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CHAPTER I
INTRODUCTION
General

The unsaturoted zone of the soil profile is a primory
determinant of runoff formation ond quantity as well as of
subsurface water flow path ond velocities (Warrick, 1983).
Understanding unsaturaoted flow of water throush porous
media is of great importance toward an efficient ond
agppropriate control of a number of phenomena occurring in
the s0il such as natural and artificial recharge of ground
water, runoff ond soil erosion control, evapotranspiration,
and movement of pollutants and dissolved substonces.

Unsaturaoted flow, which is governed by a nonlineor
partiql differential equations typically involves random
s0il hydroulic parameters (Philip, 1980). An essential
requirement to solve the flow eguation would be on adequate
determination of the soil's hydraulic conductivity—-waoter
content and pressure head-water content relationships and
their distributions (Cosby et al.y 1984). A Wide range of
empirical and gquasi-onalytical equations have been used.
However, these equations are usually derived for some
restricted conditions. As a result, more concern has

recently been given to numericaol models in which the soil
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hydraulic poarameters are regarded as stochastic variables
(smith and Hebbert, 197935 Andersson, 19835 Dagan and

Bressler, 19833 Morel-Seytoux and Billica, 1985).
Stotement of Problem

Water movement through the unsaturaoted zone is largely
of fected by the spatial variability of the hydraulic
characteristics of the soil. Soill-water properties may
vary with depth ond from one location to another within the
field. In foact even in a soil uniform with respect to its
texture, nonuniform soil-woter parameters usually exist
such as the water content-pressure head relationship.

Due to the extensive variobility of soil-water
parameters in the field, an estimaote of the unsaturoted
hydroulic conductivity, K(h), is very difficult to obtain.
Experimental field determinations are expensive and time
consuming. A more convenient way of predicting K(h) has
been to use the soil-water retention curve which is more
easily measured (Yan Genuchten,.1980). However this method
involves empirical relationships incorporating paraometers
which are varving with respect to space and time within the
field. Moreover, as the soil becomes less saturated, this
variability becomes much more significant (Yeh et al.,
1986« In saturaoted flow the variation of the hydraulic
conductivity, K, wWith position results solely from the
inhomogeneity of the porous medium. Whereas,; in

unsaturated flow, K(h) varies with position even in



homogeneous soils, owing to the effect of the variation in
hvdraulic conductivity with moisture tension. (Freeze,
1969).

[n most applications of flow theory, the problem of
parameter variability has been hondled by simply toking the
meon value for a given number of samples and by moking the
assumption that the soil can be regarded as a homogeneous
medium described by an average set of porameters determined
from o number of locations over the field. Such an
approach con be misleading and may generate flow
predictions significaontly different from those prevailing
in the actual spatiaolly varioble field.

In this context many questions can be asked & HOW
accurate con a model assuming a homogeneous field describe
the flow in the octual spatially variable field? [s it
satisfactory to determine the flow by an averaging concept?
Are the average of flow parameters prevailing in the field
equal to those thot should be used in a model? If noty, how
con we extract a specific set of parameters which will best

describe the water flow as it occurs in reality?
Dbjectives

The ob.jectives of this study weres:

1. To determine the rondom variability of the
parameters incorporated in the functions relating the soil
hvdraulic properties: woter content—-matric potential and

hvdraoulic conductivity-motric potential.



2« ToO develop o procedure for estimoting averoge
cumulotive infiltration from knowledge of the random
variability of the paorameters describing the soil-woter

characteristic curve.

Procedure

To ochieve the objectives of this study the partiol
differential equation of flow in unsoturated medio has been
repeatedly sclved using a numerical procedure with the flow
parameters considered as spatially rondom variables
following o fixed probability density function. Based on
each random set of flow parameters, the cumulative
infiltraotion after 10 hours was computed. The average
cumulative infiltration bosed on these computed
infiltrations was also determined. A comparison of the
resulting average infiltraotion from this procedure to thaot
obtoined by using o simple average of the flow parameters
in the flow equotion indicotes how wWell such madels
describe the average flow of water when average parameter
values ore used.

This concept was considered becouse of the uncertainty
of soil hvdroulic parameters with respect to space in the
field. The incorporation of rondom variability in the flow
parameters will result in rondom variability in predicted
infiltration.

For a aiven boundary conditions values of the flow

parameters providing o good estimote of the spatially



averaged infiltration will be sought. Becouse there are
two porameters and one average infiltration, a unique set
of parameters will not exist for a given boundary
condition. Rather solutions will lie along a curve
relating the parameters to each other. By examining
several boundary conditions, o common region where the

maijority of scolutions tend to converge was sought.



CHAPTER 11

LITERATURE REVIEW

Hoverning Equations

The concept of a physical model of unsaturoted flow
through porous media was first developed by Buckingham
(19072 when he suggested o madified form of Darcy's low to
be used in unsoturated soils; a farm in which the hydraulic
conductivity is expressed as o function of the water

content, aond hence of the matric potential.

q = K(h) ( dh/ 38z) + K(h) 1

where
g is the volumetric waoter flux.
h is the matric potential (or pressure head).
K(h) is the unsaturated hydraulic conductivity as a
function of the pressure head h.

Z is the distance in depth.

In fact in unsoturated flow the hydroulic conductivity is
related to the water content. As the water content of the
porous medium decreases, the hydroulic conductivity

decreases ot a rate maore than proportional (Hubert, 1978).

In unsoturaoted mediao the flow occurs as o result of



the matric and aravitotionoal aradient. As the soil droins
under the effect of aravitys the hydroulic conductivity
decreases rapidly. This draomaotic reduction of the
conductivity with the water content results from the fact
that, when water content is reduced, the larogest pores
empty first, ond small pores conduct water much less
readily thon large pares. In addition, the poth for flow
becomes much more tortuous as the soll desaturates
(Compbell, 1985).

From the above concepts, and by combining the continuity
equation with Darcy's low, Richords (1931) developed the
nonlinear partiaol differential equotion of unsaturated flow

in porous media as

SWC d ch d ah
—_—= = (Kx ™ )Y + — (Ky —™ )
at 3% X y oy
a ah oK =
+ — (K — ) - — (2>
oz oz az

where
Kxs Kys Kz are the unsaturated hydraulic
conductivities in the %X, vy, and z directions
respectively.
h is the soil matric potentical.
WC is the volumetric woter content.

t is the time.

For ane—dimensiaonal unsaturated flow in the z-direction



taken positive daownword the above equotion becomes

d dh OWC
— [Kz ( — = 1 )] =

_ (3)
oz dz dt

lIsing the specific water caopaoacity C(h) = d{WC)/dh equation

{3) becomes

oh d oh
CChy— = — [K(h)(— =1)] 4>
at oz dz

Because of the strong nonlineaority of the unsaturated
flow equation, there is no specific analytical solution.
Attempts of lineaorization have been pursued by o number of
researchers in order to reoch an accurate ond agcceptable
solutiona.

Philip (1957) developed on explicit ologebraic equotion
as a 9eneral solution of Richards egquation using on
infinite power series in t1/2 with coefficients as
functions of the volumetric woter content WC. Fok (1987
reported on a number of other empirical egquations that have

also been used.
Numericol Models

[n the last few vedrs, numerical models of flow
throuah porous media using finite difference techniques
have become mOPe and more popular. Solving the flow
partial differential equation requires the determination of

soil hvdraulic properties as functions of the moisture



content and any solution would not be accurate unless these
relaotionships have been expressed successfully.

Comparing solutions of the flow equation alven by six
numerical models to experimental results, Haverkamp et al.
(1977>s found excellent agreement between the observed ond
computed cumulative inflows concluding thot numericol
models are o reliable tool for predicting water movement
Within the soil profile.

lJsing large number of experimental measurements (448
samples)y, El-Kadi (1985), exomined the suitaobility of four
models describing the soil-water characteristic function,
h({WC>»y (Brooks and Corey, Brutsaert, Van Genuchten, and
Voauclin et al. models). All these models were found to be
successful. For sandy aond silty somples, the Brooks and
ilorey model provided the highest accuracy. Whereass faor
clavey samples, Van Genuchten produced the best results.

Khaleel and Yeh (1985), developed a Galarkin finite-
element technigue for solving the one—dimensional
unsaturated flow equation. Excellent agreement was found
when comparing the water content profiles obtained using
this scheme to those obtoined by Van (Genuchten using a

mass-lumped linear finite element method.
Parameter Uncertainty

Nue to the uncertainty of soil hydroulic parameters,
staochastic models are being used. Such o concept may

utilize either univariagte or multivarioate parameter



distributions ( Russo and Bressler, 1982 ). "Using average
values of uncertain parameters to estimote average
infiltration mavy produce results that are sianificontly
different from the estimate thot would be obtained from
aoveroaing infiltrotions calculoted from each set of
parameters” (Haons, 1987). As o matter of facts any
function of random variable is also a random variable
(Hoans 1977). Since the soil hydraoulic properties are
random variobles, the infiltration, a function of these
properties, is also o raondom variable.

