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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 in 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
determine 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



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.
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Colorado State University
Fort Collins, Colorado 80523
Spring, 1977
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CHAPTER I
INTRODUCTION

The Recharge Phenomena

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 intrusion. 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



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 compared 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). 1In 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 terms 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.



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)
© b+ (P /eg)"

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/L(P/P)" + 1] (2-2)

where K 1is the saturated hydraulic conductivity, Pb is the bubbling
pressure head and n 1is 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



Ke Jjust 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 soi]vmateria1
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:

N A
Se = (Pb/Pc) for Pc > Py (2-3)
and Se = 1.0 for Pc §_Pb
The effective saturation, Se » is defined by
Se = (5-5,)/(1-5,) (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 1liquid, is related to the volu-
metric water content, 6 , by

S =6/¢ (2-5)

where ¢ 1is the total porosity.



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 Tlog Se as a function of Tlog Pc/pg .

The relationship between relative permeability, kr’ and capillary
pressure can similarly be expressed by

kl"

(P, /P)" for P, > P (2-6)
and
k, = 1.0 for P, <Py
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+3\ . (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= Ked (2-8)

where u 1is 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.



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

O

L
a2

2
K e hd

(2-9)

for determining the spacing of drains. Where Qd is the total drain
outflow, L 1is the drain spacing, K is the saturated hydraulic conduc-
tivity of the sand, hc 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.



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 fension 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



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 impermeable 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 accounting for the capillary
flow suggested by Schmid and Luthin (1964). Bouwer evaluated the thick-

ness Ze of this fictitious capillary fringe as
Hl

Z, - lK 6 K(z)dz (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 Figure 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.

Predicting the amounts of groundwater storage associated with
natural or artificial recharge sites.

Predicting the time required for a recharged mound to decay
to a given height.

Predicting responses of the water table at individual loca-
tions for optimizing operational recharge.

Predicting when the rising mound will reach the ground surface,
and hence when pond intake rates will become limited by sub-
surface conditions.

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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boundary |-:-Water Table:::::::
(Groundwater Mound )"‘

Iy erwous' Stratum’- xEE

Figure 3-1.

SR EIURI S S SR, \\\{\\\\'\i\\\\\\{\\\\'\\\\\'\\\'\'\\\"\'\\\'\\\{\\\\i'\\\\\\\‘\\

— Y

Diagrammatic representation of a groundwater mound
beneath a spreading basin.
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1. 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 guantity.

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 considercd dc 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 therefore the transition 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 mcdified 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):

3 (kp 3y 4+ 2 (kp 3H y _ =g H ’
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). 1In terms of the above two variables, the mass continuity

equation may be modified as:

3 Ikt ) 307+ 20 [k(hem) 287 - a(xay) = 5, 2= 6, 2 (heh))
(3-2)
where
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.
¢. = drainable porosity.
H. = an equivalent depth of saturated soil having the same
volume of drainable water as the capillary region.

3.1 Equivalent Permeable Height

The effectiveness of the capillary region for transmitting horizon-

tal flow is expressed by:

|
Hk = T<' f K dZ (3"3)
0
where
H' = distance from water table to soil surface,
K. = effective conductivity.
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For H' j_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 for P_ <P (3-4)

e c— b
and
Pb n
K( 5; ) for pc-i Pb . (3-5)

Under static conditions, assuming the fluid constitutes a physical

Ke

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

Ke = K for z 5_Pb/pg (3-6)

and

" Pb/pg
e 2
To evaluate the effective permeable height Hk , equations 3-6 and

K )" for oz > P/eg - (3-7)

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

n - B (Py/og)™!

Hk = Pb/pg ( n - 1 (3-8)
The depth of flow to be used in equation 3-2 would be
n = W (P /0g) ™!
h+Hk =h+ Pb/pg ( n = 1 (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
H, by Pb/pg . Letting H! = H'/(Pb/pg) and H = Hk/(Pb/og) equa-

tion 3-8 may be written as:



16

. .1-n
Hk. = D—n—}j—]—— . (3-]0)

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:

Hl
Hs =f Se dz (3-11)
0
where Se is the effective saturation defined by Se = (S-Sr)/(l-Sr)
and Sr is the residual saturation. The effective saturation may also
be written in terms of capillary pressure as (Brooks-Corey):
L A
Se = (Pb/PC) (3-12)
where )\ 1is the pore-size distribution index. For the problem under

consideration, H. has to be evaluated from both static equilibrium and

3
steady infiltration considerations.

For the condition when P <Py then Se =1 and Hg =H' . On
the other hand if Pc > Pb then Se <1 . Therefore Hg < H' .

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

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

noting that Se =1 for PC §_Pb yields

Pb/Dg H'
Ho=1  dz+[ (/P )" d(P /og) . (3-13)
0 Py/p9g

Integrating equation 3-13 yields

A=1 T1-2
2 P (P, /0g) H = 1
L, b i
Hy = =2 = s ) . (3-14)
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In terms of dimensionless variables HS_ and H. , equation 3-14 becomes

1-2
A - H!
HS. = ﬁ—— G (3-]5)

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:
" H
' Sg dz + I Se 4z 5 (3-16)
z
for H' < z" the third integral does not exist. Before the value of HS
can be obtained, the 1imits of integration have to be evaluated.

By using Darcy's Law q = -Ke dH/3z , together with Brooks and Corey
equations S, = (Pb/Pc)x and K, = (Pb/Pc)n for P_ > P, ; also, K=K
and Se =1 for PC < Py 5 and the fact that Kew = @ from z = z" to
z = H' ; the elevations and corresponding capillary pressures at the

three separate regions are evaluated as:

g . .
2l X g @ P, = P,/og (3-17)
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equilibrium with a water table, b) with a steady
downward flux of water.
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2" = T%al + E-q.) T:i?gj; @ P, = P/g (-Q.)']/n
(3-18)
H' = Height of ground surface above the water table
@ P, = Py/og (-q.) /" (3-19)
where
q. = q/K
z: = 2'/(P/pg)
z! = 2"/(Py/p9)
n =2+3
P. = (P./09)/(P,/09)

The value of HS can now be evaluated for the case of steady
recharge by substituting the appropriate 1imits of integration from

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

yields: “1/n
B O L A Dy o e Bl e N P
Hs 17 + (-q.) H! + s
' 4 1 14q.P."

