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ABSTRACT 

Trickle irrigation is the latest technique to efficiently 

apply irrigation water to plants. It is selected over other irriga

tion systems when water is scarce or expensive, the soils are very 

permeable or cannot be leveled, and crop values are high or require 

specialized cultural practices. Trickle irrigation is also very popu

lar in commercial landscaping because of its ease for automation. 

Plant growth is optimized when the soil water content is near 

field capacity so that adequate water and oxygen are available to the 

plant root. Thus, the knowledge of moisture movement from a point 

source is most critical in designing, operating and managing a trickle 

irrigation system. This knowledge could help improve the irrigation 

efficiency so that maximum growth and production could be achieved per 

unit of water. 

A simple procedure was developed which reasonably predicted 

the wetted soil volume, lateral movement and vertical movement of 

water from a point source. The underlying assumptions are that the 

soil moisture in the wetted profile approximates field capacity and 

trickle irrigation is defined to exclude large flow rates which would 

cause excessive ponding and surface runoff or small flow rates which 

would not increase the soil moisture so it can approach field capac

ity. Moisture contents in excess of field capacity would be lost to 

xi 
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deep percolation because of gravity. This procedure was verified with 

field tests on a Superstition Fine Sand soil and in the laboratory on 

a Gadsden Clay soil. The moisture movement in the soil from a trickle 

source is more a function of the water volume applied than the rate at 

which it was applied. Higher flow rates can cause greater moisture 

contents in the soil during the application but the values decrease 

and approach water contents from lower flow rates if given similar re

distribution periods. 

It is expected that the procedure for predicting wetted soil 

volume, lateral movement and vertical movement can be used by both 

designers and managers of trickle irrigation systems. Estimates of 

the soil moisture contents and volume of water applied are needed. 

Greater accuracy in predicting the moisture movement can be attained 

by some simple measurements in the field. The procedure resulting 

from this study is more advantageous over the mathematical models 

which require complicated unsaturated hydraulic conductivity functions 

and high-speed computers to solve them. 



CHAPTER 1 

INTRODUCTION 

Trickle or drip irrigation is the latest technique developed 

to efficiently apply irrigation water. Trickle irrigation can be de

fined as the slow application of water in the form of drops or a 

continuous very small stream of water at selected points along a 

delivery tube. The point sources that discharge the water are referred 

to as emitters. Trickle irrigation can also include tubing that emits 

water at very close spacings or oozes water continuously. These are 

usually referred to as line sources. Typically, the discharge rates 

are such that little ponded water is collected on the surface and 

there is no surface runoff. The emitters can be located above or 

below the soil surface. 

Trickle irrigation was probably first used over 100 years ago 

when drainage pipes were used to drain the soil during times of excess 

rainfall and then water was forced into the pipes during droughts to 

supply water to the plants. It was not until the late 1950's that 

trickle irrigation, as we know it today, was popularized. It was 

during this time that plastics became available and the tubing and 

emitters could be manufactured at economical prices. The trickle 

irrigation concept swept the irrigation industry rapidly. By the 

early 1970's over 200 different companies were making various 

1 
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components for trickle irrigation systems even though the knowledge of 

designing, operating, and managing these systems were not fully under

stood. The popularity of trickle irrigation has continued and the 

number of companies supplying trickle irrigation systems has reduced 

to less than 50. This is because the companies are providing complete 

trickle irrigation systems rather than components. However, not all 

problems in managing and operating these systems are fully understood 

to date. 

Typically, trickle irrigation systems are normally selected 

over other irrigatio~ systems where water is scarce or very expensive, 

the soil is very permeable or cannot be leveled, or high value crops 

are produced that could require special cultural practices. Some of 

the advantages of using trickle irrigation include greater water sav

ings, plant growth, fertilizer savings, and less labor and energy 

requirements. Like most irrigation techniques, there are also disad

vantages. The most serious problem in trickle irrigation is emitter 

clogging. The clogging problems can be caused by physical particles, 

chemical precipitation, and biological bacteria and algae. Bucks, 

Nakayama and Warrick (1982) discuss in detail all aspects of emitter 

clogging. Most emitters have opening sizes of 0.3 to 1.5 millimeters 

diameter. If the emitter opening could be increased without increas

ing the discharge rate, the clogging potential could be greatly 

reduced. Also, higher flow rate emitters, which would increase the 

emitter diameter, could be used to reduce clogging if similar moisture 

distribution and wetted soil volume could be obtained as for lower 



3 

flow rate emitters. Other disadvantages include restricted water and 

plant root development, potential salt accumulation, and limited tech

nical help available to operate and manage the trickle irrigation 

system. 

