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ABSTRACT

Rainfall infiltration characteristics for a semi-arid watershed

soil were studied. The soil examined was obtained from Page Ranch, 25

miles north of Tucson, Arizona. Laboratory infiltration tests were con-

ducted on reconstructed soil profiles similar to those on the watershed.

A mathematical model of infiltration, developed by Dr. Roger Smith, was

used to simulate the infiltration process. Results from infiltration

tests conducted on site at the watershed during a previous research study

were also simulated using the infiltration model.

Laboratory and field infiltration tests were conducted using a

realistic rotating disk rainfall simulator. Single- and dual-source

gamma ray attenuation techniques were used to obtain soil moisture

measurements within the laboratory soil profiles. Direct measurement of

surface crusting effects in the laboratory using the dual-source

technique was attempted but was determined to be unworkable due to

resolution and boundary effect problems.

Using the measured saturated hydraulic conductivity values of

the laboratory and field soils, and the unsaturated soil properties as

measured for the field soil, the mathematical model of infiltration as

developed by Dr. Roger Smith simulated the infiltration rates of bare

test plots. By changing the saturated conductivity of the upper soil

layer, it was also possible to simulate the infiltration process on a

grass-covered field plot.

viii



CHAPTER 1

INTRODUCTION

Crucial to long-term water resource planning, including flood

control, is a reliable estimate of the runoff and infiltration rates for

the watershed under consideration. The rate of infiltration of water

determines the portion of precipitation that will be rainfall excess,

forming overland flow and contributing to stream flow. Flows in the

stream channels combine to produce the overall watershed runoff which,

for a gauged watershed, is measured as storm runoff. This runoff is

usually expressed as a hydrograph due to a given input of rainfall.

Many watersheds are ungauged and information about watershed runoff due

to a given input must be approximated. Design of water management

structures is difficult for ungauged watersheds unless reliable esti-

mates of the infiltration characteristics for the watershed soil can be

made. Even for gauged watersheds, estimating extreme flood events

requires a thorough knowledge of the infiltration characteristics for

the watershed.

In the southwestern United States, there are many semi-arid

watersheds, most of which are ungauged. Designing water harvesting

systems and reservoirs to optimally use the limited water resources of

these areas is difficult because of limited data and storm character-

istics. These semi-arid areas are sparsely covered or devoid of vegeta-

tion, which tends to contribute to flash flooding. The principal

1
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factors controlling infiltration on a watershed are the amount and type

of ground cover, hydraulic properties of the soil profile, intensity and

duration of precipitation, and the extent of soil crust formation.

Studies have shown that when the soil surface is exposed, surface

crusting might be a principal factor controlling infiltration (McIntyre,

1958; Moldenhauer and Long, 1964; Seginer and Morin, 1969). Even if the

runoff rates and factors controlling infiltration are known for one

watershed, extrapolating these characteristics to another watershed is

difficult due to the large variation among watersheds in hydraulic

properties of the soil and other factors. A lack of adequate infiltra-

tion and runoff data can cause estimates of potential runoff from semi-

arid watersheds to be in error by as much as a factor of ten or more.

Various rainfall simulators have been devised to obtain more

reliable infiltration and runoff data. These simulators enable infil-

tration and runoff measurements to be made at selected sites under con-

trolled conditions. As an example, measurements can be made for

different soil types on a watershed during different seasons. The

Arizona Water Resources Research Center developed a rotating disk rain-

fall simulator (Morin, Cluff, and Powers, 1972). This simulator has

been used to determine runoff and infiltration relationships over a

period of several years on several semi-arid watersheds in Arizona.

The objectives of this research study were to develop and

evaluate techniques for examining in more detail the factors controlling

infiltration of water into a soil. The use of the above-mentioned

rotating disk rainfall simulator on a reconstructed soil under controlled
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laboratory conditions was developed. The use of single- and dual-source

gamma ray attenuation techniques for measuring soil moisture profiles

before, during, and after the rainfall simulator runs conducted in the

laboratory were also developed. In addition, the use of the dual-

source gamma ray attenuation techniques to measure near surface compac-

tion of soil due to rainfall impact was evaluated. An existing

mathematical model of infiltration, which could be modified to include

effects of soil crust formation, was evaluated for use in simulating the

infiltration responses of the reconstructed laboratory soil and the in

situ watershed soil from which the laboratory soil was obtained.

Finally, the infiltration characteristics of the watershed soil examined

were evaluated based on the results of the laboratory rainfall simula-

tor runs, the gamma ray measurements, the infiltration model simulations

of both the laboratory and in situ watershed soil, and the rainfall

simulator runs conducted during a previous research study on in situ 

watershed soil plots.



CHAPTER 2

LITERATURE REVIEW

Infiltration, as used here, refers to the process of water entry

into soils. Comprehensive reviews of the infiltration processes were

published by Parr and Bertrand (1960) and by Phillip (1969). Numerous

empirical equations have been developed to describe the dependence of

infiltration rate upon time and cumulative infiltration. Among these

are the equations of Gardner and Widstoe (1921), Kostiakov (1932), and

Horton (1940). The most popular of these is the Horton equation:

f = f + (f0 - f e)e
-kt

In this equation, f is the infiltration rate at time t; and fe and fo

are infiltration rates at time = co and t = 0, respectively. The

constant k is a best fit parameter and may have little or no physical

meaning.

These empirical methods were further developed by Holtan (1961)

into a nonlinear storage type of time-dependent formula that was fitted

empirically to infiltrometer or watershed data. Later, Holtan (1968)

expanded upon his infiltration formula to make a precipitation routing

model. A more complex precipitation routing model was developed by

Crawford and Linsley (1966), called the Stanford Watershed Model.

These empirical methods in general consider only infiltration

for water ponded on the surface. The parameters developed have little

4
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or no physical meaning and there are no parameters to account for differ-

ences in initial soil moisture conditions (except for the Stanford Model

and the Holtan equation).

Moisture flow equations have been developed that mathematically

describe the infiltration of water into soils as a function of rainfall

rate at the surface and the changing state of the soil profile with

time.

These equations for two-phase flow of air and water in a soil

can be derived from the continuity equation and Darcy's equation for

flow. Fluid conservation and the balance of force relations can be used

to further simplify the equations to the following form (Smith, 1970):

-kk	 3P	 cps w	 03 r 	rw 	w	 4 4.
p
w
g )]
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ra
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- = o
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where

z = vertical depth,

k = permeability of porous media,

k
r 

= relative permeability,

p = viscosity,

P = pressure,

p = density,

g = gravity coefficient,
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s = soil moisture content,

(I) = porosity,

t = time,

P
c 

= capillary pressure,

a = subscript referring to air, and

w = subscript referring to water.

Solution of these equations has been made by further assumptions that

air moves under negligible pressure gradients, that P
a 

is very small,

and p a is a constant.

Brustkern (1970) and Phuc (1969) developed solutions which

included the effects of air movement. Other simplifications had to be

made to keep the computer costs low enough to be practical. Brustkern's

solution used a fractional flow function in which capillary pressure is

partially neglected. Brustkern's model used much less computer computa-

tion time than Phuc's model. Results from Brustkern's model have not

been compared with actual experimental data.

If the flow equation is simplified by assuming that the effects

of air are negligible, the equation simplifies into a form developed by

Richard (1931). This equation is commonly referred to as the "Richard's

equation" and is discussed in a later section which describes the

mathematical infiltration model used in this study.

Richard's equation was developed in somewhat different forms by

various investigators such as Gardner and Widtsoe (1921) and Childs and

Collis-George (1950), who recognized that capillary suction and

unsaturated conductivity are nonlinear moisture content dependent
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variables. The derivation of this equation is presented by Gardner

(1967). The mathematical model of infiltration developed by Smith

(1970) is based on a finite difference solution of the Richard's equa-

tion and is the infiltration model used in this study.

Another commonly used equation for vertical flow of water into

soil is:

90	 9	 ( T.1( 	98	 DK(0)
at = az	 az	 az

where D(0) and K(8) are diffusivity and conductivity functions which are

dependent on the water content, O. Phillip (1957) developed a solution

of this equation in the form of a power series:

z(e,t) = E f (0) tn/2
n=1 n

where Z is the depth to any particular wetness, 0, and the coefficients

fn (8) are calculated from the diffusivity and conductivity functions.

Most existing infiltration models do not account for changing

sw
, k, * relations at the soil surface due to effects of rainfall impac-

tion. McIntyre (1958), Moldenhauer and Long (1964), Seginer and Morin

(1969), and Tackett and Pearson (1965) have described the effects of the

kinetic energy of raindrops falling on unprotected soil causing disper-

sion and a change of the hydraulic conductivity. Thus, the sw k,

relations at the surface can change as a function of rainfall

characteristics.

A method of accounting for surface crust formation was proposed

by Edwards and Larson (1969). In their model, it was assumed that the

pressure at the upper boundary of the surface crust was zero and the

CO
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pressure under the crust was equal to the soil suction value at the

interface between the surface crust and underlying soil. Results

obtained from this model seemed to indicate that the hydraulic gradient

in the crust was increasing with time, while the saturated conductivity

of the surface crust decreased at a faster rate, resulting in an infil-

tration rate that decreased with time. The conclusion of increasing

suction gradient was not verified by experimental data since the only

thing determined experimentally was the saturated conductivity of the

surface crust and the s
w
, k, tp relations for the soil used.