(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
§y oh/3t and Yo 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 %o 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.,
s ANy 4 (g )=¢ & () =y 1+ iﬂi y 2h
ot ~ %e ot s’ = % 3n s/ 3t ¢ 3h / at

y e
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By separating the terms we arrive at

s, =6, (1+=2) . (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 A/n
= _b.a__ 1 (-q') - A/'ﬂ '
Sy ¢e”+pgah[ T+q. + (-q.)"" "H!
-1/n
(-q.) =\ A/n
+ f P- - (:qo) dP- ]} . (3_22)
1 ]+q.P.n

If the profile is not sufficiently deep, such that H' < z" , then Sy

is given by:

Py

- b3 1
Sy = % {1+ pg ah [ T+q. T

PS
/ dp. 1} (3-23)

P.M(1+q.P.")
where PS_ is the dimensionless capillary pressure at the soil surface.
"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:

P 5 |- Hz]-x

b 2
o [1#4 Ea‘gﬁ'( 50— . (3-24)

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

3-2 yields:
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n—H']'”(Pb/og)n-] 3h ;
n-1 X

ah _ 3
Syﬁ‘ X {K[h + Pb/pg (

n-H' (P, /0g) """
n-1

+ 5 (KTh + Py/og ( )18 -axy)
(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
RECAP1 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:

%;(KHF%%)+§7(KHF%§)=SYS—':+A—BE (4-1)
where

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),
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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:

t, t+at t, t+at t trat t, t+at t t+at
A Hi’j_] + B Hi’j+] CTH;_ 1.3 +D H1+] - (A+B+C+D+E) "H i,
. S 1
0,5 - E'Hy 5 (e
where t
At = ZKLLlK.' n] ] Y Y 9j ]HF.aj';' (4_3)
&% ,JK1.JAX i,J-1 AY isd- 1K1.J 1 X
t
Bt = ZK.QJKLQJ"'] Bl AY s,1+] HF QJ'H’ (4_4)
AY. ,JKl’JAX 41 AY J+] ; J+]AX
o
ct & ehy s.]K1 1:.] X :J x1 ]:,IHF '29J (4_5)
AX 15 1,JAY1 % +Ax1 1,J i-1,J3 Yi,j
t
B 2K11JK1 ],JAX . x1 ]’JHF " (it
Ak ,JK1,JAY1+1,J Ax1+1,JK1+1,JAY1,J
t
SY; x AY,
R Y i % il P ¥
E R ) (4-7)

The 1i,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 A% and its
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X
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3 oH g — )A
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¢ ) t4+AL s : t+at
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- BY(H; 5-Hy 54) - 07(hy 5 a5

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-

t

i,j-3s is computed by the
s TR

zontal flow between grid i,j-1 and i,j . HF
following equation

t t

HFS oy, = MAX(HFg,j, HES 5q) = MAX(Z; 02y 5 y) (4-8)
where
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.

t, Ct, Dt, Et are computed at the beginning

The coefficients A®, B
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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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 thickness is used for this comparison.
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The spreading of a groundwater mound due to a continuous recharge
from a lTong strip of width 60 meters 1is considered. An impermeable
boundary representing the center of symmetry and a constant head boundary
are imposed at x=0 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 1imiting his
solution to the case where the rise of the water table relative to the
initial saturated depth is small.

The equation for the one-dimensional case is

_ dh
. _E' (5-1)

Q
QL
thN
=

where

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 = (KHy) /¢,

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):

2
;e du) de (5-2)
U
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where

u = X - W2
VBag
u, = x + W/?2
Vot
g = (t-n)
R =1i/¢g
and
n = time of application of incremental recharge,
i = uniform continuous recharge rate,
W = width of recharge strip.

The basic solution of equation 5-2 is appropriatc 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 1is shown in Figure 5-2. The upstream
end has an end plate made of impermeable 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 2/4 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 mm 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 glass 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 Determination of media properties

The media properties that had to be known for the experimental
studies include saturated hydraulic conductivity, K , bubbling pressure,
Pb » pore-size distribution index, » , effective porosity, o > residual
water content, B, > and bulk density, P - A11 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+3\.

The total porosity of the material in the flume was determined by
utilizing the bulk density, Pp of the medium and the particle density,

» and the relationship,

¢ =1-op/og . (5-3)

Ps
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Figure 5-4. Relative conductivity as a function of capillary
pressure head.
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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 pycnocmeter 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 9o
was determined from the relationship

be T &7 0 (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  Pp/P9 b n Grain size  poc0intion
cm/sec  cm mm
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 is 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 bolts
and the model wall was obtained with O-ring seals. A view of the piezom-

eter is shown in Figure 5-5.

nylon screen - cement
to body

hole bored along
axis of body

brass tube
soldered to 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 2 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 B and 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 hcad 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
numerical 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 determined 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 tc 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 L] = 100 meters , K = 86.4 meters/day , o = 0.2 ,q=2.59
meters/day and H0 = 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-
1y, Glover's soluticn underestimates 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 Evaluatijon

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 is dependent on in-transit water and
the contribution from the static moisture content profile. The numerical
model RECAP1, developed for this study, can simulate no capillary effects
(Hk=0, HS=0), no capillary flow (Hk=0), no capillary storage (HS=0), the
influence of in-transit water only (Pb/pg = 0), 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 cb-
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 ¢f the same order of magnitude as the
initial saturated thickness. In Figures 6-4 and 6-5 the effectfve 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 table dcpth 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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Alsc, 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
increases 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 will 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 will
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 increcases 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
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 water takble
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 have 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 X becomes larger.

Depth to water table has relatively 1ittle influence on the develop-
ment of central mound height other than to Timit its maximum height.

For deep water tables 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
tb 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 excess of 50 percent in predicting

the growth of groundwater mounds.
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APPENDIX A
DESCRIPTION OF PROGRAM RECAP1

Program RECAP1 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
RECAP1 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:

actual water level elevation,

0 < H(I,J) < 10,000

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

20,000 < H(I,J) < 30,000

constant gradient grid,

30,000 < 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 Teft 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 H in 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
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infiltration rate is zero.