Hoaon (1987) demonstrated also that the flow solution
is affected by the vaolue assigned to the correlation
coefficient between the parameters describing the soil
hydraulic properties. Therefore, for an accurate solution
of the flow equation, the correlation between the flow
parameters should be considered.

Bresler and Dagan (1983) investigoted two spatially
vorioble soils ond demonstrated that the traoditional
deterministic approach for solving the flow equation, which
describes well the physics of water flow under uniform soil
column conditions, fails to depict the average flow in a
recal spatially variable field. They also suggested o
simplified solution of vertical flow which assumes the
concept of o moving front, where the saturoted hydraoulic
conductivity is regarded as o random variable following o
lognormal distribution, hence, the matric potential and the

moisture content are random variables.



ILosby et al. (1984) relaoted the voriability of soil
moisture characteristics to soil physical properties,
concluding thot the voriability of soil moisture parameters
are most closely related to the variability in the texture
(percent of sand, silty, and clay).

Parometer uncertainty moy also be increased due either
to errors maode during experimental measurements, or to the
type of function used to describe the soil water
characteristic curve. Kool et al. (1985) showed thot
errors in the input doto may contribute considerably to the
variability in soil hydroulic parameters. Jones and
Wogenet (1984) compared five methods of estimating the
hydraulic conductivity, Ks as a function of the water
content, WC. Stotistical comparison showed that the
variotion in the soil water flux is dependent upon the

method used to characterize the KWC) relationship.



CHAPTER II1

HYDRAULIC MODEL

General

The vertical flow of water in an unsaturoted porous
medium con be described by the partial differential
equation (3) knaown as Richords eguation. The assumption
that water percolates vertically through the soil profile
wos made, although it is recognized that woter percolation
Within the so0il is not strictly vertical, and lateral
tronsfer is olways observed (Vouchoud et dl.s 1987).

The flow egquation is highly nonlinear and has no
general analytical solution. It is generally required to
know the relaotionships among the soil hydroulic properties
of hydraulic conductivity K(h), wWater content WCCh), and
pressure head potential h. Unless these relationships aore

determined, the flow equation cannot be solved.

Model Components

A model describing the soil hydraoulic properties
relationships thot has been proved to be successful was
proposed by VYon Genuchten (1980). This model relates baoth
the hydraulic conductivity, K(h),; and the water content,

WCC(h)s to the hydraulic heads h, as

12



WCCh)Y = WCr + (WCs—WCr)[1+1An|B]-m for h<0
(5>
WC(h) = WCs for h>=0
[1-1AhIB=1{1+|Ah|B}-m]2
K(h) = Ks for h<(
(1+lAh|B)ms2
(6)
K(h) = Ks for h>=0
Where

WC(h) is the water content ot o matric potential h.
WCr is the residucal (or irreducible) water content.
WCs is the saturaoted woter content (WC ot h = ().
h is the pressure head (or matric potential).
K(h) is the hydroulic conductivity ot a matric
potential h.
Kes is the saturated hydraoulic conductivity
(K at b = 07.
A ond B are parameters.
m=1-1/B
B > 1

nf several models investigated, it wos found that the above
model of Yon Genuchten has the greatest flexibility in
describing WC(h) data (Greminger et al.s; 1985). QOther
advantages of this model are that it hos o simple inverse
function, and it provides o closed-form onalytical equation
of the hydraulic conductivity.

Becouse of its popularity the Yon Genuchten model will



he used in this study. Therefore the soil hydroulic
properties will be described by equotions (5) and (&) and
the flow parameters to be estimoted are A and B of these

equotions.



CHAPTER IV

DATA ANALYSIS

Introduction

The dota used in the current study were from Nofziger
et al. (1983) contributing to the regional praoject S-124,
entitled "Movement ond Retention of Water ond Solutes in
Selected Southern Region Field Soils™. The data were
collected for three soil series (Bethany, Konawa, and
Tipton series) at 13 sites within the Stote of (Oklahoma.

The representative sites of each soil were selected by
soil classifiers in (gklahoma Staote University aond in the
Soil Conservaotion Service. Further description of the
saoils properties are given in the appendix A.

Vaolumetric water content measurements at selected
pressure heads were obtained from desorption curves
determined using a standard pressure plate adpparatus. The
soil samples used were 7.6 cm in diometer and 7.6 cm long.
Selecting two given depths (15 and 30 cm)s a total of 168
sets of water content-pressure head data were considered in
this study (72s 60s and 36 sets for Bethany, Konawa, and

Tipton series, respectively).

15
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Estimation of the Hydroulic Model Parameters

Dbserved soil-water retention dota were anolyzed in
order to estimote the parameters of Van Genuchten model
WCss WCry A and B. For this purpose a large number of
soil hydraulic daota hove to be considered for a trustworthy
estimate of o statistical treatment of flow.

While the parameters A and B caon only be sought by a
nonlinear least squares curve-fitting procedures the
saturated and the residual water contents may be available
experimentolly. Even though the residual water content is
not always availoble, it con be estimaoted by extropolation
from the ovailable soil-water daota simultaneously with the
estimation of A and B. However, due to the limited number
of observations wWithin each single set of dota, it would
not be accurate in the present study to fit a three
parameter model by estimating As Bs and WCr. The residual
water content, WCr» wWas therefore token equal to zero. As
a motter of facts WCr is defined nominally as the water
content ot which the motric potential approoches negative
infinity. Such o condition is only met when WCr = 0 (Kool
et al, 1985). Furthermore, the choice of attributing a
zera value to the residual water content was supported by
the foct that it hos no great influence on the estimation
of the other parameters becouse the daota used have a matric
potential ronge not reaching very low values.

The soturated waoter content could be easily estimoted

from experimental measurements of the matric potential near
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zero or from the bulk density (de) using the relation

WCs = 1 - du/ds

where ds is the particle density token as 2.565.

The latter method, called "gravimetric", estimotes a
theoretical saturated woter content which assumes that the
soil is perfectly saturated; a condition which is not
always true in practice. Complete soturation is seldom
gttoined since some air is nearly always present and may
become tropped in a very wet soil (Hillel, 1971). For the
above reason, values of the soturated water content were
taken as the volumetric water content at a matric potential
aoppraaching zero (-8 cm for Bethany and Tipton series and
=4 cm for Konawa series).

Storting with known values of the saturated and
residuol water contents, a computer program using o least
squares fitting procedure (Nofziger, 1988) was used to
estimate the remaining parameters, A and B. The fitting
procedure was repeated for all cores within each site.
Tables 1 through 3 contain the reagression coefficients A
ond B for Bethaony, Konowa, ond Tipton series respectively.
In almost all the regressions made for the totol 168
samples, the hydroulic model of Van Genuchten was found to
fit the soil hydroulic doto very well. Large values of R2
and low sum of squares of residuals are observed in all
cases. R2 os used here refers to the difference in the

total sum of sqguares corrected for the mean and the



SOLUTIONS OF THE HYDRAULIC MODEL PARAMETERS

TABLE 1

FOR BETHANY SOIL
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Soil Name: Bethany
Site Depth Core A B R~2 WCs
1/cm)
1 1 1 «00449 1.9356 « 9821 «3610
1 1 2 0050 2.0253 « 9847 - 3860
1 1 3 «0046 1.8121 « 9869 « 3720
1 1 4 -0049 1.9165 « 9705 « 3770
1 1 5 «0091 1.2486 «9134 2820
1 1 6 <0051 1.8579 - 9899 - 3700
1 2 1 0735 1.1177 «9517 «4520
1 2 2 «0399 1.0819 « 9756 « 3840
1 2 3 0263 1.1084 - 9815 «4430
1 2 4 -0405 1.0629 « 9587 «4020
1 2 5 «0132 1.2437 « 9784 «3240
1 2 6 0186 1.1869 « 9808 «2810
2 1 1 «0049 1.5106 = 9855 « 3670
2 1 2 <0027 1.2935 « 8496 - 2840
2 1 3 .0045 1.6453 « 9760 « 3490
2 1 4 <0076 1.4419 «9915 « 3740
2 1 5 -0094 1.4359 = 9882 « 3770
2 1 6 <0065 1.6770 « 9844 - 3850
2 2 1 «0279 1.0782 - 9863 «4130
Yed 2 pod «0311 1.0905 « 9808 <4120
2 2 3 «0429 1.0743 9654 «4180
2 2 4 0175 1.1111 = 9877 «3910
2 2 5 0156 1.1981 - 9678 «2190
bod Ved 6 «0141 1.1513 9726 « 2850
3 1 1 .0079 1.4406 - 9955 «3720
3 1 2 .0049 1.6930 -9818 « 3630
3 1 3 0061 1.5069 - 9886 « 3690
3 1 4 -0045 1.5840 « 9856 = 3430
3 1 5 0054 1.7223 -« 9935 « 3780
3 1 6 .0063 1.5262 « 9824 - 3640
3 2 1 .0328 1.0685 -9818 «3990
3 2 2 .0105 1.0801 - 9895 =4030
3 2 3 «0243 1.0575 = 9910 « 3960



TABLE 1 (Continued)
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Scil Name: Bethany