In this study, the use of the layered soil feature of the Smith

model, to simulate soil crust effects, was investigated. Various

analytical techniques were developed to study these effects.

Previous investigations of infiltration characteristics utilize

various types of infiltrometers. The earliest infiltrometers were

basically rings driven into the ground and the infiltration rate measured

as the rate of application needed to maintain a constant level of ponded

water within the ring. This method has been largely replaced by

sprinkling infiltrometers (rainfall simulators) which cover a larger

area and more realistically represent infiltration during rainfall

events.

Mutchler and Hermsmeier (1965) presented a review of existing

rainfall simulators. Gunn and Kinzer (1949) discussed the raindrop ter-

minal velocity for natural rainfall. To reduce excess application rates

while maintaining drop size and velocity restrictions, Meyer and McCune

(1958) developed a rainulator that physically moved the nozzle back and
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forth across the plot. Morin, Goldberg, and Seginer (1967) developed a

technique to physically remove the excess water with a rotating disk.

Surface crusting was formed on tilled soil materials using a

rainfall simulator described by Moldenhauer and Long (1964). The drops

from this simulation were relatively large. McIntyre (1958) criticized

rainfall simulators used in raindrop impact studies, stating that compac-

tion due to raindrop momentum and not kinetic energy was the most impor-

tant factor. The rotadisk rainfall simulator used in this study

realistically simulates drop size, kinetic energy, and momentum of rain-

fall without an excessive application rate (Morin, Cluff, and Powers,

1972).

Attenuation of a beam of gamma radiation is a useful tool for

measuring the movement of moisture during infiltration because of its

non-destructive character. Use of gamma radiation in soil research can

be traced back to Vomocil (1954), who used a cobalt 60 source to measure

soil density. Van Bavel, Underwood, and Rogar (1957) did research on

primary radiation in density measurements. Davidson, Biggar, and

Nielsen (1963) reported on the design of laboratory equipment to measure

water content and other properties of soil columns. Fritton (1969)

reported on resolving time, mass absorption coefficients, and water

content corrections for the gamma ray attenuation method.

Corey, Peterson, and Wakat (1971) reported on the feasibility of

simultaneous measurement of water content and bulk density in soil

columns using two sources in a single collimator. Gardner, Campbell,

and Calissendorf (1972) reported on accuracy and precision
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considerations. Mansell, Hammond, and McCurdy (1973) discussed the

coincidence and interference corrections involved with dual-energy gamma

ray measurements.

Thames and Evans (1968), at The University of Arizona, used a

single-source device for work on flow of water under transient condi-

tions. Macintyre (1970) researched resolving time and source fluctua-

tion corrections. Beginning in 1974, the author has reconstructed the

gamma unit used by Thames and Evans to a dual-source device. Also, a

more stable electronics package, manufactured by Harshaw Chemical Co.,

was added to analyze the dual-energetic gamma rays. Calibration and

operating procedures were based on techniques as described in the above-

listed references.



CHAPTER 3

RESEARCH EQUIPMENT AND METHODS

Infiltration tests on a reconstructed soil were conducted under

controlled laboratory conditions using the rotating disk rainfall simu-

lator. Soil used in the experiment was obtained from The University of

Arizona Page Experimental Ranch, which is located 25 miles north of

Tucson, Arizona. The soil was taken from a site just southwest of the

Acre Water Harvesting Agrisystem (Dutt and McCreary, 1975). The soil

was over-dried and packed into specially designed boxes to a density

closely approximating that of the field soil. Six of these soil boxes

were placed side by side under the rainfall simulator to form the basic

soil test plot.

Six infiltration runs, each sixty minutes in duration, were con-

ducted during the laboratory studies. Four of the tests used a constant

rainfall intensity for the full sixty minutes, while two of the tests

used two different intensities for thirty minutes each during the sixty-

minute runs. At the end of the first test, the saturated hydraulic

conductivity of the soil in each box was measured and related to the

time each box was under the simulator. This procedure was used to

measure changes in hydraulic conductivity due to soil crust formation as

a function of rainfall exposure time.

Single- and dual-source gamma ray attenuation techniques were

developed for use in these experiments. Gamma ray attenuation was used	 .

11
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to obtain soil moisture profiles before, during, and after the infiltra-

tion tests. During the first and last infiltration tests, soil boxes

were taken from under the simulator, at selected time intervals during

the tests, and the soil moisture profiles measured. Using this proce-

dure, the movement of the wetting front as a function of time was

obtained. Measurement of near surface compaction due to raindrop impact

was attempted using the dual-source gamma attenuation technique.

Results of the six laboratory infiltration tests were compared

with simulated results obtained using a mathematical hydraulic infiltra-

tion model developed by Smith (1970). The model simulated both the

infiltration rates and movement of water into the soil profile. Results

from field infiltration tests conducted at the Page Ranch site during a

previous research study were also simulated using the Smith model.

To provide a more complete understanding of this research proj-

ect, descriptions of the soil used in the research study, the rotating

disk rainfall simulator, the previously conducted field infiltration

tests, and the research equipment and methods used in the laboratory

study are presented in the following sections.

Soil Description 

The soil examined in this study is a White House type soil,

which is a standard soil survey classification of the Soil Conservation

Service. White House soils have well-developed, fine-textured, reddish-

brown Bt horizons with an accumulation of CaCO 3 
in the lower part of the

solum or in the Cca horizon. They are medium to slightly acid in the
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upper part of the solum, increasing to moderately alkaline in the lower

part.

White House soils are found in southeastern Arizona and south-

western New Mexico. White House soils are found on nearly level to

steep old alluvial fans or plains at elevations of 3,300 to 5,400 feet.

The soil is alluvial in origin and is composed of granite, dacite,

andesite, rhyolite, and quartzite, with some limestone and basalt. The

climate where these soils are located is semi-arid, with a mean annual

temperature ranging from 57 ° to 64 °F (White House Series, 1971).

A cross-section of the White House soil from Page Experimental

Ranch with the hydraulic conductivities of the various soil layers is

shown in Figure 1. The Al horizon is divided into an All and an Al2

horizon due to the variation in composition of the All layer in the area

where the soil samples were obtained. This surface layer varies from a

sandy loam to a clayey loam, resulting in hydraulic conductivity values

ranging from 9.0 x 10 	 to approximately 3.6 x 10 -1 cm/hr. The

All and Al2 horizons of the soil used for the laboratory study had

virtually equal conductivity values of 9.0 x 10
-3 cm/hr and were recon-

structed in the laboratory as a uniform profile. All of the hydraulic

conductivity values, except the 3.6 x 10
-1 cm/hr value in the All

horizon, were obtained from work done by Dutt and Hanks (1972). This

higher conductivity values of 3.6 x 10
-1 cm/hr is an estimated value for

the grass-covered, sandy loam soil observed on the rainfall simulator

field test plots which were located a short distance away from the soil

sampling and testing site. The conductivity estimate is based on values
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for similar soil and on results of infiltration model simulations which

will be discussed in a later section.

Rotating Disk Rainfall Simulator 

Both field and laboratory infiltration tests utilized a rotating

disk rainfall simulator. This field model rainfall simulator was

developed by J. Morin while employed by the Water Resources Research

Center at The University of Arizona. The rotating disk rainfall simu-

lator, or "Rotadisk Rainulator," has distinct advantages over other drip

and nozzle type simulators. Drip simulators require a height of at

least 30 feet above the soil to approach the impact velocities of natural

rainfall, making them impractical for field testing. Nozzle simulators

can produce the impact velocity, but the increased pressure reduces drop

size. To get realistic drop sizes and impact velocities, large orifice

openings in the nozzles are required, which causes excessive application

rates. The Rotadisk Rainulator provides impact velocities and drop size

distributions closely approximating natural rainfall. Momentum and

kinetic energy of drops are also similar to natural rainfall, and the

intensity of the rainfall can be varied over a wide range (Cluff and

Boyer, 1971).

The Rotadisk Rainulator uses a Spraying Systems Company Fulljet

1-1/2H30, full-cone-spray type nozzle. This nozzle is similar to that

used in other simulators. The unique feature of the Rotadisk Rainulator

is that the intensity is controlled by a slotted metal disk that rotates

on a vertical axis beneath the nozzle. Drops from the nozzle reach the

experimental plot only when the slot in the disk is under the nozzle.
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Excess water is collected and returned to a storage tank to be reused.

Disks of various size slot openings make it possible to produce inten-

sities from zero to full capacity. Less than a minute is required to

change disks, making it possible to run infiltration tests with varied

rainfall intensities. A diagram of the water distribution assembly for

the Rotadisk Rainulator is shown in Figure 2.

The disks are 40 cm in diameter and made of 1-mm brass with 5,

10, 15, 30, and 40 degree slots cut in them. These slots provide inten-

sities ranging from 1.4 cm/hr to 15.3 cm/hr. The height of the disk

opening above the soil surface is usually 208 cm. Most of the infiltra-

tion tests used a disk with a 15 degree slot. The nozzle is cocked at a

ten degree angle and rotates at four rpm, providing the most uniform

rainfall distribution pattern. The disks are rotated at 200 rpm,

providing a rain that is visually continuous (Morin, Cluff, and Powers,

1972).