Called from: Main Program

Subprograms used: None

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
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Subroutines used: None

Important variables: NR, NC,

Function PARAM

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 RECAP1.
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PROGRAM RECAP|
PR OGPAM PCCAPYL

CINPLUT yOUTHUT, TAPESRINPUT, TAPEG=0UTPUT)

CVALUATE TRAWSIEWT RESPONGE OF THE WATER TABLE T9 ARTIFICIAL
RECHARGE 4 NASED 0N DUPUIT-FORCHHEIMER ATSUMPTIONS,CONLLULRING FLCA
AND STO2AGE IN THL GAPILLARPY REGIOMN.

Ne ORTIZ JUNT 1977, CDC K400

DLMENSION FK(S,16) SY(5,16) v 215416)

v ’
OX(541F) s CY(5,16) s HU5,16) » HT(5,16) 0
HP(5,16) y 0(5,16) » DITP(16) v NIRTLS) ’
NIBTLLE) sy DILT(S) s CMATRX(42,7), CR(u2) ]
H3(2500) o H3U0(2500) o HKQO(2500) 4 HF(5,16)

WRITE (6,220)
RFAND (5,230) NC,HP,LOOPUL,0T,NOP
WKITE (hy230) NConkyLOGPUL,DT

CONTROL VARIABLES
NC=NUMBER OF COLUMNS (DIMEASICNLESS)
NR=NUMBER OF ROWS (DIMCNSICHLESS)
NR SHOULD ALKAYS BE LESS THAN CK EQUAL TO NC
LOCPUL=NUMBEP OF TIME STLPS(DIMENSIONLESS)
DT=TIME INCREMENT(T)
ARRAY NAMES DEFINED AS FOLLOWS.
FK-SATURATEU HMYDRAULIC CONDUCTIVITY (L/T)
SY-SPECIFIC YIELD (CIMENSICKNLESS)
2-BEGROCK ELEVATION (L)
DX=x=DIMFNSICN CF GRID (L)
0Y-Y=-DIMENSION OF GRIO (L)
H=-14ITTAL WATER TASBLE ELEVATION (L)
HT=PRESENT WATER TAHLE ELEVATION (L)
HP-WATER TABLE ELEVATION AT PREVIOUS TIME LEVEL (L)
Q-NET SURFACE INFLOW PER GRID ~PCSITIVE DOWNWAROS(V/T)
DITP=-GRADIENT TCP SQUNDARY-CONSTANT GRADIENT 30UNDARY ONLY(L)
DIRT=GRADIENT RIGHAT JCUNDARY-CCNSTANT GRADIENT BOUNDARY CNLYIL)
DIBT=-GRADIENT ROTTOM JIQUNJARY=-CCONSTANT GRADIENT BOUNDARY JHLY(L)
DILT-GRADIENY LEFYT BOUNDARY~CONSTANT GRAOIENT 30UNDARY OMLY(L)
CMATRX=-ELEMENTS CF THE COEFFICIENT MATRIX
CR=ELEMENTS 0OF THE RIGHT HAND SICE VECTOR MATRIX
HS<EFFECTIVE SATURATED HEIGHT AS A FUNCTION OF ELEVATION-
INFILTRATION PRESENT(L)
HSGI=-EFFECTIVE SATURATED HEIGHT AS A FUNCTION OF ELEVATION-
NO INFILTRATION(L)
HKQO-EFFECTIVE PERMEARBLE HEIGHT AS A FUNCTION OF ELEVATICN-
NO INFILTRATION(L)
HF-TCTAL DEPTH AVAILABLE FCR HCRIZONTAL FLOW(L)

NOP=CAPILLARY OPTIONS
0=FULL CAPILLARY EFFECTS
1=INTRANSIT WATER
2=NO CAPILLARY FLOW
3=NO CAPILLARY EFFECTS
w=NO CAPILLARY STORAGE

CALL REAUH (NRyNCoHyHP KT, HH)

CALL READPH (NRyNCFK4SYy2,0X,0YsHF 9PHI 0y SLMD y3UBPH,200T4CsPETA)
N = () = HW & 1. 0)

IF (INOP.EQe1)+0Re INOP.EQ.3)) BUBPH = 0,00001

CALCULATE EFFECTIVE PERMEABLE MEIGHT AND EFFECTIVE SATURATED
HE IGHT WMEN INFILTRATICN RATE IS ZERO.

CALL ESATHS (SLMD,BUBPHMSQOsHXG0,PETAN)

CALCULATE EFFECTIVE SATURATED HEIGHT WHEN INFILTRATION RATE IS
GREATER THAN ZERO.

CALL FSATHQ (SLMO4PETA,BURPH, HS,Q0CTsN)
IF (NOP.LT.3) GO TO 110
00 200 I = 14NR
00 100 J = 14NC
SY(TsJd) = PHT

199 CONTINUE

P PP PP PPPPLLPPDDOPERPDL PP LD PP R PP PP PP RPPE PR PR PP D

01492
0948
URETLY
03us
Jd ik
LEYR4
ylls
006.9
4L
yney
U2
0913
J01e
0915
001n
9oLz
0018
0313
0020
o2t
07¢2
ga23
0926
3025
0026
agz7
0028
9023
0030
0031
0132
8033
0034
3035
0036
0037
2038
0039
9049
J061
0042
0043
0044,
J045
9040
Que?
0048
G043
3050
3051
00%2
0253
0056
00-5
0us6
'R AT 4
PFEY ]
00539
0060
0061
0002
0063
00n%
A06HS
00nb
['EY 4
0008
01n9
00’0
0o/t
2072
wars
0n’e
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110 CONT INUE

120

140
150

180

1%

200
210

2?29
2%
240
2451

ou

NA

210 15 = 1,L00PUL
171 = MON(IS,41)
T =0r*15

AND NB CETERMINE THE SI2E OF THE REDUCED SAND MATRIX.

