 2', HHY!;l(A';LI C (rJ 1WUCTIVITY MAPI 
1 '10 f' Qfm ,\f l'iOX, lZ tH! f.(,lf~" GF. •t~"I 
ZQO F1~~AT l ~F1 0.ll 

UHJ 

u ,,., .. 
f- IJ I I'; 
f U J JO 

f' UJ.;7 
r u J r 1 

u J , ·• 
UJ10 

F Q.;11 
f UJ 12 
F 0'113 
f uui .. 
F oi;i; 
F au 1& 
F 9H7 
F 0011\ 
f' OH"l 
F OJ !O 
F UOll 
F u,Ja 
r OJ .:! J 
F U ,J.!4 
F J U 5 
F JUi, 
F un, 
f' UUII 
f' O•Jl~ 
f il J .IO 
f' UJJ1 
F QJ~Z 
f OJJJ 
F UJ j lt 
F UJ 35 
f' CU3& 
F a J.J7 
r 0 -1 J~ 
F OJ3'1 
f OU••~ 
f' 0 0 .. t 
F u J.,z 
F a J 1oJ 
f' ijJ .... 
F 3•1:.5 
F 01,,& 
F Ja •• , 
F oa:.i, 
F OQ :.J 
F J J', J 
F a a ·,1 
F Ql, '>2 
F ij 11 '> 3 
F 0 1J ;-. 
F Q1)',,; 
"01,0 
F a:l',, 
F 'l J •,-\ 
f' UU '> 'I 
f J ) 1, J 
f' <I •J •, l 



C 
C 
r; 
r. 
r. 
C 
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SUBROUTINE ESATHQ 

lf't'.; '.;U'\flt'll; rtll l' LVIIL'JAft, loif rFHC.flVC SATtJ~Aff.1 HEIGHT 
~'.; A F'J?ICTJ ON 11F LU:VllJON WIii.ii HF'llf~U JQ:I RATE IS 
~MEA1r, fHA~ l[MO.l4r(,-~rl~NS A~C PERFti~H[~ BY GAUSSIAN 
OIJACMATURE • 

IJIHF.li";l!IN 11'ifNI 
t X f tZI 

NUl'QPT • tZ 
A t. 
ll = I • QfHlTI • • I • t.lPETAI 
C lil • Al/2 • 
0 l 'I • AI/Z • 
WT Ill : .Oi,717!>13i,3~&5l 
WT IZ I • t Of.q] •• J tS<f•11Ht 
WT 131 .11, o,111J7.~,1tll1t 
WT tr, I • • ZOJtf,7ft2fdZJOr, 
Wf(':i) : .7. .Hft'll5H,,J'l35 
wT1r,1 • ,z,.q1r+1ar+,AtJi,o 
WT 171 • • Olt7t75Ht,31H,5l 
wT1&1 = .101,~311zsq9531 
wr1q1 .11,017iJl85i,J3ft 
.itc101 = .20 .ur,r1t267230f> 
wr 1111 = .2H'+~25H>5l1135 
WT 1121 • .zi,9tft7Q1,5813'+0 
Xlll = •'H15606 -l'+Zft671 
XIZI • .90'+117256HOlt7 
Xl31 = .11,q9QZ67ft19ft3Q 
Xlftl = .567l1795ftZ66&1 
Xl51 = .1676311,9'199616 
Xlf>I = .1Z5ZJ31,065111,6 
Xl71 = • .9S15&0&31,2i,t71 
Xl81 = • .901,117Z5&3701t7 
X191 • .7~990Z&7i,tqft]Q 
XltOI = • .5a7lt795ftZ8661 
Xllll = • .3&76lti,9899St8 
XllZI = • .1Z52J31,Q851llt6 
ENTG~L = O.O 
00 100 I : l,NUHQPT 

FPOOT = 0,0 
FFOOT = C • Xfll • D 

, HIZ11001 

E•TG~L = ENTGRL • 11.,11 • a~or • FPOOT • 

, WJ llZJ 

H 30 ll l 
H O•Jul 
H UJU~ 
H O a J '> 
It OU J '> 
H 00~7 
H QQJ,t 
H 00~1 
It 0010 
It 0011 
H 0111 Z 
II 0 Q13 
H UJl<, 
II OHS 
It OH& 
H OJ17 
H JH" 
It OJ li 
H JU.!O 
,I 0021 
,I JllZ 
H 0123 
rl UUllo 
II 00Z5 
H OJl& 
H o~a 
H 00211 
H 00<:'I 
H 0330 
H OOJl 
H OOU 
H t) IJ.13 
H 0011, 
II OOJ'i 
H ~03!, 
H OH7 
II U3J& 
.H ao .N 
H 00 '+3 
H 00,.1 
H aJ<+2 
H 00'+3 