The water leaving an emitter enters the soil and moves both 

laterally and vertically. There has been much speculation on the 

shape and moisture distribution within the wetted soil volume. The 

knowledge of this is important in the design, operation and management 

of a trickle irrigation system. It is within this wetted volume that 

a plant obtains its water and nutrients. To obtain maximum crop pro

duction per unit of water applied, the water must be located in a 

soil volume so that the plant root can extract the water. The rela

tionship between soil moisture and air needs to be such that oxygen 

deficiency does not occur a t the plant roots. It has been suggested 

that this optimum is near field capacity. Thus it is important that 

adequate water be applied and available in the root zone. Over

irrigation results, depending on the soil type, in water lost to deep 

percolation or a nearly saturated soil which would effect plant growth. 

Under-irrigation would result in a small wetted soil volume which 

would not supply sufficient water for the plant. This would reduce 

crop growth and production. If the shape and moisture distribution 

within the wetted volume is known, to en the emitter or emitters can 

be located so that the applied water can be used efficiently by the 

plant. 
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A study was undertaken to determine the moisture movement from 

a point source on the soil surface during the application of water. 

Data were collected to determine the shape of the wetted volume and 

the moisture distribution within the wetted volume. A simplified 

method needs to be developed so that a trickle irrigation manager 

could easily predict the wetted soil volume, maximum lateral movement, 

and estimated vertical movement. It is important that this method not 

require sophisticated laboratory equipment or procedures so that mois

ture movement could be predicted in the field. This simplified 

method would allow trickle irrigation managers to operate a trickle 

irrigation system so that maximum production could be obtained without 

wasting water or fertilizers. 



CHAPTER 2 

BACKGROUND 

Soil is the outer layer of the earth's crust that has been 

weathered and fragmented. A closer look at the soil and the growth 

of plants for man's existence shows that only the top few feet are 

needed. However, these top few feet are a complex system that needs 

to be discussed before a solution of moisture movement from a point 

source can be presented. 

Soil Properties 

The soil volume is made up of three parts. They are the 

minerals or solid fraction, water and air. The organic matter which 

is normally associated with soils and varies greatly between soil 

types and regions would be included in the solid fraction. The pore 

space includes the water and air fraction. The solid fraction has 

been classified as 3 textures: sand, silt and clay. Several conven

tional schemes have been proposed by various groups for classifying 

the soil fractions according to particle diameters. Typically, the 

sand fraction will include all particles having diameters between 

0.05 mm and 2.0 mm. Particles larger than 2.0 mm are generally re

ferred to as gravel, larger particles are called stones, and even 

larger ones, boulders. The particles larger than sand particles are 

5 
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not of importance in the media needed for growing plants. The silt 

fraction would have particle diameters between 0.002 mm and 0.05 mm 

which is between the sand and clay fractions. The particle diameters 

of clay are less than 0.002 mm. As will be pointed out later, the 

size of particles and their arrangement can greatly affect the mois-

ture movement in the soil. 

Soils are usually a heterogenous mixture. They not only vary 

from place to place, but also can vary greatly in depth at one loca-

tion. Two soils may contain equal amounts of clay, silt and sand; 

however, their arrangement can be greatly different. This organiza-

tion can be affected by changes in climate (freezing and thawing), 

biological activity, and cultural management. Moisture movement in 

the soil is very complex in itself and becomes even more complicated 

because of the different combinations of clay, silt and sand, and 

their variation in arrangement of the various mixtures. 

Several parameters have been developed to help characterize 

soils. Dry bulk density is the ratio of the dried soil mass to its 

total volume (solid fraction plus pore space). Typically, these 

3 3 val ues range from 1.1 gm/ cm for clayey soils ·;:0 1. 6 gm/ cm for sandy 

soils. Bulk density can vary due to soil compaction as well as the 

swelling and shrinking characteristics of some clayey soils. Porosity 

is defined as the ratio of pore space to the total volume (solid frac-

tion plus pore space) and is normally expressed as a percentage. 

Porosity varies between soil types but will usually be in the range 

of 30-60%. Sandy soils tend to be less porous than clayey soils. 
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However, the size of the sandy soil pores are much larger. Porosity, 

like bulk density, can be affected by soil compaction and the swell-

ing and shrinkage of some clayey soils. 

Water content in the soil can be expressed either by mass or 

volume. Mass (gravimetric) wetness is determined by drying a soil 

sample at 105°C for 24 hours. It is expressed as a percentage of the 

water mass to dry soil mass. Volumetric wetness is expressed as a 

percentage of the water volume to the total soil sample volume. The 

water content will vary for each soil texture, the amount of drainage 

and water use by plants in the soil. Degree of saturation is an index 

that expresses the volume of water present in a soil relative to the 

volume of pores. This index will range from zero for a very dry soil 

to unity (100%) for a saturated soil. 

These soil parameters can be related to each other. Porosity 

is equal to the difference between soil particle density and bulk 

density divided by the soil particle density. For most mineral soils 

3 particle density is 2.6-2.7 gms/cm. Percent saturation can be deter-

mined by dividing the volumetric wetness by porosity. Mass wetness 

and volumetric wetness are related by the ratio of bulk density and 

the density of water. 