NA = (NR = 2) * (NC - 2)
NE = 2 ® NR = 3

ICD = 2 * NR - 3

IRD = (NR = 2) * (NC - 2)

CALCULATE SPECIFIC YIELD

IF (NOP.GT.2) GO TO 120
CALL SPYLD (HS¢HSQ0 HT4HP 4SY{NCoNRyDePHIZI5,.1,2C0TSLMD,PETA)
CCNTINUE
IF (IT1.€Qe0) WRITE (04200) T
IF (IT1,EQe0) CALL MATROP (NRyNC,SY)
00 130 I = 14NR
D0 130 J = 1,NC
HPLI.J) = HT(I.J)
CCNTINUVE
IF ((NOP<EQ«0)<CR«{NOP.EQ.4)) GC TO 150
DO 140 I = f,NR
00 140 J = 1,NC
HF(I4J)-= HPI(I,J)
CCNTINUE
CCNTINUE

CALCULATE THE DEPTH AVAILABLE FOR HORIZONTAL FLOW.

oo

IF ((NOP«GE«1).AND. (NOP,LE.3)) GO TO 160

CALL EFLOO (HP,HKQD yHF y NR¢yNCyDsN)

CCNTINVE

IF (IT1.EQ.0.) WRITE (R,250) T

IF (IT1.EQ.0) CALL MATROP (NR,NCsHF)

CALL MATSOL (NRGNCoyNAyNByFKySYsHyHT4Zy0Xe0Y4240T+IRD,ICCy CMATRX
1CRyHF)

NRE = NR = 1|

NC1 = NC - 1

4 AND D0 5 LOOPS ADJUST THE BOUMDARY ELEVATI7MS H(I,J) FOR THE

00 180 I2 = 24NCL
IF (H(1,I2).CE.30000.0) GO TC 170
HT (1,12) = HT(2,1I2) + DITP(I2)
IF (HI1,12).GE.20000.0) GO TC 170
HI(1,1I2) = H(1,1I2)
IF (HINR,12).GE,30000.0) GO TO 183
HTUNRsI2) = HTI(NR1,I2) - DIBT(I2)
IF (4(NR,I2).GE.20000.0) GO TO 180
HT(NRsI2) = HINR,1I2)

CONTINUE

0C 200 I1 = 24NRL
IF (H(I1,1).GCE.30070.,0) GO TO 190
HT(I1,1) = HT(IL,2) ¢ DILTI(IY)
IF (H(I1,1).0E.20000.3) GU TC 190
HT (I1,1) = H(I1,.1)
IF (H(I1,NC).GE.S0000,0) GO TO 270
HT(ILaNC) = HT(I1,C1) = DIRT([1)
IF (H(I1,NC) «GE.20000,0) GO TO 200
HT(I1,MC) = HUI14NC)

CCHTINUE !

IF (IT1,E2,0.0) WRITE (hy260) T

IF (IT1.E2.0) CALL MATRCP (KR KCoHT)

CONT INUE
stop

FORMAT (37, 2HNG,4Xs 2HNRy1X, 6GFLCOPUL,1X, GHNELT)
FORMAT (S5I5,F10.%4110)

FCUMAT (50X, 29HTPECIFIC YIELD FAP AT T =4F7.,0,1Xy 7HMIYUTES)
FCHMAT (%0X, u2HOLPTH AVAILAGLE FOR HORIZONTAL FLOW AT T =,F7.0
eiXy THMINUTEY)

FCRMAT (90X, 22HWATER LEVEL MAP AT T =2,F7,0,14, 7HMINUIES)

FNN
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Qars
0070
0azr?
3078
0379
0043
0031
guse
0043
0346
0ussS
0040
0)37
on3s
03439
2990
0u9L
0042
0dus
QU9
0045
0036
0997
0038
0039
01d0
0101
0132
0103
01ib
0105
0146
0107
0108
0109
0t10
0111
0112

0113

0114
0115
0116
0117
0118
0119
8120
0121
0122
0123
0124
0125
0126
0127
0128
0123
0130
013¢
0132
0133
0134
0135
0136
0127
0138
9159
Q149
0161
0142
LRYS §
0144
0145
014n
LEEY4
01nA
0119
0159
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SUBROUTINE MATSOL

SUBRCUTINE MATSOL (NOWCHoNCCOLsIPs IRGFKyGYH M T, 7,0ELX DELYQyDELT
14IRD,ICO, CMATRZ 4CRyHF)

DIMENSION FKINNRDW,NOCCL) » SYUNOROW,NOCOL),
1 HINOWOKGNICOL) s HTINGRON, wOCOL) ’
2 2 (NOROWNOCOL ) ¢ DELXINOROW,NOCOL) .
3 DELY{NOROW 4HOCOL) » QINOROW,NOCIOL) ’
4 CHMATRX(IRD,ICO) s CRUIRD) » HF (NOROW,NOCOL)

CIMFHSEON FOR CMATKX((NR=2)*(NC=2) 42*NR=3) AND FOR CRI(NR=2)®(NC-
THIS SUBROUTINE SETS uP THE COEFFICIENT MATRIX AND THE RIGHT HANU
MATRIX
THE COEFFICLIENTS ARC COMPUTEQD AY THE FUNCTION PARAM, FHE FQRULLA U
I PARAM [5G APPLICABLE TN CAZES WITH VARIABLE 0Ov, 0X, FKy, AN) SATU
THITKNESS

CMATRX = ELEMENTS 9F THE CCEFFICIENT MATRIX

CR - ELEMENTS OF THE RIGHT HAND SIDE VECTOR MATRIX
T4E MATRIX OBTAINED WAS ITC ZEPO CCLUMNS ELIMINATED,

PARAMUAKY s AK2 g AHL 3 AHZy A71, AZ2,AX15AX2,AY1,AY2) = (2. * AK1 * AK2 *
1 Ayl # AY2 * (AMAX1(AA1,AHZ) - AMAXL(AZ1,AZ27:i))/7((AXL ® AK2 * AY2)
2 ¢ (2X2 * AK1 * AY1))