Site Depth Core A B R™2 WCs
(1/cm)
3 bod 4 0122 1.0934 « 9953 4050
3 2 5 0245 1.2149 « 9809 2360
3 2 6 <0190 1.1712 « 9857 «1960
49 1 1 0046 1.3401 « 9956 «3780
4 1 2 «0040 1.3467 «9908 « 3750
4 1 3 <0041 1.3124 « 9759 «3810
4 1 4 <0027 1.4179 « 9905 « 3850
4 1 5 -0041 1.4990 « 9940 « 3930
4 1 6 «0037 1.7679 « 9924 «4010
4 2 1 0132 1.1232 - 9737 «4390
4 2 2 0182 1.1245 « 9928 « 4680
4 2 3 0100 1.0972 « 9877 -4380
4 bed 4 <0273 1.0913 9872 «4730
4 bed 5 .0140 1.1150 . 9888 «4720
4 2 6 -0046 1.2424 =« 9696 «4420
5 1 1 «-0147 1.2613 « 9945 «4430
5 1 2 .0030 1.5267 «9815 «3670
5 1 3 .0089 1.1980 « 9417 « 3940
5 1 4 0074 1.2215 « 9481 « 3990
5 1 5 0035 1.8242 <9977 « 3890
5 1 6 0037 1.7920 - 9982 - 3880
5 2 1 «0164 1.1180 - 9952 - 4400
5 2 2 <0188 1.1033 « 9623 4330
5 2 3 0259 1.0945 « 9859 4520
5 2 4 0238 1.0869 - 9838 « 4440
5 2 5 0042 1.2968 « 9788 «4360
5 2 6 «0067 1.2174 . 9788 - 4480
6 1 1 0097 1.2983 9840 «4380
6 1 o .0068 1.4021 « 9684 «4530
6 1 3 0130 1.2277 « 9841 «4230
6 1 4 0052 1.7799 9958 4230
6 1 5 .0038 1.6379 -« 9836 .4100
6 1 6 0088 1.4133 . 9858 - 4480



TABLE 1 (Continued)
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Soll Name: Bethany
Site Depth Core A i B R™2 WCs
(1/cm)
6 2 1 «0260 1.0690 = 9620 =4020
6 2 2 .0035 1.2281 -9821 « 3940
6 2 3 «0034 1.3573 - 9853 «4320
6 2 4 0065 1.2927 -« 9880 «4530
6 2 5 «0097 1.1986 « 9859 4280
6 2 6 «0129 1.1899 9943 -4360
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TABLE 2

SOLUTIONS OF THE HYDRAULIC MODEL PARAMETERS
FOR KONAWA SOIL

Soll Name: Konawa
Site Depth Core A B R~2 WCs
(1/cm)

«-0085 1.5719 -9938 .3310
0067 1.7425 - 9855 «3170
«-0079 1.6598 .9937 <3310
0100 1.5672 = 9746 - 3270
0072 1.9953 - 8888 - 3820
0050 1.9049 .9679 - 2940
-0058 1.5667 - 9056 -3190
«0266 1.1616 - 9859 -3510
0075 1.6885 - 9665 - 3260
-0092 1.6064 -9898  .3380
-0069 1.4857 « 9434 - 3250
0109 1.1693 - 9964 -3340
0121 1.7195 - 9969 «3160
0099 1.8207 - 9954 = 3400
0160 1.6787 - 9994 « 3350
«0147 1.7135 « 9905 - 3420
0112 1.8450 - 9986 - 3570
-0145 1.6303 « 9974 « 3380
-0251 1.2168 - 9805 - 3440
<0225 1.2790 « 9970 - 3320
0167 1.3326 - 9811 - 3260
0478 1.1667 - 9948 - 3390
«0322 1.3365 - 9926 -3300
0376 1.3760 « 9894 « 3690
-0363 1.8552 « 9539 - 3400
0405 1.5906 - 9707 - 3260
«0331 1.8787 - 9494 - 3480
0529 1.5381 - 9570 - 2850
«0327 1.6740 - 9684 -2610
0315 1.4760 -9712 - 3020
«0330 1.6685 - 9331 -3610
«0333 1.6233 - 9518 -3730
0320 1.9185 « 9305 - 3750

PR LWL LG ANNINNNNN =2 A AN
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TABLE 2 (Continued)
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Soil Name: Konawa
Site Depth Core A B R~2 WCs
(1/cm)
3 2 1 «0391 1.7211 «9493 «3190
3 2 2 -0319 1.6036 « 9522 2720
3 2 3 0271 1.7471 « 9461 « 3060
3 2 4 «0486 1.4962 « 9935 « 2760
3 2 5 .0339 1.5122 « 9786 «2450
3 2 6 -0293 1.4384 « 9504 «2370
3 2 (¢ -0463 1.6738 « 9579 - 3040
3 2 8 «0399 1.6600 « 9494 « 2930
3 2 9 -0364 1.6057 « 9387 <2750
4 1 1 «0341 1.5825 « 9665 « 2650
4 1 2 0275 1.6359 « 9649 «3190
4 1 3 «0312 1.5793 « 9699 2770
4 1 9 «0519 1.5304 « 9824 « 3360
4 1 5 «1147 1.4501 « 9766 « 3990
4 1 6 -0560 1.3798 9724 «3470
4 1 T 0253 1.5609 .9343 «3180
4 1 8 -0346 1.8068 « 9660 « 3840
4 1 9 «0383 1.5343 -« 9580 « 3840
4 2 1 «0393 1.5014 « 9641 2710
4 2 2 «0536 1.3007 « 9486 «2560
4 2 3 <0336 1.4906 « 9840 - 2450
4 2 4 «0490 1.4471 «9718 «2300
4 2 5 <0570 1.4457 - 9541 «2460
4 2 6 <0865 1.4639 9624 » 2940
4 2 T «0349 1.6463 - 9699 « 2730
4 2 8 «0342 1.8012 « 9589 «2910
4 2 9 «0454 1.4798 « 9747 2770




TABLE 3

SOLUTIONS OF THE HYDRAULIC MODEL PARAMETERS
FOR TIPTON SOIL

Soil Name: Tipton
Site Depth Core A B R™2 WCs
(1/cm)

0266 1.1473 « 9667 - 3590
0115 1.1606 « 9200 -3190
-0044 1.1844 - 9181 -2930
«0046 1.2257 .9601 - 3050
0033 2.3826 -9899  .2970
-0037 2.5770 - 9950 - 3090
0066 1.2961 - 9971 - 3600
-0032 1.4314 - 9933 - 3490
«0061 1.2465 - 9788 - 3420
0041 1.4126 « 9937 «-3610
0033 1.7947 -9927 .3410
-0046 1.6069 .9889 .3530
0069 1.3489 «9713  .3480
-0061 1.3617 .9473 -3370
0037 1.5455 .9741 - 3520
0103 1.2603 - 9222 « 3580
0042 2.5267 - 9923 - 3260
0046 1.8016 « 9759 -3340
-0066 1.3639 - 9956 -4010
-00492 1.4691 - 9952 « 3670
-.0066 1.3589 - 9951 - 3680
-0038 1.5425  .9921 -3540
0067 1.4326 - 9882 -3810
0067 1.3958 - 9545 «3810
«0031 1.4475  .9870 -3000
0133 1.2326 = 9674 - 3400
-0059 1.3230 - 9495 -3170
0072 1.2511 - 9628 -3180
-0114 1.3709 - 9842 - 3580
-0048 1.8675 - 9884 - 3250
-0100 1.2822 - 9938 -3610
-0067 1.2978 - 9965 -3610
0107 1.3111 - 9977 - 3760
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TABLE 3 (Continued)
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Soil Name: Tipton
Site Depth Core A " B R™2 WCs
(1/cm)
3 2 49 0032 1.5028 « 9959 « 3290
3 2 5 0048 1.7559 «9915 = 3480
3 bad 6 <0037 1.9177 « 9954 «3370




residual sum of squares divided by the total sum of sguores
corrected for the mean. The fitting process indicated also
that the wvaolues given to the parameters as initial
estimotes, a required input for the nonlinear leost squares
fitting procedure, have no significant effect on the final
solution obtoined. Figure 19 in Appendix C shows a typical
example of the plot of equation (5).