An aluminum scaffolding supports the water distribution assembly

and establishes the outer perimeter of the simulator. All four sides of

the scaffolding are covered with canvas to form a wind break. In field

tests, a steel frame, 130 cm on a side, is used to form the runoff test

plot. The test plot is located within the perimeter of the simulator so

as to provide the most uniform rainfall distribution. The steel plot

frame is placed 2.5 cm into the soil on three sides. These sides must

be carefully sealed to prevent the loss of runoff. A special tray is

fashioned at the lower end of the steel frame for collecting runoff. A

positive displacement pump and a volumetric tank equipped with a water
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level recorder are used to obtain the runoff rate for the field tests.

In the laboratory tests, the soil boxes themselves formed the soil test

plot and runoff was measured directly in graduated cylinders.

Areal distribution of rainfall under the simulator must be

checked frequently. The procedure is to place containers in a grid pat-

tern and measure the amount collected in each container at the end of

sixty minutes. Figure 3 shows a typical rainfall distribution obtained

using this method. Also shown in Figure 3 are the relative locations of

the steel test plot frame and the soil boxes within the perimeter of the

simulator.

Infiltration is calculated by subtracting the measured runoff

from the average rainfall intensity of the simulator. Errors in either

runoff measurements or rainfall intensity can cause errors in calculating

the infiltration rate. To minimize fluctuations in intensity, the simu-

lator is equipped with a constant head supply to the pump which supplies

the water at a constant pressure to the nozzle. Prior to each set of

infiltration tests and each time the simulator is moved, tests are made

to measure the average rainfall intensity under the simulator.

In the field, these tests were conducted by placing a sheet of

plastic over the test plot and all of the runoff collected to obtain the

average intensity. During field tests, the simulator was transported to

the watershed test site and moved from one test site to another with

careful leveling at each site. Water for the infiltration tests was

supplied from a large tank mounted on a truck. The water was obtained

from a Tucson City Well with approximately 165 ppm TDS (Dutt and
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McCreary, 1970). The well water used could produce somewhat different

infiltration results than actual rain water, which is virtually distilled

water. Power was supplied to the simulator from a portable generator.

Some errors in the field infiltration tests may have been produced by

degree of leveling, fluctuations in the power supply, clogging of pump

and runoff hoses, and minor leaks.

In the laboratory tests, six empty soil boxes were used in place

of the six full soil boxes and the total amount of water collected used

to estimate the average rainfall intensity. During the laboratory tests,

the simulator was rigidly mounted to an I-beam in the laboratory. The

constant head tank was supplied directly from a distilled water tap.

Power was supplied by line current. Thus, some of the errors associated

with the field equipment were reduced or eliminated in the laboratory

set-up.

Field Infiltration Tests 

Beginning in December, 1969, and continuing through June, 1971,

a series of infiltration tests were conducted on a semi-arid watershed

located at Page Ranch, 25 miles north of Tucson (Morin, Cluff, and

Powers, 1972). These tests were conducted in conjunction with the Water

Resources Research Center and Department of Soils, Water and Engineering

water harvesting and runoff catchment design studies.

The infiltration tests were run on ten test plots using the

rotating disk rainfall simulator. Eight runs were made at different

times on each plot. Each plot was 1.5 x 1.5 m on about a three percent
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slope. Grass cover on the plots varied from zero to almost fully covered.

On a given test plot, the amount of grass and debris present varied over

the period of time the runs were made. As part of the water harvesting

studies, some of the plots were treated with different amounts of sodium

chloride to test its effect on infiltration. One of the plots was care-

fully cleared of vegetation between runs to test differences in infiltra-

tion rates due to clearing. The eight sets of infiltration tests were

conducted by several different people during the course of the field

studies. The tests were conducted at varying intervals and for differ-

ent antecedent moisture conditions. The rainfall application rate

during the field tests was approximately 4.27 cm/hr. On a few of the

tests, a slightly higher or lower application rate was applied due to

differences in operator technique.

Laboratory Infiltration Tests 

Six infiltration runs were conducted for the laboratory studies.

Each run was conducted for a period of sixty minutes. Four of the runs

used a rainfall intensity of 3.68 cm/hr for the full sixty minutes. The

other two runs used intensities of 3.68 cm/hr for 30 minutes and 1.47

cm/hr for the other 30 minutes. To obtain the intensities of 3.68 cm/hr

and 1.47 cm/hr, disks with slot openings of 15 and 5 degrees, respec-

tively, were used. Runoff rates were determined by measuring the amount

of runoff collected at five-minute intervals during each sixty-minute

run. The infiltration rate for each five-minute interval was then cal-

culated by subtracting the five-minute mean runoff rates from the rain-

fall intensity.
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In the first infiltration run, oven-dried soil was used in five

of the soil boxes and saturated soil in the other. The soil in the

sixth box was saturated because the saturated hydraulic conductivity of

the soil in the box was measured before conducting the infiltration

test. During this infiltration test, the initially dry soil boxes were

individually taken from under the rainfall simulator at 5, 10, 20, 40,

and 60 minutes after the start of the infiltration test, and the soil

moisture profiles for each box measured using the gamma ray equipment.

The initially saturated soil box remained under the simulator for the

full sixty minutes. By following this procedure, the movement of the

wetting front in the initially unsaturated soil was determined for the

selected times during the infiltration test. In addition, the initially

dry soil boxes which had been exposed to different durations of rainfall

intensity permitted the comparison of saturated hydraulic conductivities

as a function of time exposed to rainfall.

To measure hydraulic conductivity of the soil in the boxes, a

water-tight lid with a manometer was placed over the soil box being

measured. Water from a constant head device was fed into the box

through the runoff collecting trough. A head of approximately 75 cm of

water was maintained above the soil surface. Once the soil profile had

become saturated and a steady outflow from an outlet at the bottom of

the box was attained, downward flow was allowed to occur for three

hours. Following the three-hour period, the flow rate was determined

during the next hour. This allowed the calculation of saturated conduc-

tivity using Darcy's law.
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Saturated hydraulic conductivities of the five initially dry

soil boxes were measured following the completion of the first infiltra-

tion run. As a control, the conductivity of the sixth box was measured

before and after the infiltration run. By this procedure, two hydraulic

conductivities for the same soil box exposed to zero and sixty minutes

of rainfall were obtained. If soil crust formation were effecting the

infiltration characteristics of the soil, there should be a significant

difference in conductivities of the sixth soil box measured before and

after the infiltration run. Comparing the conductivities of the other

five boxes is a less exact procedure owing to packing differences

between the boxes; however, an overall trend of decreasing conductivity

with increasing rainfall exposure should be evident if significant soil

crust formation occurred.

The procedure used in the first infiltration run was duplicated

in the sixth infiltration run. During these two infiltration runs, a

box was removed from the simulator after the first five minutes and soil

moisture measurements made using the three measurement portholes in the

row closest to the surface of the soil box. At ten minutes, a second

box was removed and soil moisture measurements made using the top two

rows. At each successive time interval, an additional row was measured.

Using these procedures, a composite picture of the movement of the

unsaturated wetting front into the laboratory soil profile was obtained.

In the four other infiltration runs, soil moisture measurements

were made before each infiltration run to establish the initial moisture

content. Soil moisture measurements were also made at the end of each
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infiltration test so that the movement of the wetting front into the

soil profile after a sixty-minute test could be determined.

Between each of the six infiltration tests the soil boxes were

exposed to the summer sun to dry the soil. The boxes were periodically

checked with the gamma unit until the desired water content was reached.

The second through the fifth infiltration tests were conducted when an

initial water content of 50 percent saturation was reached. A period of

two weeks was normally required to establish the profiles at this

saturation value. In the sixth test, additional oven drying was needed

to lower the water content of the soil profiles to the desired water

content of 30 percent saturation.

Laboratory Soil Test Boxes 

The six individual soil test boxes, 9 cm wide, 25 cm long, and

17 cm high, were used as one soil test plot. At one end of each box was

a runoff collecting trough. A splash shield fitted over the trough to

prevent direct entry of rainfall. A coarse sand filter was placed in

the bottom of each box. A drain was fitted into the bottom of each box

to prevent air entrapment and to collect outflow for the hydraulic con-

ductivity tests. Holes, 1.1 cm in diameter, were drilled in opposite

sides of the boxes and fiberglassed over. This technique not only

improved gamma ray counts but also permitted the movement of the wetting

front to be observed visually.

Seven rows of three holes per row were drilled on each side of

the boxes at distances from the top of the box of .8, 2.2, 3.6, 5.0,

8.0, 11.5, and 15.0 cm. Holes were spaced closer together near the top
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of the box as this is the area of most rapid initial change in the soil

moisture. The boxes were made of steel which provided a rigid box with

a minimum of bulging when packed with soil. The steel sides were thin

enough to permit splash between adjacent boxes and enable the boxes,

when grouped together, to respond realistically as a single soil test

plot. In Figure 4, a diagram of a soil test box is shown.