00 100 J = 1,1IR

DO 100 I = 1,IP

CMATRX(IsJ) = 0,0

NT = 0

NC1 = NOCOL - 1

NR1 = NOROW - 1
I8 = NOROW - 2
IM = 18 ¢+ 1
IC = IM ¢ 1
I0 =2 * I8 ¢ 1
02 120 J = 2yNC1
00 120 I = 2,NR1

NT = NT ¢ 1
CRINT) = 0.0
IF (H(I,J).GE.10000.0) GO TO 110
Ja =1
Joc =1
CPATRIXINT, 1) = PARAFMIFKIJALJ = 1) ,FKII, ) HF(JA,J = 1) ,FFLI,J),
ZUJAgJd = 1) +ZULJ) 4DELX(JAsJ = 1)4DELX(TIyJ) 9DELY(JALJ =~ 1) ,0ELY
(IyJ))
CPATRXINTLIB) = PARAMIFK(I = 1,J)3FK(IyJ)sHFII = L4J)yHFI(I,J),2
(I = 1,00, Z(TsJd)yDELYLI = 14J)90ELY(L4J)DELX(I = 14J),CELXUI,LY
»
CMATRX(INTLIC) = PARAMIFKII + 1,J)4FKII,J)sHF(L # 1,J)sHF(I4J)s2Z
(I ¢ L3003 Z(TsJ)s0ELYIL & 19J)sCELYC(ISJ)y0ELX(I # 1,J),CELX(IJ
2 )
CFMATRX (N5 I0) = PARAMIFKIJD,J + 1) ,FK(I+J)yHF(JDJ * 1) ,HF(I,J)
92(JD,J # 1) 92019 J) 9DELXIJDY ¢ 1) DELXUILJ)4DELY(JDJy ¢ 1),DEL
Y(I,J))
CALL NSCONT (H(JA)J = 1), FTUJAWY = 1) HTILI 4J)sZ(JAGJ = 1) 4Z(I,J
1 ) sCMATRXINT y1) yCMATRX(NT, IM),CRINT))
CALL NSCONT (HC(I = 1,J),4T(1 = 1,00 ,HT(LsJd)s2(I = 1,J)92Z(L,J),C
1 MATRX(NT,I8) yCMATRX(NT,14)4CRINT))
CALL NSCONT (HUT ¢ 1,J) ,4TUT + 14J)oHTUIJ),2Z(1 ¢ 1,J),201,J),C
1 MAT AXANT L IC) yCMATRXINT , IN) 4 CRINT))
CALL NSCONT (HUJO,J ¢ 1)erFTIJCsd ¢ 1) oHTUI4J) 42(J00J + 1), 2(I,J
1 ) s CMATRXUINT S ID) yCHATRX (NT 3 IM) 4CRINT))
CHATRXUNToIM) = CMATRX(NT,IM) = (CMATRXINT,1) ¢ CMATRX(NT,I8) +

CMATRX(NTLIC) + CMATRX(NT,ID) ¢ (SY(IysJ) ® DELX(I,J) * DELY(I,
JIVZOELT) .

CRINT) = CRUINT) = (HTLI,J) * SYU(I,J) * DELXtI,yJ) * DELY([,J))/0
1 ELY - QUI,J)

6C TO 120

CMATRXINTLIM) = 1,0

CRINT) = HT(I4J)

CONTINUE

CALL BSOLVE (CMATRXGIPsIRsCR)

NT = @

00 130 J = 2,NCH

U0 130 T = 24NRY

NT = NT ¢ 1

HELL4J) = GRINT) - -

R TURN
LND

™~N b N - ~N -

N -

N -

IR NUE VR CWENO RO W NP WP NN ENUR PR WE Wk R LIt WWIEN T LT RE T

3 0002

T

U103
0304
00u3
3046
0gar
0nu3
0ui9
0319
outt
gd12
Ju13
Jule
0115
0din
2017
0014
j019
9020
N2t
0322
ge2s
unze
0ou2s
0026
goz27
0023
0023
2032
0031
0032
0333
0936
2935
0336
0037
0033
9733
040
00&1
0042
0043
004%
0945
J0 46
0047
0043
0069
0059

0051
0052
0053
J0 54
0u>S
0355
0d-7
0048
0059
0300
0d61
0052
033
00 5%
Clas
0des
o?
00,8
U359
0029
071
0ur2
00738
074
3079
Jdin
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100
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130

110

120

130

140

150

160
170

130
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SUBRCUTINE NSCONT
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-SUBROUTINE NSCONT

(HA TR HT Mg 2A 42, CRXALCRX M, CRL)

THIS SUIROUTINS TRANSFERS THE COEFFICIENTS, MULTIPLIL) RY THEIR RE

H=VALUZ, TO THE RIGHT
KNONN JOUNDARY GONDITICNS,.
OF TFPIRMEAARLF BOUNDAR TES.

IF (HALLT,20000,0) GO TO 100

HAMD STOE VECTOR MATRINX [N CALc OF
IV ALSO SETS COEFFICIENTS EQUAL TJ JERO

GONSTANT

CRL = CRL = CRXA * MTA

CRXM = CRXM = CRXA

crRXA = 0.0

GO 10 110

IF (KAL.GE.10000.0) GO TC 129

IF COHTY «.2ZM) oLlEale Do ANDGHTHLGT LHTA) GO TG 120
IF ((HTA = ZA)oGTaleUeORHTALLELHTM) GO TO 130
CRXA = 0,9

RE TURN

END

SUBROUTINE BSOLVE

SUBRCUTINE BSOLVE (C,N,M,V)
THIS SU3SROUTINE SOLVES THE MATRIX,

DIMENSION CI(Ns™M)
LR = (M - 1172
D0 110 L = 1,4LR
It = LR =L ¢ 1
DO 110 I = 1,IM

DC 100 J = 2,M
CtlLsJd = 1) = ClLsJ)
KN = N = L
KF =M -1
ClLy) = 0,9
CIXKN ¢ 1,KM ¢ 1) = 0,0
LR = LR ¢+ 1
IM =N -1
DO 180 I =
NPIV = [
Ls =1 +1
D0 120 ¢ =
IF
CCNTINUE
IF (NPIV.LE.I) GO TO 140
D0 130 J = 1M
TEMP = C(I,J)
ClIsJ) = CUNPIV,yJ)
C INPIV4J) = TEMP
TEMP = V(D)
VII) = VINPIV)
VINPIV) = TEMP
VII) = VII)/CUI,L1)
00 150 J = 2,™
CtIyJ) = C(LeJ)/CtIH1)
00 170 L = LSsLP .
TEMP = ClL,t)
VIL) = VIL) = TEMP * vI(I)
00 160 J = 24M
ClLed = 1) = ClL WP
ClLs) = 0.0
IF (LReLTol) LP = LR ¢ 1
CONY INYF
VN = VINI/ZCINg 1)
JM = 2
0N 200 T = 1,IM
L= N-1
00 190 J = 2,JM
KM = L ¢ J
VIL) = V(L) = ClLyJ) * VIKM =
IF (UM.LT M) JM = UM ¢ 1
COANT NS
@ Tyl
foan

1:IM

LSsLR

- TEWP *

SET UP IN MATSOL, BY GAUSS ELIM

» VIN)