100 CONTtNU£ 
• PETAII • ~Till • C H 00'+'+ 

H 011'+; 
H OOlt& 
H 00 •,7 
H ooi,a 
H OO<,'I 
H OOSO 
H 00 ·•1 
t1. oo ·,z 
H 00,3 
H oa;i, 
H QOjS 
H 00'>6 
H 00;7 
H Ul ', 8 
H 00 ·, • 
H OOoO 
H 00 h 1 
H ObZ 
H OJ <> .S 
H oa .. ,. 

uo 

ZDOT11 = Cl.Ill. • Q'lOTII • ENTGRL 
Zll = ZlOTll • OU~PH 
ZUOTl = 1./Cl~ • lOOTI 
PSU~F • l, 
00 t 70 t :: l, N 

Hill = I 
HC1T = HIII/OUOPH 
IF 1>4DOT.LE.ZOU1l I GO TO 160 
IF IH10T.GE.ZOOT111 GO TO lftO 
CLHS = H~OT • 1.111. • 0001) 
CCNrIIIUE 
PSU~F = PSURF • .OOOS 
13 : PStJ~F 
C = I "I • A 1/Z. 
0 = 1:1 • Al/2. 
Rt<S : O.O 
DO 1ZD (: 1,NUMQPJ 

FPDOT : 0,0 
r 0 DOT = C • Xl(I • 0 

= ~H S • 11., (!. • coot • Fl'OOT • • P(1AI I • WTIKI • C 
CCNTtNUE: 
0 JFF • CLIIS - RIIS 
IF IAOSI OIFfl. GT,0.0051 ~OTO 110 
C = 111 • UIZ. 
ll = IO t AI. IZ. 
S lN (, ~l = a. 0 
no 1lll J 1,NUMQPT 

f" ''llOT a 0,0 
r? llu T • C • X IJ l • 0 
S lt:r,t!l = <;J'l uRL •Jl.lllFPOOT • • SLHU) • 11. • coot• ~P DO 
T • • PC 1 A I l I • WT I JI • C 

H OOoS 
H OO<>o 
H O ) ,.,7 
It OJ ·,ft 
•t Ol ·d 
It ,J ti' J 
•t O O / 1 

lol l.I , z 
H l) J7 j 
11 J ir .. 
H JU f'j 
! t i) J I f, 



C 
C 
r. 

tu 

l "0 

lSQ 

160 

170 

100 
110 

12~ 

110 

l'iU 

lfiO 
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CONll!'lUf; 
HS I II - <illllf' II • CI, I Cl • • c.0011 • Sltl~~ll 
GO l:J 110 
A t. 
11 = I - 00011 • . I - l,lrEUI 
C z ( I) - A, I?. 
n = I •J • Al/2, 
S (Nl;~L o. 0 
no 1 'il! L = 1, tlUH Qfl I 

fi>OOI = o.o 
F!>OOT • C • XILI • 0 
SINGIIL· = SlNc.~L • llfl'OCT • • I - su,01 - I - ,h)OTI • • IS 

l L!'tll/P[TA I 1/C t, • C'l:11 • FPOOT • • PU 41 I • ~TILi • C 
CCNTtNUf 
HSI II = BUi.'PH • IC l. - I - QOOTI • • I SL '10 /Pf. TA 11/ Cl, • •lOUTI 