To form the soil test plot, six soil test boxes were placed side

by side under the rainfall simulator. Additional boxes were placed

around three sides of the group of six test boxes. This border of extra

boxes provided additional splash between boxes to more closely approxi-

mate the field situation. Splash causes dispersal of small soil parti-

cles which is important in soil crust formation. If water splashed out

of the test boxes and was not replaced by splash from the extra border

boxes, a significant error in runoff measurements could result. The

arrangement of the soil boxes in the soil test plot is shown in

Figure 5.

Location of the test plot under the rainfall simulator was

determined by selecting the area of most uniform rainfall distribution.

A rainfall distribution test was conducted using 72 one-quart cups

placed in a grid pattern under the simulator. Using results of this

areal distribution test, the best location was selected. Empty soil

boxes were placed in this location in the same configuration as the soil-

filled test boxes. Another rainfall test was conducted and the amount

of rainfall collected measured. Rainfall collected in the boxes varied

from 800 ml to 825 ml per box, with an average rainfall intensity over
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the test plot of 3.68 cm/hr using the 15 degree disk size. The location

of the test plot within the perimeter of the rainfall simulator was

shown previously in Figure 3.

The entire soil test plot was set up on a three degree slope and

positioned such that the soil surface was 208 cm from the disk opening.

Elevation of the disk opening above the soil surface in the field

studies was also approximately 208 cm. Runoff was collected from the

runoff troughs of the six soil test boxes in graduated cylinders. A

splash flap covered the graduated cylinders so that only runoff was

collected. By using a separate collector for each box, any clogging

problems during an infiltration test could be isolated to the one box

and the results from remaining boxes used for the runoff and infiltra-

tion calculations.

Gamma Ray Attenuation Equipment 

Attenuation of a beam of gamma radiation, as used in this study,

provides a non-destructive method for making rapid and frequent measure-

ment of the soil moisture profile as a function of time. Single- and

dual-source gamma ray attenuation techniques were researched for use in

this study. In the single-source technique, a measurement of either

soil bulk density or water content can be made. The dual-source

technique permits the simultaneous measurement of both soil bulk density

and water content. Dual-source techniques can be particularly useful in

situations where swelling soils, soil crusting, and other phenomena

require simultaneous measurement of water content and soil density. The
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dual-source method is a more complex technique and for most applications

the single-source method is quite adequate for determining soil moisture

profiles.

Theory

If a collimated beam of gamma rays is allowed to penetrate a

material, the intensity of rays passing through a given thickness depends

on the density of the material. Beer's law is the basic relationship

describing gamma ray attenuation. The incident radiation decreases as

it passes through material in such a way that, for small thicknesses,

the change in intensity is proportional to the thickness and to the

initial intensity (vlacintyre, 1970).

Inherent to the gamma ray method are several problems which tend

to give erroneous intensity (counts per minute) readings. First of

these is the resolving time error. Resolving time of a gamma ray

counting system is the minimum time that can separate two consecutive

recorded gamma ray photons. A photon that arrives at the scintillation

crystal before the minimum time has elapsed will not be recorded

(Fritton, 1969)

The relevant solution and correction equations for using gamma

ray attenuation in a mono-energetic source system are as follows:

1. Beer's law:

-AI = p*p*I 0*AX

where

p = the mass absorption coefficient ( cm
2
 gml)

p = density (gm/cm3),
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X = thickness (cm), and

AI = change in intensity of incident beam 10 after pene-

trating material for thickness AX.

2. Integration yields:

I = I *e-ppX0

3. For use in determining soil water content:

I = I *(exp(-(p
s
p + p

w
0)*X - p X ))

0	 cc

where

X = thickness of soil sample,

p
s 

= mass absorption coefficient of soil,

p
w 

= mass absorption coefficient of water in soil,

p = density of soil,

0 = soil moisture content,

P c 
= coefficient of absorption for soil container, and

X
c 
= thickness of container walls.

4. To correct observed count rate for resolving time error:

I = R/(I - TR)

where

I = true count rate (cpm),

R = observed count rate (cpm), and

T = resolving time.

Resolving time T for the gamma unit used in this experiment was

determined to be 2 micro-seconds.



31

Single-source gamma ray attenuation was the primary method for

measuring soil density and moisture content in this study. Dual-source

methods were developed to try and measure compaction of the soil surface

due to the impact of raindrops. In the dual system, a Lambert-Beer type

attenuation equation for each gamma energy source is obtained and the

two equations solved simultaneously to compute the values of density and

water content. A single detector is used to measure both gamma energies,

thus requiring some means for differentiating the intensities of the two

gamma sources. This separation procedure must include corrections

before the attenuation equations are simultaneously solved.

In a high intensity dual-energetic beam of rays, there are three

phenomena that contribute to an undesirable mixing of intensities of the

two energy sources. These are a counting loss due to instrumental

resolving time as discussed previously, coincidence and interference

losses between the two energies, and Compton's scattering.

If two pulses occur simultaneously in time at the detector, the

two are added algebraically to produce a pulse with energy equivalent to

their sum. A coincidence correction, g, is introduced to compensate for

this problem. The coincidence correction is the ratio of count rate with

complete energy spectrum to count rate of cesium energy. A correction

factor, f, is used to correct for Compton scattering. The value of f is

obtained by performing a linear regression between intensities in the

upper and lower energy bands, while the lower energy source is out of

of the system (Mansell et al., 1973). Equations used for the dual-

source technique as as follows:



1. Dual-source equations:

= exp ((-PSAmP S	 PWAme) • X)

= exp ((- PSCs P S	 PWCs e) • X)

where

X = thickness of sample (cm),

P S
 = density of soil (gm/cm3),

I' = attenuated Am gamma ray intensity (counts/min),

I	 = incident Am gamma ray intensity (counts/min),
0

I" = attenuated Cs gamma ray intensity (counts/min),

I " = incident Cs gamma ray intensity (counts/min),0

0 = water content (gm/cm3 ),

WCs = 
cesium mass absorption coefficient for water,

SCs 
= cesium mass absorption coefficient for soil,

NAm = americium mass absorption coefficient for water, and

SAm 
= americium mass absorption coefficient for soil.

When the above equations are solved simultaneously:

p
WAm 

ln (I"1I
0
 ") - 

WCs
p	 ln (I'/I ')0 

-
P S	 Pp	 X-ppXWCs SAm	 SCs WAm

Am ln (I"/I0")	 PSCs ln (P/I 0 1) 
0 -

PWAMPSCs X - PSAmPWCs X

2. To correct for coincidence and interference losses, and

Compton's scattering:

I' = ((1 - gTI")/2T) • {1 - COS(sin 	
2(TR' - fTR")

2
-1 (	 ))}1 - gTI"

32
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. -1I"	 - COS(sin	 (4TR") 112
)1

where

g = coincidence correction parameter = 3.3, and

f = Compton scattering correction parameter = .085.

Equipment

In this experiment and in most soil experiments utilizing gamma

ray attenuation, Cs 137 and Am 214 are used as sources. Cs 137 was used

in the mono-energetic system. Both Cs 137 and Am 214 were used in the

dual-energetic system. In the dual-energetic system, any two gamma ray

sources with different energies such that their mass absorption coeffi-

cients are sufficiently different could be used. When factors such as

half-life, cost, self-absorption of low energy rays, shielding of high

energy rays, and compatibility with available electronic equipment are

considered, Am 214 and Cs 137 are logical sources (Corey et al., 1971).

Americium is encapsulated in a stainless steel container with a

thin window and positioned in front of the cesium source in the lead

source holder. This arrangement minimizes absorption losses of the low

energy americium rays prior to penetrating the soil sample. The Cs 137

and Am 214 sources are mounted coaxially and are independently removable

permitting the equipment to be operated with either or both sources.

Cs 137 gamma rays are collimated through a 1/3-cm diameter hole, 9 cm

. long, in the lead holder. The Cs 137 rays pass through the Am 214

source and the resulting dual-energetic beam is collimated through a 1.0-

cm diameter hole, 1.5 cm long, in the lead source holder. At 
this point,
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the gamma rays emerge from the source holder and penetrate the soil

sample. The attenuated beam is then detected on the opposite side of

the soil sample.

A sodium iodide, thallium-enriched crystal coupled with a photo

multiplier tube is used to detect the gamma rays. The detector signal

is amplified with an NA-16 variable shaping linear amplifier. The signal

is split into high and low energy bands: the low energy signal going to

an NC-22 pulse height analyzer and the high energy signal going to an

NA-22 AGC amplifier. Energy bands are selected for both the high and

low energy signals so as to count only those signals within the energy

spectrums for Cs and Am. Signals within the two bands are then counted

by NS-30 scalers for a preset time period. An NT-27 timer precisely

starts and stops the scalers for the preset time period. Resulting

total counts for the Cs and Am bands are displayed on digital readouts.

A stable high voltage supply is provided by an NV-25 high voltage

supply. The electronics equipment was manufactured by Harshaw Chemical

Company. The code names given above are the nomenclature of the partic-

ular company. A diagram of the gamma ray equipment is shown in

Figure 6.

Calibration

Initial calibration of high voltage and energy window settings

were required to maximize the number of counts per minute for both Am

214 and Cs 137. A stepwise testing of different settings showed a high

voltage of 1225 volts and windows of 35-75 KEV and 400-750 KEV to be

optimal. Maximum unattenuated intensities for the sources were
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1,800,000 cpm for Am 214 and 1,500,000 cpm for Cs 137. Optimal counting

time for this equipment was found to be one minute with a standard

deviation in counts of .05%.