(ABS(CIL,1)) .GT,ABS(CINPIVs1))) NPIV = L

ClIyJ)

1)

QOO0 GOGOCO

O C OO DCECSOCCoDOUCECDOOOoOCDODUDUEPOODDOOCRDOCUODDODEDOC

o

-

DR K
0J63
Judb
Jdds
3006
vou?
[UNRE]
QY
0310
0J1
0012
0013
0314
0015
0dle
0017
0018
0919

0002
J003
0934
00usS
00905
2097
JdJ8
0033
0019
0011
0012
0913
0014
0015
0016
0017
0018
0019
J020
0neL
0022
0023
0024
99¢5
0325
0027
0023
0ne3
ouio
0031
01332
LLER]
00 s4
0335
02356
9037
0u i
0049
0040
UL}
0une
00%3
00 %
0345
00 4h
0047
008
0949
23>0
Qust
00,2
09,3

PR
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140
150
140

170
140

190
200

190
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SUBROUTINE READH

SUBFCITING REANH (MR NG oMy MRy H T o HW)

THIS SUBPOUTING RFEADTS IM At INITIAL WATER TAYLE ELEVATION CR
HEAI) FOR COMPARING WBTL? LEVEL CHANGES
W= INTTLAL AATER TATSLL ¢LEVATIONIL)
MY ZBWELENT WATERY TANLE ELEVATIONIL)
HE =W ATER TANLE FLEVATION JR HEAL AT PREVINUS TIME LEVFLIL)
MR 24N LONTAL WATES LEJLL
LBC=LEFT 220uNDARY LOO%
PRGRIGHAT 305UNARY (OBE
142=TNP "uUlGARY COnE
Az ITTOM DNLARY COOE

ITLHTIFICATION 2F BOJNCARY VALUES OF M
HUlyJ) LESS Tuan $71000=WATE P TAULE ELEVATIONC 40 BOUNDARY)
Hil,J) 52EATE? THAT 1LUQ0 oUT LESS THAN 245.,00- IMPERMEASLE
H(1yJ) GREATE? Thai ¢000C GUT LESS THAN :ij0 = UNDEK FLCA
HETeJd) GREATER THAN 30000 2UT LESS THAN 4000N=CONSTANT AEA)

DIMENSION HIPZNC) » HT(NR, NC) v+ HPUNK4KRC)
REAL Las
WLAD (5,200) HW4LBC,PHBC,IBC,BBC
00 100 I = 1,4NK
CU 100 J = 1,NC
H{L4J) = HHW
CONT INYE
D0 119 I = 1,4NR
H{Is1) = LBC ¢ KW
H{I,MC0) = Ri3C + HW
CONTINUE
0N 120 J = 1,NC
H{1,J) = TBC ¢ HW
H(NRyJ) = B2C ¢ HW
CONTINUE
DO 180 J = L{4NC
DO 1490 T = 14N?
KK = H(I,J)/10000. ¢+ 1.C
GC TH (130,140,150,160), KK
HT(I,J) = H(I,J)
GC T 170
HT(IyJ) = HIIoJ) - 10000,
GC T2 170
HT(IsJ) = H(I,J) - 20000,
GC 13 170
HT(I,J) = H(I,J) - 39000,
HP(TyJ) = HT(LsJ)
CONT INUE
ARITE (6, 190)
CALL MATROP (NRyNC,4H)
RETURN

FORMAT (57X, 3SHCODED WATER TABLE ELEVATIONS AT r=0)
FORMAT (SF10.1)
Eun

SUBROUTINE ESATHS

SUBRCUTINE ESATHS (SLMD,1UIPH,HSQ0 sHKQO,PETA,N)

THIS SUIROUTINF CALCJLATIS THE EFFECTIVE PERMEAGLE HCIGHT AND
CFFECTIVE SATURAT Y MEIGHT AS A FUNCTIUN OF LLEVATION WHER
INFILTRATION FATE IS 7tR0.

DINMENSION HS20(N) « H(2590) v HKJI((N)
U0 117 1 = 1,N

Htry = t

HLOT 2 LTI ZLUNEH

IF (M00TeLteleN) GO T 100

Had W) = CESLME = HEDT = ® (1, = SLMINZISLMD = 2,00 * uaed

ALY = (UPETA « WY & ® (1, =« PETA)IZUPETA = 1,000 *
S0 1Y L1 -
COeNTINUL
WD) = MDD
HAadd(I) = H(D)
CONY TNUY
21 TURN
ENo

~e
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anu2
Ouu s
Yldue
20>
33 ik
UB R 4
07,43
Uiyl
0317
(DRSS
ulie
gee3
chte
DRSS
LURLY
anr
Glin
0913
03¢0
3921
22
9923
0024
0ues
0326

‘0927

0223
0129
0033
0331
332
0033
V)34
0145
dd 36
0037
Ju3a
0739
0040
Just
0042
G143
0044
00 +5
Jun6
0)w?
0Us3
0349
0J-3
LERE DY
gdne
>3
0d54

Cuyje
03
PERLY
0135
Glin
R4
Juian
LB |
Juiy
93it
g2
J1L3
Jile
1ils
vilon
Jra
Jatd
uii!
F )
e
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120

130
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150
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140
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2100
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SUBROUTINE READPH

SUSRCUTINE QEANPH (INRgNCoF Ry 3Y o qUK Y HF g PHI 3 Do SLMUBUNPH, Q0T 4 Q,

1P+ TA)

THTIS SUBROYTINLG RLADS AND WRITES THE PHYSICAL OATA OESCRIJING

THE SYSTEM.
PHI=CRATINANLE FOROSITY(CIMiNSIONLESS)
D=z G0CUND SURFACD LLLVATIIN(L)

SLMO=PURE S1ZE DISTRINUTION INUEX(DIMENSIOMESS)

BUIPH: WHALING PRESSURE HEAD(L)

GONT=SCALFO FLUX RATT #PCSITIVE UPWARUSIDIMENSLICNLESS)

FFK=UNIFORM HYORAULLIC CONIUCTIVITYI(L/T)

DIMENSION FKINRWINC) v ZINRZND)

1 DY INRyNC) v FFINRYNC) s SY(NR,NC)

WRITE (6,1460)

READ (54157) PHI ) SLMDyJUBPH Q00T 4FFK

PETA = 2.0 ¢ (3.0 ¢ 5Lv))