From all the porometer estimations it wos found thaot A
ranges from 0.003 to 0.115 cm—1 while B ronges from 1.058
to 2.577. The raonge of variobility of the above parameters
is in recosonoble agreement with Ehose in the literature.
Kool et al. (1985) wrote: "A generally rances from 0.5 to
5.0 m™1, while B usually varies from 1.1 to 3.5". Tables
4 through 7 show detailed information about the ranges of A
and B and their logarithms for the three considered soil

series.
Depth Considerations

As mentioned earlier two different depths were
considered (15 and 30 cm). The previously estimated
parameters of Von Genuchten model were divided into two
groups according to the somple's depth. A statistical
t-test for differences in means was conducted to decide
whether or not the two groups of parometers con be
considered os beina from the some population. In other
words the hypothesis, Ho, was thot the population means are

equal for the twwo depths. Table 8 shows the results of the
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TABLE 4

STATISTICAL SUMMARY OF THE ESTIMATED
PARAMETERS OF VAN GENUCHTEN MODEL
FOR BETHANY SOIL (15 cm)

riginal pata Loas of Data
A B A B
(1/cm) (1/cm)
Number of (bsS. 36 36 36 36
Minimum 003 1.198 -5.915 =181
Max imum .015 2-025 =4.220 - 706
Mean .006 1.543 -5.206 -423
Standard Dev. =003 231 =414 «149
TABLE 5
STATISTICAL SUMMARY OF THE ESTIMATED
PARAMETERS OF VAN GENUCHTEN MODEL
FOR BETHANY SOIL (30 cm)
griginal Data Logs of Data
A B A B8
(1/cm) (1/cm)
Number of (Obs. 36 36 36 36
Minimum .003 1.058 -5.684 -056
Max imum -074 1.357 —2.610 - 305
Mean -020 1.145 -4.127 -134

Standard Dev. -.014 076 =725 «065




27

TABLE 6

STATISTICAL SUMMARY OF THE ESTIMATED
PARAMETERS OF VAN GENUCHTEN MODEL
FOR KONAWA SOIL

Original Data Logs of pData
A B8 A B
(1/cm) (1/cm)
Number of (bs. 60 60 60 60
Minimum 005 1.162 -5.298 «150
Maximum «115 1995 -2.165 «691
Mean «031 1.576 =3.684 «447
Standard Dev. .020 «190 « 722 =124
TABLE 7
STATISTICAL SUMMARY OF THE ESTIMATED
PARAMETERS OF VAN GENUCHTEN
FOR TIPTON SOIL
griginal pData Logs of Data
A B A B
(1/cm) 1/cm)
Number of (Obs. 36 36 36 36
Minimum .003 1.147 -5.776 «137
Max imum 027 2.577 =3.627 947
Mean .007 1.512 -5.158 =391

Standard Dev. .004 « 361 - 487 .208




TABLE 8

t-TEST FOR DIFFERENCES IN MEANS OF THE
REGRESSION PARAMETERS BETWEEN
DEPTHS 15 AND 30 cm

Soil-PDepth Calculated t-Test t-TEST
A B (Table)
Means Means For A For B (%)
Bethany—-15 cm -006 1.543
-2.530 9.800 2.030
Bethany—-30 cm 020 1145
Tipton-15 cm .008 1.556
1.340 « 726 2-110
Tipton-30 cm -006 1.468
Konawa—-15 cm -029 1.671
=225 008 2-040
Konawa—-30 cm -034 1.481

(%) The hypothesis that the population means are equal
is being tested (5% level of significance)
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t-test for differences in means. The hypothesis wos
rejected for Bethony soil but not for Konawa aond Tipton
soils. Therefore the regression coefficients estimated for
the two considered depths were combined, assuming that they
ore from the same population, for Konawa and Tipton soil
series but not for Bethany soil where eoach depth was

andalyzed separately.

Parameter Distributions

Normal ond lognormal distributions were tested for the
parameters A and B. Table 9 summarizes the results found,
ond gives the values of the maximum deviations, D1 and D2,
between the fitted ond empiricol normal aond lognormol
distributions, respectively, os well as the critical values
of the Kolmogorov-Smirnov test staotistic (Hoony 1977). The
mentioned test wos used as a criterion of acceptonce or
rejection of the proposed distribution (acceptance when the
moximum deviation is less than the critical value of the
Kolmogorov-=Smirnov test, and visa-versa). The cumulative
normol distribution was approximoted using o relationship
given by Abramowitz ond Stegqun (1972).

Although the normal distribution was not rejected ond
could be assigned to both parometers, the lognormal
distribution was found to more accurately describe the
parameters. Figures 1 to 8 show the probability
distributions and the lognormal fit for both A aoand B for

each considered soil.



TABLE 9

KOLMOGOROV—-SMIRNOV TEST STATISTIC
FOR NORMALITY AND LOGNORMALITY

OF A AND B
B
Soil K
b1 D2 D1 D2
Bethany—-15cm « 196 «134 «113 =090 <220
Bethany—-30cm =147 =073 «219 211 « 220
Tipton « 250 - 145 =214 -179 «220
Konawa - 121 «185 « 052 =067 «170

D1 maximum deviation from the normal distribution
D2 maximum deviation from the lognormal distribution
K the critical value of the Kolmogorov-Smirnov Test
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Paorameter Correlation

The parameters A ond B are inversely related to the
air entry tension ond variaonce of the pore size
distribution (Kool et al., 1985). Since the air entry
tension is offected in part by pore size, it is expected to
find o significaont correlation between the above
porometers.' The correlotion coefficients were calculated
ond are shown on table 10. A t—-test wos conducted to
affirm the sianificonce of this correlotion. For this
purpose the hypothesis that the parameter populoations are
uncorreloted was tested. This hypothesis waos rejected for
all cases using a level of significonce of 5%. Thus
correlation must be maintained in the generation process

for random A ond B pairs for use in the flow simulation.



t-TEST STATISTIC FOR SIGNIFICANCE OF

TABLE 10

CORRELATION BETWEEN A AND B

t-Test (%)
Soil Correlation
Coeff. Calculated Table
Bethany—-15 cm -.465 -3.063 2.020
Bethany—30 cm -« T60 -6.818 2.020
Tipton -.590 -4.260 2.020
Konawa -« 295 -2.350 2-000

(®) The hypothesis that populations are uncorrelated

is being tested (5% level of significance)
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CHAPTER V¥
WATER INFLOW SIMULATION
Bivarigte Genercotion of Paorometers

A bivariate generation of rondom and lognormolly
distributed pairs of A and B was used to maintain the
correlation between A and B. The procedure given in Hoon
(1977) was used.

Knowing the correlotion matrix R between A and B, the

equation

Xenxz> = Zenxz> ¥ A'caxad

was used to generate random values of A and B where

A' is the traonspose of o 2x2 orthogonal matrix of

characteristic vectors (Ei) of the correlaotion matrix,

N

is an nx2 matrix of independent standard normal
deviates

X is an nxZ2 matrix dF n generated staondordized
logaorithms of observotions on A ond B, and

n is the number of rondom observations to be genercated.

The characteristic vectors L1 or eigenvectors of the

correlation matrix B are obtaoined from the equation
Det(R = LX1> = 0

41
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where

is the identity maotrix.

1

0 is the zerc moatrix.

The E(nxg) matrix of n generagted standardized loaarithmic

obhservaotiaons are converted tc A and B fraom

Al EXP(SDCAY * Xcis,1> + M(ADY)D

EXP(SD(B) * Xc¢is,2> + M(B))

Bi1
where
Ai aond Bi are the ith generated values for A and B,
SDCAY and SD(B) are the stondord devigtions of A and B

M(AY and M(B) ore the meons of A and B.

The correlation observed in the original data is maintained

by using the following expressions derived from Matalas

(19675:

SDCA)Y = {LOGC(LSD(Ap>/M(AD>]2 + 1)3¥17/2

SD(B> = {LOG(LSD(Bp>/M(Bo>12 + 1)31/2

MCAY = {LOG(MCAp> — SDCAo»23/2

M(BY = {LOG(M(Bo> — SD(Bo>23/2

RCAsB)Y = LOG(1 + R(Ao»Bo)>*{EXPLSD(Ap)2 — 11*

EXPLSD(BoY>2 = 1131/2)/SD(Ap>*SD(Bo>

where

Ao ond Bpo ore the parameters A and B from the observed
data.

SD(X) is the standard deviation of the variable X,
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M(X) is the mean of the wvariaoble X, and
R(XsY) is the correlation coefficient between the

variobles X and Y.

Using the procedure shown above, random lognormally
distributed observaotions of A ond B were generated (a
listing of the computer pragrom, BIVAR.BAS, used for the
generation is given in aoppendix B). The number of
generated observations wos increased until the variotion in
meons and stondord deviations of the simulated cumulotive
inflow values waos found to be reasonably staoble. As a
result, 10 sets of 100 poirs of A an B were generated for
each of the four considered soils. Howevers as mentioned
earlier in Chapter [II, the parameter B of the VYan
Genuchten model must be strictiy greoter than 1.

Respecting this condition, some generated values of B had
to be discarded. Tables 11 throush 14 show the correlation
coefficients between A ond B for eoch generated sample
compared to the original values, means and standord
deviations are alsoc shown. From these taobles it con be
seen thot the initial correlotion was maintained during the

genercgtion process.