l • I - QllOTI • • l'iL ND/P~ TAI • IIDJT • SINGRLI co T::l l.70 
CONTINUE 
HSI II = HC II 

CONTINUE 
RETURN 
Et-10 

SUBROUTINE SPYLO 
SUBROUTINE SPYLO ChS,HSCO,HT,HP,SY,NC,NR,O,PHI,IS,Q,QOOl,SLHO,PETA 

11 

THIS SU9ROUTINE EVALUATES THE SPECIFIC YIELD, 

OIH05I:JN 
l HPCNR,NCI 

IF (IS.GT .11 GO TO 
00 l1 I = 1 • Nl 
00 110 J = 1,IIC 

HSC25001 
, SYINR,NCI 

120 

IF CQCl,J).GT.0.01001 GC TO 100 
SYCI,JI = PHI 

• HSllOCZ5001 
, QCNR,NCI 

, HTCNR,NCI 

GO T:J 110 
SYCJ,JI PHI • 11 • - C - QOOTI • ' CSUID/PETAI I 

CONTINU E 
RE TURII 
CONT JNtJE 
NR 1 = Nl - 1 
NC1 = 11:: - 1 
00 1~0 I= Z,NRl 
00 1£0 J = Z,NC1 
00 160 N = 1, Z 

IF CN, El). 11 •ff = HP Cl,J I 
IF CN.E0.21 Hf = ~I CI,JI 
If ClCI,JI.EQ.o.oco, ~a TO 130 
l = :J - HF 
IZ = l 
HS A : CHS Cl l • 11 • H:i Cl l I I ' Cl - l l 1 • HS CI l I 
IF c:1.Ea.11 liSl • HSA 
IF C~I.E:).ZI (,0 TO 11t0 
GC T'> 1r,o 
CONTINUE 
l • J - HF 
IZ = l 
HSA = C'ISlOCJZ • 11 - HS10 UZI I • CZ - IZI + HSOOC rz1 
IF IN.EIJ,11 li '..1 : WiA 
IF C•l.f.'l.ZI GO T:> 11,J 
GO l'.l 1~0 
C C'IT HIil £ 
OIFF: Hfll,JI - •H'II,JI 
If COJFF • Lf • n.u GCI TU 1,0 
H~2 : H3A 
~YC!,JI • PHI• 11,~ t CH~2 - H!ll/C~TCI,JI - HPCl,JIII 
r,o 11 tr,o 
r.r.•1Tft11Jf. 
~YCl,JI : ~rct,JI 

CONT l'IIH' 
il( TIJlll l 
.... o 

H ijn,r 
H UJ: j 
Pi OU t"I 
'I J •i ,H 
H 00 11 
ri J,;1,! 
IC UJd3 
H UJJII 
H Q~1S 
H 0 :1116 
H Q0,1/ 
•I 0~66 
ti 01H 
If au-30 
,t JO ll 
H 00-12 
Ii OO'il 
H ua •,. 
H 00 • 5 
H 0~~6 
H OU-J7 
H oo~s 

I OOJZ 
I UOJl 
I OOJ,. 
I 00 •! 5 
I 00 H> 
I OOH 
I DJJ~ 
I OO •J'3 
I 0 0 1-l 
I 0011 
I 0012 
I OH3 
1 OOllt 
I 0015 
I 0111& 
I 0017 
I DOU 
I DO l<J 
I OOlO 
I 0021 
r 0022 
I 002.S 
I oai1• 
I 0025 
I 00 2b 
I 0 •1"7 
1 un.s 
I 0 1J2 <J 
l O 0..10 
I UJJ1 
I OU JZ 
I OD .SJ 
I 00 I,. 
I O•J .J'> 
[ 00 Sf, 
[ 00 l7 
r oo:a 
I OOH 
I OUltO 
l OU It! 
I 00,.2 
J 00 't.l 
1 oa ,.,. 
I 00 '• S 
I D ij '"' 
I U1't f 
I o o ,,, 
I II a .. -. 
l J O ,o 
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SUBROUTINE EFLOD 
SU~RCUTTNE [FLO~ IHP,lftCCa,HF,NR,NC,O,NI 

C 
C ltH!; 5U9ROU11Nt EVALUATt S 111·£ !lEPHI AVALt.ULE FO~ HO~IZ ONTU fll)W, 
C 

C 
C 
C 
C 
C 

C 

r. 
C 
C 

0 I HE '-'.i TON 
NIil : t:~ - 1 

Z,NtH 
c'.', NC1 
HPII ,JI 

NCt = !IC - 1 
00 10 O I = 
00 100 J 

l = !) -
12 : Z 

~PINR,NCI , HKQO INI , lff I NR, NC I 

EPH = IIIKQO Ill • 11 
HFII,JI = H?ll,JI • 

- HKJOlllll • IZ - Ill • HKQOIIZI 
EPH 

100 CONTINUE 
RETURN 
[NI) 

SUBROUTINE MATROP 
sueRCUTINE HATROP (NORCW,NOCOL,BI 

THIS SU1ROUTINE ORGA11Z£S CATA OR RESULTS INTO A SUITABLE FJ~~ 
FOR F.INTING ANI) PRINTS, 

OIHtNSI:>N 

NOCOLl1 = llOCJL 
ICCNT = 1 
N01 = tl')COLH 

BINORO>l,NOCOLI 

IF I NOC'.1Ll1.r.r, 121 :m1 = !2 
10-0 NO Z = ii!lC O Lt1 - 1 Z 

WRITE lf>,1~01 IJJ,JJ = ICONT,IW11 
00 110 I= 1,NOROW 

110 WRITE 1'>,11t01 I,l!ltr,Jl,J = ICCNT,1-0!1 
IF IN02,LE,01 t>[TU<W 
NOCOLH: NOCULH - 12 
ICONT: tCO~T • tz 
IF O,OC1Ul,LE.t?I C.O TO IZO 
NOl: ICOllT • 11 
GO ff) 110 