PRITE (641500 PHI,0,SL¥C,BUBPH,QDOTFFX,PETA

CO 100 J = 14NV

D0 109 K = 14NC
FX(JeK) = 0.0
SYUJyX) =
HF (JyK) =
ZWJsK) =1
Q) = 0

CONT INuS

READ (5,200) (DX(1,J),J = 1,NC)

00 110 I = 24NR

00 119 J = 1,NC
OX(Ied) = DX(1,4J)

CONTINUE

READ (54201) (DY(I41)s1 = L4NR)

D0 120 J = 2,NC

DC 120 I = 1,NR
IY(IeJ) = DY(Is1)

CONTINUE

00 130 J = 14NR

0C 130 K = 14NC
FK(JeK) = FFK

CONTINUE

READ (5,200) ((Q(I4J)sJ = 1,HC)9I = 14NR)

WRITE (64160)

CALL MATRIP (NR4NC,OX)

WO ITE (6y170)

CALL MATRIP (NF,NC,DY)

WRPITE (H,y180)

CALL MATO9P (NP¢NG,LFK)

WEITE (5,130)

CALL MATROP (NPyNC,Q)

RE TURN :

L

FOPYMAT (7Xs 3HPHIs4x, 1HU,10X, SHLAMDA,54,

196Xy  GHXK3AT,7Xy LHPETA)

FLeMAT (BF10,2)

FORMAT (50X, 244GRID SPACING,X=DIRECTION)
FORMAT (50x, 2445210 SPAGCIKS,Y=-DIRECTION)
FIRMAT (50X, 26GHHYLRAULIC COHUDUCTIVITY MAP)
FORMAT (50X, 12HRELHAZGE *MAQ)

FIPMAT (83F1041)

enn

s OXUINR,NC)

+ UINR¢NC)

SH3UDPH, 6X,

4HEONT
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SUMRCUTINE ESATHO (LMD PE TAsUUBPH 4H% 5 GDOT o)

THIS SUBROLTINE LVALYUATES THE CFFECTIVE SATURATED HELIGHT
AS A FUNGTION DF LLEVRTION WHLN INFILTRAT 104 RATE IS
GREALF R THAN 2EMBSINTEGRATICNS ARE PERFORMEL BY GAUSSIAN
OUACRATURE.

DIMENSLION HSIN) s HE2900) o WT(12)

1 x(12)

NUMQPT = 12

A= 1.

B = (-QNOT) * * ( = 1., /PETA)
C = (8 =~ A)/2.

0 = (3 ¢ R)/2,

WT (1) = 404717533538551
WTI(2) = .1063393¢593531
WY (3) = ,1A007832854334
W () = ,20216742672306
WT(5) = 4233L9¢253653335
WT(h) = 26914700581 340
HT(7) = ,047175335h34651
WT(8) = ,10033732599531

Wi(9) «16007332854334
WI(10) = ,203167642672306
WT(11) = ,23349253653835
WT(12) = ,24914704581340

X(1) = «98156063424671
X(2) = ,90411725637047
X(3) = .76990267419630
X(4) = ,58731795428661
X(5) = +36783149399818
X(6) = o12523340851146
X(7) = = ,33156053424€71
Xt8) = = ,90411725637047
X(9) = = .756990267419430

X(19) = = ,53731795428661
X(11) = = .36783143899818
X(12) = = ,12523340851146
ENTGRUL = 0.0
DO 100 I = 1,NUMQPT

FFPDOT = 0.0

FFDOT = C * X(I) *+ D

EMTGRL = ENTGRL ¢ (1./(1 ¢ QUOT * FPDOT * * PETA)) * WT(I) * C

CONTINUE
Z00T11 = (1./(1. ¢ QICT)) ¢ ENTGRL
Z11 = Z20T11 * BUAPH
Z0OT1 = 1./7(1. ¢ Q0OT)
PSURF = {1,
00 170 T = 1,N
H{I) = 1
HCOT = H(I)/BUBPH
IF (HOOT.LEZNOTL) GO TO 160
IF (470T.GE.ZDOT11) GO TO 140
CLHS = HOOT = 1./(1. ¢+ QO0M)
CCNTINUVE
PSURF = PSURF + ,000s
8 = PSURF
C=1(3 - A)s2.
0D = (3 + A)/2.
RHS = 0,0
DO 120 < = 1,NUMAPT
FPOOT = 040
FPPDOT = C * X(K) + D

R4S = RHS 4 (1./(%. ¢ CDOT * FPDOT * * PETA)) * NWT(K)

CCNTINVE
NIFF = CLHS = RIS
IF (ARSUNIFF)GT40,005) 50 7O 110
C = (4 - ays2.
D = (B ¢ A)/2.
SINGRL = 0,0
NG 130 J = 14NUMQPT
FP007T = 0.0
FPOAT = G * XWJ) ¢ O

SINGRL = SINGRL & (1./((FPOQT & ® SLMD) ® (1. ¢ QDOT * FPDO

1 T* ® plTa))) * WTLL) * C
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13 CONTINUVE

MSOI) = QUUPH * (1,701, ¢ GUOT) + SINGLRL)

GC 10 170
140 A = 1.
B =t = QDOV) * * ( = 1./PETA)
C =1 -AMv2,
0= (43 + A)Z22,
SINGRL = 040
N0 152 L = $,NUNMQPT
FPOOTY 0,0

FO00T = C * x(L) + 0
SINGRL = SINGRL ¢ ((FPDOT ¢ & (
1 LMO/ZPETAN I/ (Le ¢ CI2T % FPDOY *
150 CCNTINUE
HSLI) = BU@PH * (t1. - ( - QDOT) *
1 ¢ (- QDOT) * * (SLMD/PEZTA) * MDOTY
GO 19 70
169 CCONTINUE
HSUI) = H(D)
170 CONTINUE
RETURN
END

.

L
+

SLMD) = ( - Jo0mn
PETA)) ® &T(L) *

(SLMO/PETANIZ7(1.
SINGRL)

SUBROUTINE SPYLD

SUBRCUTINE SPYLD (HS,HSGOsHT4HP3SY  NCyNRyO4PHI»15,Q2+200T4SLMI,PETA

1)

THIS SU3SROUTINE EVALUATES THE SPECIFIC YIELD.