Prior to each set of attenuation measurements, the incident

gamma ray intensity, I
0' 

was measured. Counts per minute received after

the gamma rays passed through an empty cylinder or soil box were used

for the incident intensity value. Incorporating the attenuation losses

due to the cylinder end plates or soil box sides as part of the incident

intensity greatly simplified the mathematics. The differences between

the initial intensity and the attenuated intensity through a full con-

tainer were due only to the dimensions and type of material in the

container. Determining the incident intensity before each set of attenu-

ation measurements also helped detect any drift in the system.

Before the gamma unit could be used, calculations of the count

correction parameters and the mass absorption coefficients for soil and

water were made. Aluminum cylinders of varying axial lengths were

filled with either soil or water and attenuation as a function of length

obtained. Six cylinders 5.8 cm in diameter with lengths ranging from

2.5 cm to 8.8 cm were used. During the tests, Am 214 and Cs 137 were

used together as a dual source and individually as single sources.

Mass absorption coefficients for water and soil were determined

by performing a linear regression between the length or thickness, X, of

material and the natural logrithm of the attenuated intensity, ln I, for

the six different cylinders. The slope of the linear regression is

equal to the density of material, p, times its mass absorption
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coefficient, p. The intercept of the regression should be the natural

logrithm of the initial intensity, ln 10, as shown in the following

equation:

ln I = ln I
o 

- Xp p

By knowing the density of the material, the mass absorption coefficients

can be solved for directly.

To calculate the mass absorption coefficient for water, the

temperature of the water was measured and a value for density obtained

from a temperature-density conversion chart. Soil density calculations

were determined gravimetrically. A weighed amount of oven-dried soil

was packed into each cylinder to a density closely approximating the

field soil of 1.81 gm/cc. Applying the linear regression technique to

four sets of data and using the above-described density values, mass

absorption coefficients were calculated to be as follows:

water	 water
PAm	

= 0.1985	 PCs	
= 0.08654

soil	 soil
= 0.2930	 PCs	 = 

0.0775
Am

Prior to making these calculations, the observed intensity

values were corrected for resolving time error, Compton scattering, and

coincidence and interference losses. To determine the values of the

various correction parameters, attenuation tests using water were done

first. Theoretical and measured values of the mass absorption coeffi-

cient for water are well-known. The density distribution in a cylinder

filled with water is for purposes of this experiment perfectly unifolm.

By using the attenuation characteristics of water as a standard, the
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various correction parameters were calculated. To determine the

resolving time error, attenuation tests using Am 214 and Cs 137

separately were conducted. This procedure eliminated the other sources

of counting errors. A resolving time correction parameter of 2 micro-

seconds was determined to be the optimal value for the equipment. This

time correction factor produced mass attenuation coefficients for Am 214

and Cs 137 closest to the theoretical values.

To obtain the correction parameter for Compton scattering, a

linear regression between intensities in the upper and lower energy

bands was performed while the Am 214 was pointing away from the detector.

By pointing the Am 214 window in the direction of the Cs 137 source, no

Am 214 gamma rays were emitted in the direction of the detector. Cs 137

attenuation losses passing through the Am 214 source capsule were the

same regardless of the direction the capsule was pointing. With the Am

214 capsule pointing away, the counts received in the Am 214 energy band

were a result of Compton scattering from the Cs 137. Performing the

linear regression for all of the different sized cylinders resulted in a

value of f = 0.085 for the Compton scattering correction parameter.

A correction parameter for coincidence and interference was

determined using a best fit technique. A series of attenuation tests

of the different water-filled cylinders were conducted using Am 214

alone and Am 214 and Cs 137 together. Intensities from tests using

Am 214 alone were corrected for resolving time error. Am 214 intensities

from tests using both Am 214 and Cs 137 were corrected for all three

sources of counting errors using the equations on pages 32 and 33. A
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series of values for the coincidence and interference parameter, g, were

used in the correction equations for the dual-source tests. Corrected

intensities for single- and dual-source Am 214 intensities were compared

for all six lengths of water-filled cylinders tested. The value that

produced the best fit between these two sets of corrected intensities

was selected as the coincidence and interference correction parameter.

A value of g = 3.3 was determined using this procedure. A comparison

between the two sets of corrected intensities using this value of g

showed a difference of less than 1% over a range of intensities from

550,000 cpm to 50,000 cpm.

Upon completion of the calibration procedure, bulk density

profiles of the oven-dried soil in the six soil test boxes were

measured. Both single- and dual-source techniques were used. Diffi-

culties, which will be discussed in the next chapter, were encountered

when using the dual-source technique. Single-source techniques were

used during the infiltration tests to obtain the soil moisture measure-

ments. In this procedure, the bulk density profiles of the oven-dried

soil were assumed to remain constant during the infiltration tests. The

moisture values were then obtained using the mono-energetic gamma ray

attenuation equations described earlier.

Mathematical Model of Infiltration 

Use of a mathematical model of infiltration for simulating the

infiltration response of a semi-arid watershed was studied. The distrib-

uted hydraulic model of infiltration developed by Smith (1970) was

selected for use in this study. The model provides an output of
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infiltration and runoff values as a function of time. The model can

simulate infiltration into layered soils, a feature which could be used

to model soil crust effects.

Model Description

The model, as developed by Smith, is a one-dimensional, finite

difference solution to the "Richard's equation" (Smith, 1970):

3((pSw)
	 - K	 (K 4 ) 

9Kr
3t	 3Z	 r aL	 3Z

where

K = hydraulic conductivity,

* = capillary potential,

S = percent saturation,

Kr = 
relative hydraulic conductivity,

= porosity, and

0 = S
w 

• (15

Solution of the equation depends on knowing the functional relationships

among 1P, K r
 , S for the particular soil being examined. This equationw

is solved for the rainfall-to-ponding upper boundary condition, which

provides a sensitive means to describe the infiltration rate as a

dependent function of the upper boundary condition.

A nonlinear Crank-Nicolson implicit finite difference scheme is

used to develop a solution. The solution matrix is solved iteratively

for each time step, choosing At by considering current soil conditions.

The solution allows for swelling soils, layered soils, and nonuniform

depth increments, AZ.
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Basic assumptions behind this model are that the flow system is

one-dimensional, which assumes the soil surface to be a plane; capillary

suction, ip, and unsaturated conductivity, Kr are unique time 
invariant

functions of water content, 6; Darcy's law is valid for unsaturated flow

provided the previous assumption holds; the relations between 1.1), Kr , and

0, which can be evaluated in steady state soil tests, are true as well

for a dynamic or unsteady flow situation; and air entrapment in the soil

column is negligible (Smith, 1970).

Two forms of the Smith model were examined, the INFLO 3 and

INFIL 5 programs. The INFLO 3 model combined the infiltration solution

with a kinematic wave approximation to the equations of unsteady flow on

cascaded planes. The INFIL 5 model contains just the infiltration solu-

tion, with no provision for routing surface flow. Due to the small size

of the laboratory and field plots used, the INFIL 5 model was found to

be more convenient for use in this study.

In establishing the upper boundary condition at each time step,

the program determines the effective ponding depth above the soil sur-

face as a function of the infiltration and application rates. If the

plot being modeled is large enough, then roughness and micro-relief can

be used as input by using the INFLO 3 rather than the INFIL 5 program.

Model Simulations

Adapting this model for simulating infiltration response of the

laboratory and field plots proved to be a relatively straightforward

procedure. Basic hydraulic properties of the soil profile being
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investigated, rainfall intensity and duration, and soil depth increments

to be used made up the input data for the program. As discussed

earlier, unsaturated values for i , Kr' and Sw' 
for the Page Ranch White

House type soil investigated, were obtained from work done by Dutt and

Hanks (1972). In Table 1 the unsaturated hydraulic properties of the Al

and Bllt horizons of the soil profile are listed. The unsaturated

hydraulic conductivities are calculated within the model using the

relative hydraulic conductivities, Kr , listed in Table 1 and the

saturated hydraulic conductivity, Ks .

In modeling the laboratory experimental arrangement, a uniform

soil profile was assumed. The saturated conductivity of .36 cm/hr as

measured for the reconstructed laboratory soil profiles was used. The

unsaturated conductivities were thus calculated using the Kr values in

Table 1 and the Ks 
value of .36 cm/hr. Starting from the soil surface

and going down, the profile was divided into AZ increments as follows:

ten 0.25 cm, ten 0.50 cm, ten 1.0 cm, and nine 2.0 cm increments. The

smaller steps near the soil surface provided a smoother solution at the

boundary, while increasing the step size going down the profile improved

the efficiency of the program.

In modeling the field infiltration tests, a layered soil profile

was used. The appropriate input descriptors for the upper three layers

of the Page Ranch White House type soil shown previously in Figure 1

were input data to the computer program. The 3 cm surface or All

horizon was modeled using both the low (9 x 10
-3 cm/hr) and high (3.6 x

10
-1 cm/hr) hydraulic conductivity values. The 9 x 10

-3 cm/hr conduc-

tivity for the All horizon was the value measured for the soil taken
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Table 1. Soil Tension, Saturation, and Relative Conductivity.