120 NOl = ICONT - 1 • NOCOLH 
GO TO 100 

no F OR:-1 AT 11 H , , , • JX, 1217 i ,lH x, I 2111 
lit~ ff)RHAT 11H ,1HY,I2,12F!~,31 

(110 

J ~JJ2 
J t] ;JIL~ 
J ~ ,1a 1t 
J OJ ,I ':> 
J OJJ!> 
J QJJT 
J OJd 
J OJ .. • 
J UJlO 
J oua 
J OJlZ 
J 0113 
J Oatlt 
J 0~ 15 
J 001b 
J OJH 

K OJ J2 
K OOOJ 
IC 00,!<t 
K OOJ, 
K oo o.; 
IC 0007 
K (1008 
IC OO JCI 
I( 00 l •l 
i< 0011 
IC 0012 
I( OH3 
!( OU<t 
IC OH, 
IC 031& 
K OH7 
I( 001' 
K Out~ 
K aozo 
I( 0~21 
I( oozz 
i< OalJ 
K 00 l<t 
K oqic; 
K our, 
.,. ooa 
t<: 0028 
I( rJOn 
K oo sa 
I( 00.11 



Time 
min · 

0.5 

2.5 

5.0 

APPENDIX B 

RESULTS FROM EXPERIMENTAL TESTS 

Table B-1. Mound Growth Results From Experimental Tests 

Media: 2.5 mm Glass Beads 

Run: 1 

Ho = 14.35 cm 

<l>e = 0.35 

D = 32.9 cm 

q = 5.05 cm/min 

K = 303.96 cm/min 

Pb/pg= 1.0 cm 

A = 7.00 

Water Table Height at Distance X From Centerline of Mound 

x=l5 x=45.5 x=l 01. 5 x=l82.5 x=263 x-319 .5 x=350 

18.50 18.00 16.00 14.80 14.55 14. 50 14.45 

24.60 23.70 22.20 19. 50 17.40 16. 00 15. 30 

27.80 26.60 25.30 22.40 19. 50 17.30 16.10 

(cm) 
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Table B-2, Mound Growth Results From Experimental Tests 

Media: 2,5 mm Glass Beads 

Run: 2 

Ho = 14.35 cm 

4> e = 0,35 

D = 32.9 cm 

q = 6.10 cm/min 

K = 303 .96 cm/min 

Pb/pg = 1.0 cm 

A = 7.00 

Time Water Table Height at Distance X From Centerline of Mound {cm) 
min 

x=l5 x=45.5 x=l0l.5 x=l82.4 x=263 x=319.5 x=350 

3.0 27.30 26.50 24.90 

4.5 28.50 28.10 27.00 

21.80 

23.70 

18. 90 16. 90 

20.40 17.80 

15. 90 

16. 30 
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Table B-3. Mound Growth Results From Experimental Tests 

Media: 2.5 mm Glass Beads 

Run: 3 

Ho = 14.35 cm 

<l>e = 0.35 

D = 32.9 cm 

q = 7.34 cm/min 

K = 303.96 cm/min 

Pb/pg= 1.0 cm 

>. = 7.00 

Time Water Table Height at Distance X From Centerline of Mound (cm) 
min 

x=l5 x=45.5 x=l0l.5 x=l82.5 x=263 x=319.5 x=350 

1.5 26.03 24.70 22.70 19. 20 16.90 15.70 15. 10 



Time 
min 

0.75 

1.00 

2.25 

2.75 

3.00 
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Table B~4, Mound Growth Results From Experimental Tests 

Media: Ottawa Sand 

Ho = 6.7 cm 

cpe = 0.2 

D = 34.5 cm 

q = 2.37 cm/min 

K = 0.65 cm/sec 

Pb/pg= 8.8 cm 

>. = 4.14 

Water Table Height at Distance X From Centerline of Mound 

x=l5 x=45.5 x=lOl.5 x=l82.5 x=263 x=319.5 x=350 

15. 50 14. 10 l 0. l 0 7.50 6.80 6.70 6.70 

17.40 15. 90 11.00 8.00 6.90 6. 70 6.70 

24.50 22.20 15.30 10.20 8.10 7.20 6.70 

26.30 24. 10 17 .10 11 .00 8.60 7.50 6.90 

27. l 0 24.90 17.90 11. 30 8.80 7.60 7.00 

(cm) 
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