Solving the Flow Eguation

For the simulations described below values of Kes and

WCs 0s reguired in eguations (5) and (6) wWere token as:



TABLE 11

MEANS AND STANDARD DEVIATIONS OF GENERATED
A AND B FOR BETHANY SOIL (15 cm)

Run Corr.
# Mean SD Mean SD

DATA 0060 -.0030 1.5430 .2310 -«5110
1 0059 0027 1.5205 = 2305 -.5390
2 0061 0039 1.5395 - 2538 -.5058
3 0058 - 0028 1.5438 -2400 —-«5260
4 0059 0029 1.5409 « 2295 -.5263
5 - 0059 0027 1.54499 1988 —-.5620
6 .0059 .0026 1.5584 2077 -.4760
T . 0064 -0030 1.5415 =231 -.6180
8 -0059 .0030 1.5392 «2321 -.5620
9 «0059 0027 1.5620 « 2391 - 4797
10 0060 0031 1.5275 «2330 -.5760
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TABLE 12

MEANS AND STANDARD DEVIATIONS OF GENERATED
A AND B FOR BETHANY SOIL (30 cm)

Run Corr.
# Mean SD Mean SD

DATA -0200 0140 11450 -0760 -.5740
1 0209 =0151 11454 0741 -.53%90
bod 0177 0116 11449 0710 -.4940
3 =0199 <0131 1.1498 «0713 ~.5550
9 -0198 0110 1.1417 <0776 -.5950
5 .0192 -0132 1.1442 0648 -.5200
6 «0216 -0146 1.1299 -0797 -«5697
T «0225 0142 1«1348 «0783 5250
8 0200 -0140 11447 «0770 -.5360
9 «0209 0146 1.1371 0794 -.5440
10 -0184 0112 1.1454 «0711 -.5840

a5



TABLE 13

MEANS AND STANDARD DEVIATIONS OF GENERATED
A AND B FOR KONAWA SOIL

A B
Run Corr.
# Mean SD Mean SD

DATA 0310 «0200 1.5760 - 1900 -.2930
1 «0332 «0204 1.5784 «1932 -.2780
2 0301 -0230 1.5684 -.1893 -«2240
3 0338 0217 1.5428 1827 -« 3660
49 «0313 »0193 1.5495 « 1889 --1910
5 .0332 <0211 1.5828 «1946 -.2340
6 0296 0177 15770 « 1883 -.2740
T « 3293 0175 1.5865 « 1790 -+3090
8 -0308 0181 1.5953 -« 1856 -«2870
9 0326 0209 1.5521 «1925 —«3450
10 -0282 <0149 1.5806 « 1981 -«3370




TABLE 14

MEANS AND STANDARD DEVIATIONS OF GENERATED

A AND B FOR TIPTON SOIL

Run Corr.
# Mean SD Mean SD

DATA 0070 0040 1.5120 <3610 -.4420
1 - 0069 .0036 1.5382 » 3447 -.4070
2 - 0068 . 0038 1.5563 4041 —.3940
3 0070 -0042 1.4943 « 3845 -.4980
4 0074 0040 1.4928 «3388 =.4330
5 0074 . 0041 1.4505 « 3150 -.4500
6 - 0069 - 0037 1.5197 « 3856 -.4410
T 0062 .0033 1.5757 «3403 -.4990
8 0070 -.0039 1.4784 «3917 -.4860
9 0068 .0037 1.4989 «3957 -.4520
10 0074 .0042 1.4623 « 3375 -.4900

a7
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Soil Ks(cm/hr.) WCs
Bethany=-15 cm 0.2 0.42
Bethaony=30 cm 1.5 0.42
Konawa 0.3 0.40
Tipton 0.5 0.37

In o0ll caoses WCr wWos token as zero.

Once defined, the paorometers of equation (5) serve as
on input data for a computer program "Interactive
Simulation of One-Dimentional Woter Movement in Soils"™
(Nofziger, 1985) to solve the Richards partiol differentiol
equation for unsaturoted flow. A finite difference method

is used. The flow equation (4) is tronsformed as

h(isJ+1)-h(isJ)

CCisJ>
At
1 h(i+153+10-h(iyJ+1)
== [KC(i+1/25J)¢( =1
AZ AZ
h(iyJ+1)-h(i=1,J+1)
= K(i=1/25J3)¢( =121 7

AZ
Where

h(i,J) 1is the pressure head at the ith gpacing step
and Jjth time step.

C(iyJ) 1is the specific water capacity ot h(i,j).

At is the mesh size in time.

AZ is the mesh size in depth.

KC(i+1/253) = [K(h(iJ»)+K(h(i+153)>>1/2
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KC(i=1/253> = [K(h(i=1,3))+K(h(15,33>1/2

Applying the finite difference egquation obove to eoch
interior node, a system of linear equations results which
con be solved by appropriate matrix equation solvers.
Since each equotion has only three unknowns, the augmented
motrix of the system will be in a tridiagonal form which
mokes the computotions eosier and faster.

The descritization scheme of the flow domain used in
the above model uses o 9rid system with respect to spoce
ond time. The space index (i) is defining a mesh size of
az in depth. The time index (J) is defining o mesh size of
At in time. The model offers the option of choosing the
initial mesh sizes, then automotically adjusting it
occording to the mass balance ond depth of wetting. The

option of fixed mesh sizes is also available.

Boundary and Initial Conditions

The solution of the flow equation can be displayed for
several boundory conditions at the upper boundary (z = 0)
for o semi-infinite system ond at both the upper and lower
boundaries for a finite system.

In the present study a semi-infinite type of so0il
profile was chosen. C(Concerning the initial conditions, the
simulation was done considering an initial motric potential

h(zs0> = -5000 cm

Five different boundory conditions haove been
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considered, consisting of imposing a constaont matric

potential values at the upper boundary of the soil profile:

BC#1: h(0»t) = 0 cm
BC#2: h(0st) = -50 cm
BC#32 h(0,t> = -100 cm
BC#4: h(0,t) = =150 cm
BC#5: h(0»t) = -200 cm

Since g semi-infinite type of soil was considered, the
length of the so0il profile was supposed to be large enough
so thot voriotions occurring ot the upper boundary does not

affect the lower boundary.
Statistical Concept

The cumulaotive inflow wos simulated for each set of
parameters A and B g9enerated. The average inflow was
computed from all these simulotions. The results obtained
for 2.5 5 7.5 ond 10 hours of simulotion using the

following boundary aond initial conditions

BC. h(0st) 0 cm

ICe h(z,0> ~5000 cm

agre displaved in taobles 15 throush 18. Similorly the
simulation was done using average values of parameters A
and B (As B); the results are given in taoble 19.

Comparing the cumulative inflow obtoined using average

values of parameterss; Aava ond Bavasy to those computed by



TABLE 15

MEANS AND STANDARD DEVIATIONS OF SIMULATED
CUMULATIVE INFLOW FOR BETHANY SOIL (15 cm)
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Cumulative Inflow (cm)

Run 2.5 hrs.

%

5 hrse.

T«H hrs.

10 hrse.

Mean

SD

Mean

SD

Mean

SD

Mean

SD

4.020
4.159
4.192
4.138
4.180
4.189
4.002
4.166
4.107
0 4.082

= PONONDHWMN =

1-799
2.031
1.737
1.825
1.554
1.563
1.741
1.664
1.573
1.879

5.707
5.909
5.959
5.883
5.938
5.958
5.681
5.928
5.840
5.801

2.601
2.928
2.511
2.628
2.252
2.259
2.516
2.407
2.277
2.713

7.039
T.293
T.356
7261
T«325
T354
7-008
T-315
T-213
T-157

3.218
3.622
3.105
3.246
2.7TN
2.979
3.118
2.973
2.820
3.355

8.178
8.476
8.545
8.437
8.508
8.545
8.141
8.504
8.385
8.315

3.738
4.198
3.604
3.764
3.292
3.245
3.612
3.443
3.274
3.89N

AVG 4.124

5.860

T.232

8.403
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TABLE 16

MEANS AND STANDARD DEVIATIONS OF SIMULATED
CUMULATIVE INFLOW FOR BETHANY SOIL (30 cm)

Cumulative Inflow (cm)

Run 2«5 hrsa. 5 hrs. T«5 hrse. 10 hrs.
#

Mean SD Mean SD Mean SD Mean SD

2.420 1.908 3.534 2.829 4.487 3.604 5.362 4.304
2.453 1.658 3.588 2.469 4.560 3.157 5.455 3.786
2-414 1.626 3.536 2.426 4.502 3.109 5.394 3.736
2.399 1.815 3.511 2.697 4.463 3.433 5.340 4.100
2.362 1.543 3.453 2.302 4.388 2.946 5.2497 3.535
2.211 1.760 3.232 2.621 4.105 3.353 4.908 4.024
2.250 1.608 3.293 2.397 4.189 3.069 5.018 3.687
2.383 1.800 3.491 2.674 4.440 3.414 5.317 4.085
2.983 1.545 3.366 2.310 4.284 2.965 5.133 3.574
2.421 1.659 3.545 2.478 4.503 3.171 5.386 3.809

20X N0NhHhWNO—

o

5

2-430 3.455 4.392 5.256
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TABLE 17

MEANS AND STANDARD DEVIATIONS OF SIMULATED
CUMULATIVE INFLOW FOR KONAWA SOIL

Cumulative Inflow (cm)

Run 2 hrs. 5 hrs. Tab hrs. 10 hrs.
#

Mean  SD  Mean  SD  Mean  SD  Mean  SD

5.018 1.526 7.908 2.062 10.676 2.319 13.514 2.638
5.268 1.733 8.250 2.340 11.065 2.639 13.832 2.974
4.889 1.572 7.748 2.102 10.515 2.357 13.397 2.798
4.907 1.305 T.767 1.702 10.580 2.020 13.540 3.311
4.996 1.477 7T.884 1.968 10.646 2.197 13.398 2.520
5.208 1.527 8.134 2.065 10.861 2.350 13.598 2.675
5.315 1.482 8.318 1.932 11.196 2.192 14.088 2.977
5.220 1.506 8.164 2.036 10.975 2.314 13.785 2.659
4.919 1.310 7.783 1.719 10.620 1.984 13.564 3.142
5.183 1.571 8.120 2.124 10.877 2.420 13.560 2.686

5.092 8.008 10.801 13.628

SO NCNDWN =

o

>
&




TABLE 18

MEANS AND STANDARD DEVIATIONS OF SIMULATED

CUMULATIVE INFLOW FOR TIPTON SOIL
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Cumulative Inflow (cm)

Run
#

2.5 hrs.