Soil tension:	 cm	 Relative conductivity: Kr , dimensionless
Saturation: Sw , fraction	 Saturated conductivity: Ks , cm/hr

K
s = 0.009 cm/hr K

s 
= 0.00014 cm/hr

Soil Profile for Al Horizon
(0-8.5	 cm)

Soil Profile for Bllt Horizon
(8.5-15	 cm)

S
wiji

K
r 11)

S
w

K
r

.000313 1.0001 1.0 .004 1.0001 1.0

.0 1.0 1.0 .0 1.000 1.0

.000313 .9999 .999 .004 .9999 .999

.04652 .9980 .997 .253 .999 .995

.12647 .9924 .995 1.00 .997 .980

.2085 .990 .994 1.50 .993 .970

.3438 .985 .992 1.60 .992 .940
1.0008 .969 .900 1.70 .989 .900
1.3995 .963 .780 1.80 .988 .820
1.699 .957 .650 1.90 .983 .720
1.999 .951 .581 2.00 .980 .640
2.200 .947 .551 2.20 .975 .530
2.400 .944 .521 2.40 .970 .430
2.540 .942 .491 2.60 .966 .360

2.600 .938 .470 2.80 .963 .305

2.800 .929 .300 3.00 .958 .260

3.000 .920 .250 3.40 .951 .200

3.400 .904 .200 3.80 .943 .155

4.000 .883 .120 4.00 .938 .140

5.000 .856 .055 5.00 .920 .084

7.100 .814 .021 10.0 .876 .018

10.00 .776 .015 17.8 .834 .005

15.80 .727 .0053 31.6 .805 .0014

19.90 .704 .0031 56.2 .772 .0004

25.10 .681 .0018 -	 100.0 .740 .00011

31.60 .660 .0011 -	 177.8 .710 .00003

56.2 .608 .0003 316.2 .681 .000008

100.0 .560 .00008 -	 562.3 .653 .0000025

177.8 .517 .00002 -	 1000.0 .626 .00000066

316.2 .476 .000006 -	 1778.3 .600 .00000013

562.3 .439 .0000016 -	 3162.3 .576 .000000051

-	 1000.0 .405 .0000004 - 5623.4 .552 .000000014

-	 1778.3 .373 .0000001 -10000.0 .529 .000000004

-	 3162.3 .344 .00000003 -17782.0 .508 .000000001

-	 5623.3 .317 .000000003

-10000.0 .292 .0000000002
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from the sampling site. The 3.6 x 10 -1 cm/hr value was estimated for

the more permeable, grass-covered, sandy loam All horizon observed in

the area where the field infiltration tests were conducted. As

described earlier, the estimate of the higher conductivity value was

based on values for similar sandy loam soils. The value which provided

the best when used in the model to simulate the infiltration rates

for the grass-covered, rainfall simulator test plots was then selected

as the best estimate for the All horizon on these plots.

By following these procedures, the infiltration rates for the in

situ watershed soil were simulated using the measured hydraulic conduc-

tivities of the less permeable bare soil where the sampling was done and

using the estimated conductivity of the grass-covered test plots.

Results of these simulations will be presented in the next chapter.



CHAPTER 4

RESULTS AND DISCUSSION

Results from the laboratory tests were used to approximate some

of the infiltration characteristics of the Page Ranch soil. Hydraulic

properties of the reconstructed soil profile used in the laboratory

tests were somewhat different than those of the field soil profile and

no direct extrapolation of the laboratory results to the field situation

is made. Single-source gamma ray techniques were found to be more

efficient for use in this study than the dual-source technique. Results

of the laboratory studies combined with the various model simulations

were used to evaluate the mathematical infiltration model as a predictor

of infiltration response on semi-arid watersheds.

Field Test Results 

Results from the field infiltration tests conducted during a

previous research study were used for comparison and simulation purposes.

Data from the ten experimental plots, taking into consideration reported

difficulties during particular tests, were analyzed. An average terminal

infiltration rate for a sixty-minute run of 0.1 cm/hr due to an input

rainfall of 4.27 cm/hr was obtained. All plots, including the salt

treated ones, were included in this overall average.

45
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As part of the field tests, a grass-covered plot was carefully

cleared following an infiltration run and a second test run on the

cleared plot. A comparison of the final infiltration rates between the

test using the grass-covered plot and the test using the cleared plot

showed a ten-fold decrease in the infiltration rate for the cleared plot.

The infiltration rates for the plot were 0.68 cm/hr for the grass-covered

test and 0.066 cm/hr for the cleared test. This ten-fold difference is

one reason this soil was selected for further infiltration testing in

the laboratory. Reasons for this difference in infiltration rates

could be attributed to the removal of the protective grass cover and

resulting soil crust formation. On the grass-covered plot, increased

ponding due to entrapment of water by the grass clumps, and an altering

of the hydraulic properties of the All horizon could be producing the

higher infiltration rates. In conjunction with the increase in

hydraulic conductivity of the All horizon for the grass-covered plot,

the low conductivity of the Al2 horizon could have been controlling the

infiltration rate if the All horizon became saturated during the course

of the test conducted on the cleared plot.

Another observation made during the field infiltration test

seems to indicate that soil crusting may have been a principal factor

controlling infiltration. During the field infiltration tests, the

Purdue sprinkling infiltrometer and the rotating disk rainfall simulator

were used on the same bare soil test plot (Morin et al., 1972). The

Purdue sprinkling infiltrometer produced a final infiltration rate of
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approximately 4.2 cm/hr with an input rainfall of 5.2 cm/hr while the

rotating disk rainfall simulator, with its more realistic raindrop

impact, produced a final infiltration rate of 0.1 cm/hr with an input

rainfall of 5.2 cm/hr. The significant difference in final infiltration

rates could be due to the more realistic raindrop energies of the

rotating disk rainfall simulator forming a soil crust which then reduced

the infiltration rate of the soil. There was no significant difference

in infiltration when the two simulators were used on grass-covered or

rock-covered surfaces.

There were some variations and uncertainties in the results from

the infiltration tests. Some variation was due to different operator

technique between the various individuals that conducted the tests.

Different antecedent moisture conditions could also produce variations

in the infiltration response of the test plots. During the field tests,

excessive ponding of water on some of the plots occurred due to small

depressions in the test plot or entrapment by grass clumps. Because the

infiltration rate was calculated as part of the runoff rate, the ponded

water was in effect included as part of the infiltration rate. Although

the water would eventually either infiltrate or evaporate, inclusion of

this water as water that infiltrated into the soil profile during the

sixty-minute test was a source of uncertainty. This uncertainty would

affect the early infiltration values more than the final infiltration

rates during a sixty-minute test. Some uncertainty in the results was
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also introduced due to errors associated with the operation of the rain-

fall simulator, as discussed earlier.

Laboratory Test Results 

Infiltration Tests

Runoff data from the six infiltration tests were used to calcu-

late infiltration rates as a function of time and rainfall intensity.

The infiltration tests were conducted for different initial moisture

conditions, which enabled infiltration capacity curves for initial water

content of 0, 30, and 50 percent saturation to be obtained. A terminal

infiltration value was approximately reached in all the infiltration

tests except the first. In the first test, the steep suction gradients

due to the initially dry soil probably prevented reaching the terminal

infiltration rate during the sixty-minute test. In Figure 7, the infil-

tration capacity curve for the first test is shown. In Table 2, the

average rainfall, runoff, and infiltration data for all 6 tests are

listed.

In the fourth infiltration test, a rainfall intensity of 1.47

cm/hr for the first thirty minutes, followed by an intensity of 3.68

cm/hr for the last thirty minutes, was used (see Figure 8). In the

fifth test, the order in which the intensities were used was reversed

(see Figure 9). Overall infiltration responses for the two tests were

about the same. Terminal infiltration rates due to the two rainfall

intensities were slightly different, probably due to errors in collecting

runoff and slightly different ponding heads for the two intensities.
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Table 2. Final Runoff and Infiltration Data for Six Laboratory
Infiltration Tests.

Test
Number

Initial
Percent

Saturation

Input
Rainfall
(cm/hr)

Final
Runoff
(cm/hr)

Final
Infiltration

(cm/hr)

1 * oven dry 3.68 2.23 1.45

2 50.0 3.68 2.73 0.95

3 50.0 3.68 2.78 0.90

4
(first 30 50.0 1.47 0.57 0.90
minutes)

4
(last 30 3.68 2.68 1.00
minutes)

5
(first 30 50.0 3.68 2.68 1.00
minutes)

5
(last 30 1.47 0.55 0.92
minutes)

6** 30.0 3.68 2.66 1.02

*Based on Box 5 only.
**Based on Boxes 5 and 6 only.
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Figure 8. Infiltration Capacity Curve for Fourth Laboratory Infiltra-
Test with Initial Water Content of Fifty Percent Saturation.
-- Infiltration data averaged over six soil boxes.
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Results from the six infiltration tests showed an average infil-

tration rate of 0.97 cm/hr for an input rainfall of 3.68 cm/hr. The

terminal infiltration rate for an input rainfall of 1.47 cm/hr was

approximately 0.91 cm/hr. The average saturated hydraulic conductivity

for the soil was .36 cm/hr, as determined from the first test.