DIMENSION HS(2500) » HSN0(2500)

1 HP (NR ¢ NC) s SY(NRyNC) » QINR,NC)

IF (I5.GT.1) GO TO 129
D0 119 I = 14NR
Do 110 J = 1,NC
IF (Q(1+J)«GT.0.C200) GG YO 100
SY(I,J) = PHI
GG TO 110
100 SY(I,y) = PHI * (1, - ( - QODOT) *
110 CONTINUE

RETURN

127 CONTINUE
NR1 = NR = 1
NC1 = ns - 1
DO 1€0 I = 2,NR1
00 1€0 J = 2,NC1
DO 1€0 N = 1,2

IF (NJEf.1) HF = HP(I,J)

IF (NJEQ.2) HF = AT ({I,J)

IF (A(I1,J).€EQ.0,0C0) 50 TO 130
Z =0 = HF

12 = 2

* (SLMD/PETA))

HSA = (HS(IZ ¢ 1) = H3(IZ)) * (Z - IZ) + HS(IZ)

IF (N EQe1) HS1 = H3A
IF (4.€2.2) 60 TO 140
GC T2 160

130 CONTINUE
Z =0 - HF
12 = 2

HSA = (HSQ0(IZ ¢ 1) - HSA0ULZ)) ® (Z = IZ) 4 HSOQO(IZ)

IF (N.EQ.1) HSL = H3A
IF (N.EN.2) GO T2 14W)
GO 10 10

140 CCUTINUE
NIFF = HTI(l,J4) = P (],J4)
IF (DIFF.LTL0,1) GO TO 150
H52 = H3A

. % 48
c

+ Q0em

» HTINR,NC) ’

GY(LeJ) = PHI * (1.9 ¢ (H32 = HS1)/(HT(L,J) = HPIL,J)))

50 19 160
154 CINTINUE
SYUL,J) = SYUL.Y)
160 CONTINUE
T TURN
END

=32T2222
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SUBROUTINE EFLOD

SUNRCUTINE EFLOD (HPHKCD W HF 4 NRy NCoD 4 N) j %fii
L v R
THIS SUBROUTINE EVALUATCS THE DEPTH AVALAULE FOR HORIZONYAL FLOW. j 331:
OIMENSTION KFPINR,NC) » HKQUOIN) » HF(NR4NC) J 0din
NRL = N = 1 J 097
NG1 = NC = 1 J 2493
00 100 I = 2,NKRY J L9
00 100 J = 2,NC1 J 010
Z =D = HPUL D) J 00it
12 =2 J 0ui2
EPH = (MKQOUIZ + 1) = HKQO(12Z)) * (Z = IZ) + HKQOCIZ) J 0913
HF(I,J) = HP(I,J) ¢ EPH J 0114
100 CONTINUE j g:i:
o it
| SUBROUTINE MATROP
SUBRCUTINE MATROP (NORCWyNOGCOL,8) K 0432
X 00C3
K 0024
THIS SUSROUTINE ORGANIZES CATA OR RESULTS INTO A SUITABLE FO3M K 0035
FOR FRINTING ANOD PRINTS. K 0005
K 0007
DIMENSION B (NOROHW , NOCOL) K 0048
K 0039
NOCOLM = NOGOL K 0019
ICCNT = 1 K 0011
NO1 = NOCOLM K 0012
IF (NOCOLM.GT.12) NO1 = 12 K 0913
100 NO2 = NICOLH = 12 K 0014
WRITE (5,120) (JJyJJ = ICONT,NO1) K 0015
DO 110 I = 1,NCROW K 0016
110 WRITE (65140) I,(8(LsJ)sJ = ICCNT4NOL) K 0017
IF (NO2.LE.C) PETURN K 0019
NOCOLM = NOCOLM = 12 K 0019
ICCNT = TCOHT ¢ 12 K a020
IF (NOCILMJLE.12) GO TO 120 K 0021
NO1 = ICONT + 11 K 0022
G0 TN 190 K 0023
120 NO1 = ICONT = 1 + NOGCLNM K 0024
GO T2 100 K 0025
K 0026
% 0027
K 0028
130 FORMAT (1H 4//43%X412(7Xy1HX312)7) K 3029
140 FOPMAT (LH o1HY,12,12F1N.3) ¥ 0030
END K 0051



APPENDIX B
RESULTS FROM EXPERIMENTAL TESTS
Table B-1. Mound Growth Results From Experimental Tests

Media: 2.5 mm Glass Beads

Run: 1
H0 = 14.35 cm
9e = 0.35
D = 32.9 cm
q = 5.05 cm/min
K = 303.96 cm/min
Pb/og = 1.0 cm
A = 7.00

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

min
x=15 x=45.5 x=101.5 x=182.5 x=263 x-319.5 x=350

0.5 18.50 18.00 16.00 14.80 14.55 14.50 14.45
2.5 24.60 23.70 22.20 19.50 17.40 16.00 15.30
5.0 27.80 26.60 25.30 22.40 19.50- 17.30 16.10
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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
e = 0,35
D = 32.9 cm
q = 6.10 cm/min
K = 303.96 cm/min

Pb/pg = 1.0 cm

X 7.00

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

min
x=15 x=45.5 x=101.5 x=182.4 x=263 x=319.5 x=350

3.0 27.30 26.50 24.90 21.80 18.90 16.90 15.90
4.5 28.50 28.10 27.00 23.70 20.40 17.80 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
¢e = 0.35
D = 32.9 cm
q = 7.34 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=15 x=45.5 x=101.5 x=182.5 x=263 x=319.5 x=350

1.5 26.03 24.70 22.70 19.20 16.90 15.70 15.10
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Table B-4, Mound Growth Results From Experimental Tests

Media: Ottawa Sand

Ho = 6.7 cm

Yo = 0.2

D = 34.5 cm

q = 2.37 cm/min
K = 0.65 cm/sec
Pb/pg = 8.8 cm

A = 4.14

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

min
x=15 x=45.5 x=101.5 x=182.5 x=263 x=319.5 x=350

0.75 15.50 14.10 10.10 7.50 6.80 6.70 6.70
1.00 17.40 15.90 11.00 8.00 6.90 6.70 6.70
2.25 24.50 22.20 15.30 10.20 8.10 7.20 6.70
2.75 26.30 24.10 17.70 11.00 8.60 7.50 6.90
3.00 27.10 24.90 17.90 11.30 8.80 7.60 7.00
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