5 hrs.

T«5 hrs.

10 hrs.

Mean

SD

Mean

SO

Mean

SD

Mean

SD

S ORX-NONDWNR =

5.456
5.534
4.969
5.017
4.984
5.561
5.961
4.952
5.503
5.031

2-935
2.937
2.826
2-543
2-945
3.073
2.890
2985
2.813
2-710

8.009
8.121
T.312
7.354
T-314
8.157
8.688
T-284
8.054
7375

10.121
10.240
9.275
9.279
9-305
10.318
10.924
9.273
10.151
9.358

5.101
5.111
4.849
4.449
5.047
5.332
5.056
5.075
4.900
4.685

11.947
12.068
10.943
10.968
10.987
12.195
12.847
10.937
11.963
11.050

5.887
5.914
5.603
5.131
5.824
6.124
5.846
5.861
5.660
5.408

»
&

5.297

T-767

9.824

11.591




TABLE 19

CUMULATIVE INFLOW OBTAINED USING AVERAGE

VALUES OF A AND B PARAMETERS

Cumulative Inflow (cm)

Soil

2«5 hrs. 5 hrs. T«5 hrs. 10 hrs.

Bethany—-15 cm
Bethany—-30 cm
Tipton
Konawa

3.935 5.578 6.879 T.993
1.964 2.855 3.629 4.352
5.277 T-671 9.619 11.320

4.763 T-437 9.988 12.510
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overaging the inflow values obtained from each set of

parameters shows that they are considerobly different. In
all the caoses studied the cumulative inflow obtained using
the second method was found to be greater. [t con also be
seen that the longer the time of the simulaotion, the bigger

is the difference in results between the two methods.

Inflow Distribution

The cumulotive probobility distribution of inflow was
tested using the normal and lognormal distributions. Toble
20 shows the moximum deviations of the cumulative inflow
from both the above distributions. K is the critical value
of the Kolmogorov-Smirnov test statistic. The cumulative
inflow is best described by a lognormaol distribution.
Figures 9 through 12 show the probobility distribution of

the cumulative inflow aofter 10 hours of simulation.

Convergence in the Solution

In an aottempt to find a set of A and B values that
would produce infiltration estimotes equal to the average
infiltrations 100 simulotions of the cumulaotive inflow were
computed using each of the five boundary conditions
considered. From these simulotions sets of poraometers A
ond B 5 9iving cumulative inflow values close to the mean,
were selected. A minimum of 7 points were selected. Plots
of the best fitting curves through these selected sets of A

and B are shown in figures 13 throush 16. The curves were



TABLE 20

KOLMOGOROV-SMIRNOV TEST STATISTIC FOR
NORMALITY AND LOGNORMALITY OF
THE CUMULATIVE INFLOW

Sail D1 D2 K

Bethany-15cm =089 062 140
Bethany-30cm «166 «090 140
Tipton -115 «136 -140
Konawa <167 =140 «140

D1 maximum devigtion from the normal distr.
D2 maximum deviation from the lognormal dist.
K the critical value of the K-S test
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CUMULATIVE INFLOW (cm)

BETHANY SOIL (415 cm)
Exceedance Probability-X
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Figure 9. Probability Distribution of Cumulative [nflow

After 10 hrs. of Simulation for Bethony
Soil (15 cm)
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CUMULATIVE INFLOW (cm)

BETHANY SOIL (30 cm)
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Fiogure 10. Probability Distribution of Cumulative [nflow
After 10 hrs. of Simulation for Bethony
Soil (30 cm)
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CUMULATIVE INFLOW (cm)

KONAWA SOIL
Exceedance Probability-X
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Figure 11. Probability Distribution of Cumulative Inflow

After 10 hrs. of Simulation for Konama Soil
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CUMULATIVE INFLOW (cm)

TIPTON SOIL
Exceedance Probability-X
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Figure 12. Probability Distribution of Cumulative Inflow
After 10 hrs. of Simulation for Tipton Soil
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cll described by a lineor regression of BAVersus either A
or 1/A.

For all four soils an area of convergence in the
solution can easily be identified. In at least three coses
(Bethany soil (15 and 30 cm) ond Tipton soil), the region
of convergence is almost reduced to one single point.

Single sets of parameters A and B, noted A* ond B*,
where the majority of solutions tend to match, were
estimated for each soil. Values of A® and B* are compared
to Aavg and Bavs in table 21. The cumulative inflow is
then simuloted using the extrocted parameters, A* ond B*.
Compared to the simulotions done using average parameter
valuess Aave and Baves closer results to the average
cumulative inflow were obtoined when using the parometers
A* and B*. Table 22 shows the cumulotive inflow values
obtaoined using the parameters A* and B* , ond those
obtained using the paorameters Aaove and Bawvsa. AVeraoge
values of the cumulative inflow are olso displaved for
comparison purpose.

Althouogh the difference between the averaged value of
cumulative inflow and the one obtained using averaged
parameters is small for o specified boundory condition of
zero matric potential, it seems to be increasing
considerably as the volue of the matric potential assigned

to the boundary condition becomes smaller.



PARAMETER 3

.200

PARAMETER A

Figure 13. Zone of Convergence in the Solution
for Bethany Soil (15 cm)
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PARAMETER B
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Fiqure 14. Zone of Convergence in the Solution
for Bethany Soil (30 cm)
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PARAMETER B
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PARAMETER B

.30

Figure 16.

PARAMETER A

Zone of Convergence in the Solution

for Tipton Soil
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TABLE 21

EXTRACTED PARAMETERS A™ AND B> COMPARED 1D

THE AVERAGE PARAMETERS Aave AND Bave)d

nT

S0il A B> Aaovg Bavg
Bethany-15 cm .00385 1 .440 006 1543
Bethany-30 cm «01070 14144 020 1145
Konawa «02185 1.535 03 1576
Tipton -.00475 1475 . 007 1512




TABLE 22

COMPARISON OF AVERAGE CUMULATIVE INFLOW
TO THOSE OBTAINED USING (A™sB™)
AND (AovaoiBavg)

Boundary Conditions (%)

Soil BC#1 BCH#Z2 BC#3 BRBCH#4a4 BC#bH
Bethany-15 cm
Avg. Cumulative Inflow .40 5.67 4d.21 3.2 2.H9
Inflow UYsing A%, B* 8«16 5.67 4.31 3.40 2.76
{nf. Using Aavg, Bavg Te99 4.81 3.24 2.34 1.75
Bethany-30 cm
Ava. Cumulative Inflow 5.36 2.31 1.59 1.22 98
Inflow UUsing Ax, Bx 5.47 232 1.60 1.27 - 99
Inf. Using Aava, Bavg 4.35 1.39 -« 88 « 65 «51
fipton
Avg. Cumulative Inflow 12-19 759 5H.46 4.10 316
fnflow Using Ax, B 12-38 T-87 5.64 4g.25 3.33
Inf. Using Aavg, Bava 1132 6.0 3.88 £2.72 2.02
Konawa
Avga. Cumulative Inflow 13.51 2.34 1.09 .66 -4
Inflow Using A%, B 13.094 2.45 1.12 NEYE « 45
Inf. Using Aavg, Bava 12.51 1.47 «62 «35 .4
(%) BC#1: h(Qst) =  cm
BC#2: h(0,t) = =50 cm
BC#3: h(0,t) = =100 cm
BC#4: h(05t) = —-150 cm
BC#5: h(0st) = —-200 cm
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Extrocted and Averaged Parameters Relaotionships

An ottempt to relate the extracted parameters, A* and
B*, to the averaged ones, Aavs ond Bavgs; Was made by
fitting different regression models to the four sets of
parometers obtoined for eoch soil. For both A and B
parameters it was found thot o lineor type of model with
null constont term is very well describing the relationship

between the extracted ond the averaged values.

A Parameter

A lineor model relating A* to Aave WAs estimated as

A* = .655 * Aavs (8>

With o standard error of .043 ond R2 of .987. Table 23 is
the ANOVA table for this relationship which is plotted in

figure 17.

TABLE 23

ANALYSIS OF VARIANCE TABLE FOR
THE REGRESSION EQUATION (8)

Sum of Dearees of Mean
Source Squares Freedom Square F Ratio P(2 Tail)

Regression - 001 1 =001 227782 001
Residual -000 3 000




0

B Pdarameter

Controry to A which was found significontly different

from the average Acvsgy B* is almost equal to Bavge. The

estimated model reloting the latter parameters is

B* = .967 * Bavs (9

with o stondord error of 013 and R2 of §0.999. The

analysis of varionce is q9iven in table 24. Figure 18 is a

plot of the relotionship.