Movement of moisture into and out of the laboratory soil profile

was relatively slow. The unsaturated wetting front moved less than 8.0

cm into the soil profile during any of the sixiy-minute infiltration

tests. Between tests, the soil boxes were exposed to the summer sun and

heated on all sides. Even with the heating and air entry permitted

through the bottoms of the boxes, moisture movement out of the profile

through the bare exposed surface was slow. Significant moisture reduc-

tion after two weeks exposure to the sun occurred only in the upper por-

tion of the soil profile, as can be seen in Figure 10. To obtain the

initial water content of 30 percent saturated desired for the sixth

infiltration test, the soil boxes had to be oven-dried for three days

in addition to several weeks exposure to the sun.

Based on these observations of moisture movement in the labora-

tory soil profile, one might speculate that the movement of moisture in

the field soil profile is even slower. In the field situation, heating

occurs only on the surface. The saturated conductivities are lower than

in the laboratory soil profile. There is a clay layer approximately 18

cm below the surface.

Torres (1974), however, found significant moisture reduction in

the upper 14 cm of the profile during a six-month period, beginning in
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January, 1974, through June, 1974. The plots sampled were near the

original field infiltration plots and had a 20-2 5 percent cover of heavy

grass clumps. The All horizon was fairly permeable which, combined with

the transpiration action of the grass cover, could account for the

moisture removal in the lower portions of the profile. In addition,

there was little significant precipitation during the six-month period.

Saturated Hydraulic Conductivity Tests

The average saturated hydraulic conductivity of the soil profile

in the six soil test boxes was found to be 0.36 cm/hr + 0.1 cm/hr, which

is considerably higher than the 0.009 cm/hr determined for the field

soil profile. This result is not too surprising since the structure of

the field soil was completely altered in the process of drying and

repacking the soil into the laboratory soil boxes. The field measure-

ments were made directly on soil cores obtained in the field. In

Table 3, the results of the conductivity measurements are presented.

Box number six, which was measured before and after the infil-

tration test, showed no significant decrease in conductivity due to

sixty minutes exposure to rainfall. Any trend in conductivities as a

function of exposure time to rainfall in the other five boxes appears to

have been masked by variations in hydraulic properties between the boxes.

This variation was most probably due to packing differences between the

boxes. Results from the two conductivity measurements made on the sixth

box seem to show no significant change in hydraulic conductivity due to

soil crust formation. If soil crust formation were significantly

altering the conductivity of the soil surface, then its effects should



Table 3. Hydraulic Conductivity Measurements.

Box
Number

Time
under Rain
Simulator

(min)
Total Head

(cm)

Volume
Collected

(ml)

K
sat

*

(m/hr)

6 0 91.0 384 .300

1 5 93.0 586 .448

2 10 93.5 361 .27 5

3 20 90.5 510 .401

4 40 92.7 340 .261

5 60 90.5 638 .502

6 60 91.5 392 .302

*Average Ksat = .36 cm/hr + .1 cm/hr.
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be more pronounced in a freshly packed soil during the first infiltra-

tion test.

Due to the uncertainties associated with the measurement

technique and the large variation in results, as seen in Table 3, no

additional measurements of hydraulic conductivity were made during the

remaining five infiltration tests. On the basis of the measurements made

on the sixth box, an inference could be drawn that soil crust formation

was not a dominant factor affecting the infiltration characteristics of

the reconstructed laboratory soil profile. However, these data could

also be interpreted that soil crusts are not readily formed on a

virtually saturated soil.

Uncertainties associated with the use of the soil boxes as in

situ downflow permeameters may also have masked crusting effects. The

interface between the steel walls of the soil test box and the soil may

have permitted a greater flow of water than through the soil itself.

This effect would introduce an error in the conductivity measurements

which, due to slight variations in inside dimensions, inside roughness,

and bulging, would not be the same in all the boxes. The lid used to

seal the top of the boxes and measure the head of water above the soil

surface permitted only a 0.5-cm space between the lid and the soil

surface. With this narrow space, the inflow of water and flooding of

the surface may have channeled and altered the surface of the soil.

Time did not permit the reconstruction of the apparatus for additional

runs.
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Gamma Ray Attenuation Results 

During the calibration procedure, limitations of the gamma ray

equipment were determined. The maximum soil sample thickness that can

be analyzed using the equipment was found to be 9 cm. For thicknesses

greater than 9 cm, the attenuated americium intensities become signif-

icantly affected by random counting errors and errors in separating the

cesium and americium intensities. The metal sides of the soil boxes and

the metal end plates on the calibration cylinders significantly

attenuated the gamma rays. To maximize the gamma ray intensities, port-

holes were fashioned in the metal sides of the soil boxes and fiber-

glassed over, as discussed in the previous chapter. The improvement for

Am counts was from 500,000 cpm through the metal sides to 1,700,000 cpm

through the fiberglassed portholes.

Following calibration of the equipment and determination of the

mass attenuation coefficients for soil and water, density profiles of

the soil test boxes were measured. Measurements of soil density were

made using americium and cesium in a dual-source configuration. Soil in

the test boxes was oven-dired and packed to a density of 1.81 gm/cc,

closely approximating the density of the upper field soil. Since the

soil was oven-dried, the water content of the soil profile was assumed

to be zero. By assuming a zero water content, two independent calcula-

tions, in addition to the simultaneous calculation, could be made for

each attenuation measurement of the combined Am and Cs intensities.

Comparison of these density measurements showed the dual-source technique

to produce uncertainties in the density and moisture values such that
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the technique was determined to be inefficient and unworkable for use

in this study.

Fundamental to using the simultaneous solution in the dual-

source technique is the assumption that the soil density and water con-

tent values detected by the two gamma ray energies are equivalent. The

independent calculations of soil density using Am and Cs were not always

equivalent. Near the soil surface, the density values differed signif-

icantly, resulting in unrealistic large negative values for water con-

tent. The simultaneous solution for density and water content is, of

course, a dependent function of these two densities. As the value of

the two densities detected by the Am and Cs energies diverge, the

simultaneously calculated density value diverges at a greater rate.

Values of water content, which also are calculated in the simultaneous

solution, are even more affected by the divergence of the detected

density values. In Table 4, density and moisture content values for one

of the soil boxes are listed. The independent and simultaneous density

values are also compared. Even though the soil was oven-dry, the

simultaneous solution yielded positive and negative moisture values

within the soil profile that could introduce significant error into

moisture measurements made after the soil was wetted up. The mean and

variance of the moisture values of the oven-dried soil, as determined

with the simultaneous solution for the six soil test boxes, is also

listed in Table 4. In calculating the mean and variance, the moisture

values obtained from the measurements made on the top row were excluded
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Table 4. Oven Dry Soil Density and Water Content Values for Soil
Test Box 1 and Variance of O in All Six Boxes.

Am = americium measured density	 = simultaneously calculated
Cs = cesium measured density	 water content
Sm = simultaneously calculated density

Sample Variance of Water Content (Excluding Row 1)

Mean Variance Mean	 Variance

Box 1 -	 .64% 12.41% Box 4 2.6%	 14.72%
Box 2 -	 .47% 13.09% Box 5 -4.2%	 11.61%
Box 3 -1.18% 14.08% Box 6 2.45%	 31.12%

Row Column 1 Column 2 Column 3

1 Am 1.85 1.86 1.83 gm/cc
surface Cs 1.75 1.68 1.68 gm/cc

Sm 1.99 2.13 2.06 gm/cc
0 -21.60 -39.90 -33.30 %

2 Am 1.81 1.80 1.81 gm/cc
Cs 1.79 1.80 1.80 gm/cc
Sm 1.84 1.79 1.84 gm/cc
0 -4.98 1.03 -4.33

3 Am 1.81 1.80 1.73 gm/cc
Cs 1.81 1.79 1.64 gm/cc
Sm 1.83 1.81 1.71 gm/cc
0 -1.59 -1.52 2.97 %

4 Am 1.81 1.81 1.82 gm/cc
Cs 1.80 1.80 1.80 gm/cc
Sm 1.83 1.82 1.84 gm/cc
0 -3.38 -1.44 -3.77

5 Am 1.82 1.82 1.81 gm/cc
Cs 1.83 1.83 1.81 gm/cc
Sm 1.80 1.81 1.81 gm/cc
0 2.88 1.88 -.69

6 Am 1.83 1.82 1.80 gm/cc
Cs 1.81 1.84 1.77 gm/cc
Sm 1.87 1.78 1.83 gm/cc
0 -5.15 5.49 5.62
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due to the much larger error in the top row resulting from boundary

effects.

In Table 4, the maximum differences in density values occur near

the soil surface. In all six soil test boxes, this significant diver-

gence in densities detected by the Am and Cs energies was observed.

This phenomena results in the simultaneous solution method yielding the

most unrealistic or unreliable density values near the soil surface.

Use of dual-source gamma ray attenuation to directly measure soil crust

formation and surface compaction due to raindrop impact was, therefore,

determined to be unworkable in this study. These various difficulties

associated with the dual-source method made the single-source technique

a more reliable method for use in this study.