TABLE 24

ANALYSIS OF VARIANCE TABLE FOR
THE REGRESSION EQUATION (95>

Sum of Dearees of Mean
Source Squares Freedom Squoare F Raotio P2 Tail)
Regression T.910 1 7911 5451 .524 000
Residual =004 3 «001
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Figure 17. Plot of Extrocted Versus Averaoge
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CHAPTER VI

SUMMARY AND RECOMMENDATIONS

Summary

The hydraulic model proposed by Van Genuchten (1980)
was used to describe the relationships between the
hydraulic properties of three soil series. The model
parameters were estimated using a nonlinear least squares
fitting procedure. Analyzing the random variability of the
parameters cobhtained from fitting 168 sets of water content-
matric potential dotay it was found to be best described by
a lognormal type of distribution.

The cumulative inflow was then computed for 1000 sets
of generated bivariote paraometers for each soil.

A lognoramal distribution was also found to well describe
the cumulative inflow variability.

Considering the flow parameters as random variables
yields flow values different from those obtained using
averaged parometers. The obsolute difference in flow was
found to be increasing as the simulation time increased.

Considering five different boundary conditions at the
upper surfoce of the soil profile, it has been found that
parameters giving values of the cumulative inflow around

the mean converge in the A, B plane. This region of
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converagence in the solution is distinctly different from

the averoge point of parameters.

Recommendations

Although an aottempt to relaote the parameters A* ond B*
extracted from the convergence region to the averagsed ones
was made in this study, higher number of samples should be
considered for o more accurate estimation of this
relationship. A more complicated study can be conducted
where the remaining parameters incorpordgted in the function
describing the soil-water characteristic curve will be

considered random variables as well.
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Site and Profile Descriptions for Bethany Soil
Sites 1, 2, ond 3

Location: 479.9 m north and 192.9 m west of SE corner of
Section 165 t 19 N«.s R. 2Es Payne county, 0Oklahoma.

Classification: Pachic Argiustoll, fine, mixed, thermic.

Topogrophy:‘SIightly concave, nearly level.

Vegetation: Wheat, experiment stotion.

Soil profile: See table 25.

Described by: Eaorl C. Nonce and Joe Williams.
Site 4

Location: 21.3 m west oand 416 m south of the northeost
corner of Section 11 T. 19Ns R. 1E» Payne county,

Classification: Pachic Paleustoll, fine, mixed, thermic.

Topograophy: Slightly concave, nedrly level.

VVegetation: Wheat.

Soil profile: See table 26.

Described by: Tom Reinsch.
Site 5

focotion: 134.9 m west and 155.4 m south of the

northeast corner aof SE 1/4s NE 1/4 of section 5, T.

31

OK -
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TABLE 25

PROFILE DESCRIPTION FOR BETHANY SOIL
SITE 15 25 AND 3

Horizon Depth Description

A1l 0-25 cm Very dark brown (7.5YR 2.5/2) silt loam
weak medium subangulor blocky breaking
to weak fine and medium goranular struc-
ture; friocble when molist; medium ocids
abrupt boundorvy.

B1t 25-33 cm Very dark brown (7.5YR 2.5/2) heavy
silty clay loamsstrong coarse subangu-—
lar blocky structure; firm when molist;
clay films on ped surfoces; few fine
block bodiess slightly ocldy cleor
boundary.

Be21t 33-71 cm Daork brown (7.5YR 2.5/2) moist silty
clay; moderaote coarse prismotic break-
ing to very fine blocky structure; very
firm when molsts clay fllms on ped sur-
faces; few very filne block bodles and
cocretions; slightly ocid in upper port
and neutral 1n lower part; roots are
mainly on ped surfacess some evidence
of high shrink swell mwith coatings of
less clayvey textures on some verticol
facess clear boundary.




TABLE 26
PROFILE DESCRIPTION FOR BETHANY SOIL
SITE 4 .
Horizon pPepth Description
Ap 0-23 cm Qark brown (7.5YR3/2)s loom; moderate

medium subaongular-blocky breaking to
granular; friable when moist; many
roots; many fine and medium pores;
cleor boundary

B1t 23-58 cm Dork brown (7.5YR3/3)s clay loams
moderate medium subongulor blocky
brecking to granular; slishtly firm;
many fine roots; many fine pores; clay
film on ped faces; gradual boundary.

821t 58-90 cm Dark brown (7.5YR3/3) clay; moderate
strong angular blocky; exremely firmsg
clay films on ped surfaces; many fine
poress clear boundary.
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19Ns R. 2E» Payne county, (Oklohoma.
Clossification: Pochic Poleustoll, fine, mixed, thermic.
Topoaraphy: Slightly concave, nearly level.
Vegetotion: Wheaot.
Soil profile: See table 27.

Described by: Tom Reinsch.

Site 6

Location: 158.5 m west and 307.8 m north of the SE corner
of SW 1/4, SE 1/4» Sec. 45 T. 12N> R. 8W, Conadion
county, (Oklohoma.

Classification: Pochic Paleustoll, fine, mixed, thermic.

Topography: Convex, 3% slope.

VYegetation: Native gross.

Soil profile: See table 28.

Described by: Bob Bourlier.

Site ond Profile Descriptions for Konawda Soil

Site 1

84

location: 762 m feet south ond 579.1 m feet west of the NE

corner Sec. 36 T18N R2E»s Payne Countys; (Oklahoma.
Classificaotion: Fine loamy, mixed, thermic, Ultic
Hoplustalf.
Physioaraphic Position: High Terrace summit view level.
Toposraphy: Yery gently slopping 2% slope.

VVegetation: Idle Cool season onnuadls.



TABLE 27
PROFILE DESCRIPTION FOR BETHANY SOIL
SITE 5
Horizon Depth Description

Ap 0-20 cm

B1t 20-46 cm

B21t 46-81 cm

Dark brown (7.5YR 3/2)3 silt loam; mod-
erate medium subcongular blocky breaking
to angulars many commom poress friable
when moist; clear boundory.

Dark reddish brown (5YR 3/3); silty
clay; coarse medium prismatic breaking
to moderate medium angular blocky; firm
when moists clay films on ped surfocess
gradual boundory.

Dark reddish brown (S5YR 3/3)5 silty
clay; coarse medium prismatic breaking
to moderaote medium angular blockys firm
when moist; clay films on ped surfocess
many fine random root orientations
black bodies; gradual boundary
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TABLE 28

PROFILE DESCRIPTION FOR BETHANY SOIL

SITE 6

Horizon

Depth

Description

A1

A12

81

0-18 cm

18-28 cm

28-46 cm

Very dark gray (10YR 3/1) silt loam
dark grayish bromn (10YR 4/2) dry; weak
coarse platy breoking to moderate
medium granular structure; hard; fri-
ble;y many fine roots; few wWarm castss;
(PH 6.8) neutral; clear smooth boundary

Very dark grayish bromwn (10YR 3/72) silt
loam brown to dork brown (10YR 4/3) dry
moderate medium gronulor structurej
slightly hard, friables many flne
roots,; few worm castss (pH 6.5) slight-
ly acids cleor smooth boundary.

Dark brown (7.5YR 3/2) silty clay loam,
brown to dark brown (10YR 4/3) dry;
moderate fine subangular blocky break-
ing to moderate medium granular struc-
turesy hard, firm; maony fine roots;
potchy clay flims; about 1¥ quartz
aravel by volume 2 mm to 76 mm in diag-
meterss (pPH 6.8) neutral; clear smooth
boundary.
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Parent motericls: 0ld Alluvium (Pleistocene).
Scil profile: See table 29.

Described by: Jim Frie ond Jim Henley.

Site 2

Location: 731.5 m feet West ond 281.9 m feet North of the
SE corner Sec. 36 T18N R2Es Payne county, 0Oklohoma.

Claossificotion: Fine loamy, mixed, thermic, Ultic
Hoplustalf.

Physiograophic position: High Terrace, Perkins level.

Topography: Very gently sloping 2% slope.

Vegetation: Bermudo pasture (low condition).

Porent moterial: Qld Alluvium (pleistocene).

Soil profile: See table 30.

Described by: Jim Frie aoand Jim Henlevy.

Site 3

Location: South side of north study site 411.5 m S. 7.6 m
W Of NE corner of Sec. 10 T« 4dN.» R. 3E. Oon 0. S. Ue.
Agronomy Research Station, Straotford, 0Ky Gorvin
County.

Classification: Fine, loamy, mixed, thermic Ultic
Hoplustalf.

Topography: Upslope portion of terraced hillside with slope
of 3-5%.

Vegetation: Fallow for last 2 vears, previously in peanuts.

Soil profile: See table 31.
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[ABLE 29
PROFILE DESCRIPTION FOR KONAWA SOIL
SITE 1
Horizon Depth Description
AP 0-30 cm Brown (7.5YR 4/4) fine sandy loam; weak

fine gronular structure,very friaoble
slightly haords many fine roots; fen
small bodies of B2t moterial randomly
mixedsvery strongly aclid; abrupt smooth
boundary.

B21t 30-76 cm Dark reddish brown (5YR 3/1) sandy clay
loam. Dark reddish brown (5YR 3/3) ped
faces; moderate medium prismatic struc-
ture § friaoble; very hard; many flne
roots; within near continuous clay
films sliashtly acid; arodual wavey
boundary.

B22t T7T6-99 cm Yellow red (5YR 4/6) fine sandy loam;
reddish brown (5YR 4/4) ped faces;
moderate coarse prismatic structure;
very friaobley, fenw fine faint yellowish
red mottles; very thin near continuous
clay fllm on ped faces; neutral,
gradual wavy boundory.
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TABLE 30
PROFILE DESCRIPTION FOR KONAWA SOIL
SITE 2
Horizon Qepth Description

A1 0-17 cm

A2 17-26 cm

B21t 2668 cm

B22tb 68-102cm

Brown (7.5YR 4/4) fine sondy loam; weak
fine granular structure,very friable
slightly hards mony fine roots; neutral
clear smooth boundary.

Brown T.5YR 5/4)s loamy fine sand; weak
very fine gronulor structurej; very
friables slightly haord; many fine roots
slightly ocid; abrupt smooth boundary.

Yellonwish red (5YR 4/6) sandy clay loam
moderate medium prismatic structure;
very hards friaoble; common fine roots;
thin neor continuous clay fllm on ped
foces; neutral; gradual smooth
boundary.

Strong brown (7.5YR 4/6) sandy clay
loam; moderate medium prismotic struc-
ture; very hard; friaoble; few fine
roots; thin near continuous clay film
on ped foces; few flne distinct reddish
brown and strong brown mottles; neutraols;
aradual smooth boundary.
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TABLE 31
PROF ILE DESCRIPTION FOR KONAWA SOIL
SITE 3
Horizon Depth Description
Ap 0-23 cm Dork graylsh brown (10YR 5/3) loamy

fine sond graylish brown (10YR 4/3)
moist; weak fine and medium _
gronular structure; softy, very frioble
slightly ocld; cleor smooth boundary.

A2 23-36 cm Light yellowish bronrn (10YR 6/4) loomy
fine sandy yellowish brown (10YR §/4)
moisty wmeak flne granulor structure;
soft, very frioble; neutrol, cleor
smooth boundory.

821t 36-53 cm Yellowish red (SYR 4/6) sondy clgy loom
vyellonlsh red (5YR 4/6) molist; common
fine ond medium distinct red (2.5YR
- 5/6) mottles; moderote medlum sub-

ongulor structure; bhard, firm; clay
films on ped foces ond bridgling sond
grains; common medium ond flne roots}
neutrol, gradual smooth boundory.,.

B22t 53-89 cm Red(2.5YR 4/6) sondy clay loom, dork
red (2.5YR 3/76) moists common fine sond
medium distinct yellowish red (5YR 5/6)
mottles in upper part; moderaote coorse
prismatic structuwre porting to weak
medium subongulor structure; very hordj
firm;clay films on ped foces and
bridoing sond grolns; common medium ond
fine rootsy; common worm costy slightly
ocid; gradual smooth boundary.
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PDescribed by: Vinson Bougard ond Larry E. Kichler.

Site 4

Location: North side of south study site 403.9 m S. and 6.1
m W. of NE corner of Sec. 105 T. 4N.» R. 3E- Agronomy
Research Station, Straotford, (Oklohoma, Garvin County.

Classification: Fine loamy, mixed, thermic Ultic
Hoplustal fs.

Topography: Upslope portion of terraced hillside with slope
of 3-5%.

Vegetation: Fallow for last 2 vears, previously in peanuts.

Soil profile: See table 32.

Described by: Vinson Bogard and Larry E. Kichler.

Site aond Profile Pescriptions for Tipton Soil

Site 1

|_ocation: 31 m East and 169 m South of the northwest corner
of section 32y T. 15.3 R- 18W.» Tillmon County, 0OK.

Clossification: fine loamy, mixed, thermic, Pochic
Argiustoll.

Topography: Slightly concove, nearly level.

Vegetation: Wheat and cotton.

Scil profile: See taoble 33.

Described by: Earl C. Noance ond Tom Reinsch.



TABLE 32
PROFILE DESCRIPTION FOR KONAWA SOIL
SITE 4
Horizon pepth Description
AP 0-23 cm Dark brown (7.5YR3/2)s loam; moderate

medium subongular-blocky brecking to
granular; friaoble when moist; many
roots; many fine ond medium poress;
cleor boundary

B1t 23-58 cm Dark bromn (7.5YR3/3); clay loam;
moderate medium subangulor blocky
breaking to granulor; slightly firm;
many fine roots; mony fine pores; clay
film on ped facesji; grodual boundary.

821t 58-90 cm Dark bromwn (7.5YR3/3)s; clay; moderote
strong angular blockys exremely flrms
clay fllms on ped surfacess many fine
poress; clear boundory.




TABLE 33
PROFILE DESCRIPTION FOR TIPTON SOIL
SITE 1
Horizon Depth i Description
AP 0-22 cm Dark brown (7.5YR 3/3) molst; loams;

weak fine garaonular structures friables
fenw fine and medium random poress few
fine roots; slightly acidj clear
boundary.

A12 22-59 cm Dark brown (7.5YR 3/2) moist; loams;
weak medium subangular blocky breaking
to moderate medium and fine granular
structure; friable;s; few earthworm casts
many medium vertical poress few roots
slightly acid; clear boundary.

B21t 59-72 cm Dark reddish brown (5YR 3/3)molst; loam
weak coarse prismatic breacking to weak
medium subangular blocky structures
friablesthin clay films on ped surfaces
and coating sand grains; many medium
and fine vertical pores; few fine roots
few earthworm casts; neutrals gradual
boundary.




Site 2

Location: 8.2 m South and 326.4 m West of the northeast
corner of the southeast 1/4 of Sec. 15T. 1S. R. 19W»
Tillmoh County, 0K«

Claossification: Fine loamy, mixed, thermic, Poachic
Argiustollis.

Topography: Linear slope, nearly level.

Vegetationi Cotton - reseorch stotion.

Soil profile: See table 34.

Described by: Forl C. Nonce ond Tom Reiche.
S5ite 3

Location: T76.8 m South and 128.9 m West of the northeast
corner of the southeast 1/4 of Sec. 25y T« 15-3 R«
19W.» Tillman County, 0K

Claossificaotion: Fine loomy, mixed, thermic, Pachic
Argiustolls.

Topography: Linear slopey nearly level.

Vegetation: Sorghum, cotton - reseadrch station.

Scil profile: See table 35.

Described by: Earl C. Nonce aond Ton Reinsch.
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TABLE 34
PROFILE DESCRIPTION FOR TIPTON SOIL
SITE 2
Horizon Depth Description
AP 0-25 cm Dark bronwn (7.5YR 3/3) molst; loam;

weak flne granular structure; friables;
few fine and medium rondom pores; few
fine roots; neutralj; clear boundary.

A2 25-60 cm Dark brown (T.5YR 3/2) molist; loams
weak medium subangular blocky breaking
to moderate medium and fine granular
structure; friable; few earthworm costs
many medium vertical pores; few roots
neutral; graodual boundary.

B21t 60-103cm Reddish brown (S5YR 4/3) moist; loam;
weak coarse prismatic breaking to weak
medium subongular blocky structures;
friaoblesthin clay films on ped surfoces
and cooting sond grains; many medium
and fine verticaol pores; few fine roots
few earthwWworm casts; mildly alkalines
fen flne CaC03 concretions; clear
boundary.
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TABLE 35
PROFILE DESCRIPTION FOR TIPTON SOIL
SITE 3
Horizon 0Depth Description
AP 0-21 cm Dark bronn (7.5YR 3/2) moist; loam;

weak flne granular structure; friobles;
few fine rondom pores; few fine roots;
mildly alkaline; clear boundary.

A12 21—-46 cm Dark brown (7.5YR 3/2) moist; loam;
Weagk coarse subangular blocky breaking
to moderate medium ond fine granular
structure; friable; few earthworm casts
many medium vertical pores; few fine
rootsy moderately olkaoline; graodual
boundary.

B21t 46-99 cm Dark reddish brown (5YR 3/3) moist
upperi and (5YR 3/4) molist lower; loams;
moderate medium prismatic brecking to
moderate medium subangulor blocky
structure; friaoble; mony fine random
pores; fenw fine roots; few earthworm
casts; fenw threads mycelio carbonatess;
thin clay fillms on ped surfaces;
moderately alkaline; graodual boundoaory.




APPENDIX B

BIVAR.BAS COMPUTER PROGRAM FOR GENERATION
OF BIVARIATE> CORRELATEDs LOGNORMALLY
DISTRIBUTED YARIABLES
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APPENDIX C

SUPPLEMENTARY DATA
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Figure 19. Typical Fit of Equation 5 to |h| and WC Data
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