In examining results of these initial density measurements,

several factors appeared to have caused the differences in detected

densities between Cs 137 and Am 214. The first of these factors relates

to the size of the collimated Cs 137 and Am 214 gamma Tay beams. Cs 137

is collimated into a beam approximately 1/3 cm in diameter, while the

Am 214 is collimated into a beam approximately 1 cm in diamter. The

cross-sectional area of the Am 214 beam is then 9 times that of the

Cs 137, which results in the Am 214 beam sampling a much larger volume

of soil. Although the overall packing of the oven-dried soil was fairly

uniform, the variations in density on a smaller scale could have been

sufficient to produce different densities for the Am 214 and Cs 137 gamma

rays. Another factor causing different densities were uncertainties in

the attenuated Am 214 and Cs 137 intensity values due to variations in
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source intensities and uncertainties in the soil mass absorption coeffi-

cients. These combined uncertainties were determined to produce an

error in density calculations of + 1.5% for Am 214 and + 0.4% for Cs 137.

Slight attenuation variations through the fiberglass portholes and slight

thickness variations in the soil samples also could have contributed to

the density differences.

Near the soil surface, the large differences in density values

appear to have been caused by boundary effects. Assuming the other fac-

tors causing the Am 214 and Cs 137 detected to differ could be minimized,

this boundary effect problem would still prevent the use of the dual-

source technique for near surface measurements. Further refinements of

the apparatus used in this experiment and improved mathematical solution

techniques may enable the full potential of this equipment to be

realized.

Model Simulation Results 

Results from the laboratory infiltration tests were simulated

using the mathematical infiltration model. Infiltration responses of

the laboratory soil test plot for tests run with initial water content

of 50 and 30 percent saturation were modeled. In Figures 11 and 12, the

measured and simulated infiltration capacity curves are shown for the

50 and 30 percent runs, respectively. Movement of the unsaturated

wetting front, as measured with the gamma unit, during the sixth infil-

tration test, was also simulated with the infiltration model. In

Figure 13, the measured and simulated soil moisture profiles at differ-

ent times during the sixth infiltration test are shown. Results from
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the first infiltration test with zero initial saturation were not modeled

due to the lack of unsaturated hydraulic soil characteristics for near

zero moisture conditions. To model infiltration response, the computer

program requires unsaturated soil characteristics for percent saturations

at least as low as the initial saturation content of the soil being

modeled.

In Figures 11, 12, and 13, the simulated data can be seen to

closely approximate the measured infiltration response. Variations that

are present between the measured and simulated results are probably due

to differences between the soil profile simulated in the computer model

and the actual soil profile. A profile with uniform saturated and

unsaturated hydraulic properties was assumed for the model. In the

actual soil test boxes, there were packing differences and variations in

the unsaturated and saturated hydraulic properties. In addition, the

unsaturated conductivities for the laboratory soil were approximated by

using the field soil Al horizon values. The relatively small boundaries

of the soil test boxes may have affected the infiltration response of

the boxes.

In the model, one-dimensional verticle flow without boundary

effects is assumed. Air entrapment is assumed to be negligible in the

model. In the actual infiltration tests, some air entrapment may have

occurred even with an outlet for the air at the bottoms of the soil

boxes. Despite small variations, a comparison of the actual and

simulated infiltration capacity curves and positions of the unsaturated
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front at different times shows the infiltration model to realistically

predict the infiltration response of a semi-arid watershed soil.

In simulating the laboratory results, no special upper layer had

to be modeled to account for soil crusting effects. Combining this

observation with the previously discussed results of the saturated

hydraulic conductivity test on box 6 would seem to indicate that infil-

tration in these bare laboratory soil boxes was a function of the

hydraulic properties within the soil profiles. Soil crusting effects

which may have been present were probably not sufficient to signifi-

cantly lower the hydraulic conductivity of the soil surface below the

conductivity within the soil profile.

The field infiltration tests were also simulated. In Figure 14,

the simulated and measured results from the field infiltration tests are

shown. When using the low hydraulic conductivity value of 0.009 cm/hr

for the All horizon, results of the model simulation very closely approxi-

mated the measured infiltration capacity curve obtained for the bare test

plot.	 When using the high conductivity value of 0.36 cm/hr for the All

horizon, the results of the model simulation approximate the infiltra-

tion rates observed on the grass plot.	 Both the laboratory soil and

the All horizon of the grass plot were by coincidence modeled using a

saturated conductivity of 0.36 cm/hr. The difference in final infiltra-

tion rates for the two simulations was due to the grass plot being a

layered soil with a Al2 horizon from 3-8.5 cm with a lower conductivity.

An inference can be made that in portions of the watershed where

the All soil layer is more permeable than the Al2 layer, soil crust
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formation and compaction could be controlling infiltration. The effec-

tive lower hydraulic conductivity due to the soil crust formation appears

to be close in value or limited by the hydraulic conductivity of the Al2

horizon. On the bare plot, which seemed to be in an area with a more

permeable upper layer, the infiltration rate was the same as that

modeled using the low hydraulic conductivity value of the A l2 layer in

the All layer.

Higher infiltration rates on the grass-covered test plot seem

to indicate that the grass cover is protecting the plot from rainfall

impact and, thus, preserving the higher permeability of the upper soil

layer. Other possible causes of the higher infiltration rates in

grass-covered areas are increased drying to the soil profile due to

transpiration, ponding and slowing of runoff by the grass clumps, and

restructuring of the soil profile due to root growth. Due the spatial

variability of the soil properties of the A horizon and limited data, a

more detailed analysis of the various factors controlling infiltration

in the watershed is not possible.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

Correlating soil characteristics observed in the laboratory

studies with the infiltration model simulations and field test results

seems to show the infiltration rate of the watershed soil to be

principally controlled by the effects of soil crust formation on the All

horizon and limited by the lower hydraulic conductivity of the Al2

horizon. The degree to which these two factors interact is most likely

a function of the hydraulic conductivity and depth of the All horizon.

Due to inconclusive results of some of the laboratory tests, differences

in hydraulic properties between the laboratory and field soil profiles,

limited data base, and the spatial variation in hydraulic properties of

the watershed soil, a more detailed analysis of the infiltration char-

acteristics of the Page Ranch White House soil was not possible.

Using the measured saturated hydraulic conductivity values of

the laboratory and field soils, and the unsaturated soil properties as

measured for the field soil, the mathematical model of infiltration as

developed by Smith simulated, to a fair degree of accuracy, the infil-

tration rates of the bare laboratory and field soils. Using the esti-

mated hydraulic conductivity value of 0.36 for the All horizon of the

more pelmeable grass-covered field test plots, the model also closely

approximated the actual infiltration rates for the grass-covered soil.

70
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A technique similar to using the estimated higher conductivity

of the All horizon for modeling grass cover effects could also be used

to model soil crust effects. If the computer model, using just the

hydraulic properties of the soil horizons, did not simulate an infiltra-

tion rate as low as the observed value, then a thin, 0.5 to 1.0 cm,

surface layer with a lower conductivity could be used in the model to

include the effects of soil crusting which were causing the lower

observed infiltration rate.

By imposing the soil crust layer in this manner, the crusting

effects are treated as a static soil property rather than a dynamic soil

phenomena. As a result, this procedure would give erroneous runoff and

infiltration results at early times during the rainfall simulation but

could be useful in modeling terminal infiltration capacity resulting

from soil crust formation.

In summary, the procedure of using average infiltration rates

obtained with the rainfall simulator and representative hydraulic soil

properties in conjunction with the Smith model has been shown to be a

viable method for analyzing the infiltration dynamics of a watershed

soil.

The procedure of measuring the hydraulic conductivity of a soil

directly in the soil box produced some useful information  in this study.

Refinements in the construction of the soil test boxes and the lid

device, which enable the soil boxes to be used as in situ downflow

permeameters, could greatly enhance results obtained using this technique.

The soil boxes should be made to exacting dimensions so as to eliminate

irregularities in the inside dimensions of the boxes. The soil, when
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packed into the boxes, should be bonded to the metal sides with an epoxy

compound to prevent channeling of the water between the soil and sides of

the box. A lid with a higher clearance to insure even distribution of

water and a better method of introducing water so as to minimize dis-

turbing the surface would also improve the technique. If a two-layered

soil is used in the boxes, the conductivity of the lower layer should be

measured in the box prior to putting in the surface layer so as to pro-

vide a reliable solution for the conductivity of the surface soil layer.

In soil box number 6, the hydraulic conductivity measurements

seemed to show no soil crusting effects which was contrary to observa-

tions made during the field infiltration tests. In future research, it

is recommended that the test, as conducted on soil box number 6, be

repeated using the above-described refinements in construction and

packing of the soil boxes.

Using single-source gamma ray attenuation techniques, soil pro-

files were obtained before, during, and after the laboratory infiltra-

tion tests. Most of the problems associated with the dual-source

technique could be reduced or eliminated by upgrading the construction

of the gamma ray device and developing improved solution methods. In

future research studies, which wish to utilize the dual-source gamma ray

equipment used in this study, a complete remachining of the source and

detector holders is recommended. A redesigning of the equipment for

side by side placement of the sources as developed by Bridge and

Collis-George (1973) should be investigated. The development of a

better simultaneous solution technique which could compensate for small
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differences in detected densities should also be investigated. Overall,

the gamma ray attenuation equipment used in this study was found to be a

stable and effective tool for studying infiltration.
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