Soil Matrix Forces 

It is generally conceded that soil water is held in the soil 

matrix by capillary and adsorptive forces. These forces attract and 

bind the water in the soil. Figure 1 shows soil particles, water and 

air that one might expect to see if the soil were subjected to a very 
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Figure 1. Magnified View of Soil Profile -- Soil particles (dark areas), 
water (dotted areas) and air spaces (white areas). 



powerful magnification. The capillary water is a result of the water 

surface tension and its contact angle with a solid object. Normally, 

surface tension is measured with small diameter glass tubes. When 

9 

the capillary tube is placed in water the water will rise up the tube. 

However, if the glass tube were not clean or if a tubing of different 

material were used, the height of capillary rise would not be the 

same. Surface tension values of water in contact with the soil parti

cles has never been measured, even though there is capillary rise of 

water in the soil. Because of all the contaminants that can be con

tained in the soil, it is impossible to obtain any meaningful values 

of the water surface tension in the soil. The capillary rise of water 

in two similar soils could be different because of the different con

taminants in the soil. These differences in surface tensions could 

affect the moisture movement in the soil profile. 

The water is also attracted to the soil particles by the 

adsorptive force between water and each soil particle. The water 

forms hydration envelopes over each particle surface. Greater 

amounts of soil water would result in thicker hydration envelopes and 

lower water contents would reduce the hydration envelopes. Gardner 

(1968) showed that at very low water contents the hydration envelope 

would be approximately 10 molecular layers thick if the water were 

distributed uniformly over the particle surface. Black (1968) sug

gested that the principal source of this attraction is probably hydro

gen atoms in the water for the oxygen atoms in the water and the soil 

particle surface. According to Richards (1961), most of the water 
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removed by plants in the soil usually occurs while the water film 

thickness is in the range of 6-8 molecular layers to 2-3 times this 

thickness. Corey (1977) estimated that the adsorptive forces vary in

versely with approximately the 5th power of the water film thickness. 

If the soil water in Figure 1 were increased until all the 

void space was filled with water, the soil would be called saturated. 

Typically, under field conditions, it is very difficult to attain sat

uration since it is conceivable that air bubbles could be trapped in 

the soil. If some of the soil water is removed and air fills that 

part of the void space, the soil is termed unsaturated. At saturation 

the index of saturation is unity (100%). The index of saturation 

varies from slightly greater than zero to less than unity (100%) for 

an unsaturated soil. Moisture movement from a point source will 

typically occur when the soil is unsaturated. 

Soil Moisture Potential 

Hater in the soil possesses energy. These energies can be 

potential or kinetic. The kinetic energy is normally assumed negli

gible because the veloci ty of water movement is very slow. The 

potential energy consists mainly of gravitational, pressure or matric, 

and osmotic energy states. 

The gravitational potential is due to the attraction toward 

the center of the earth because of its mass. The amount of this kind 

of energy contained per unit mass is dependent on the position in the 

gravitational field. In soil-water studies, the ground surface is 

quite often used as an arbitrary reference point. The osmotic 
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potential is caused by the presence of solutes in the soil water. It 

normally does not affect moisture movement in the soil but is impor

tant as it moves from the soil to the plant root. 

The pressure or mattic potential of the soil water is measured 

as a pressure. Atmospheric pressure is normally considered as the 

reference point. It is assumed that the pressure is a continuous 

linear function, that is, it can go from positive to negative without 

any abrupt changes. A positive pressure is measured only in a satur

ated soil and its value increases with depth below the free water 

surface. Negative pressures occur in unsaturated soils and are termed 

as suction or tension. Water in an unsaturated soil is held by adsorp

tive and capillary forces. As water is removed from an unsaturated 

soil, the water that remains is held by the smaller cap'i11aries. Hence, 

a greater energy would have to be expended to remove this water, thus 

a greater negative pressure is associated with the water in the small 

capillaries of unsaturated soil. This negative pressure has often 

been termed capillary potential because of the negative pressure of 

the water in a capillary tube. More recently the term matric poten

tial has been used because the water in an unsaturated soil is held by 

both adsorptive and capillary forces (see Figure 1). These two cannot 

be easily separated because the capillary water appears to be in 

equilibrium with the adsorbed water. In clayey soils, the water will 

be held by both capillary and adsorptive forces, while in a sandy soil 

the capillary forces are more dominant than adsorptive forces. Mois

ture movement from a point source occurs primarily in the unsaturated 
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soil condition because of a tension gradient. A small saturated vol

ume can occur near the surface under the point source, however, this 

volume is quite small. 

Soil Moisture Characteristic Curve 

The soil tension is a function of the amount of water in the 

soil. If several points were measured for a soil, a plot of soil 

water content versus tension could be made. This plot would show a 

curve which is known as the soil-moisture characteristic curve. 

Typical soil-moisture characteristic curves are shown in Figure 2 for 

sandy soil decreases more rapidly with increased tension compared to 

the clayey soil. This is because the sandy soils have much larger 

pores which drain more easily compared to the small pores of clay 

soils. Soil structure can affect the shape .of this curve. For 

instance, a compacted soil would have a smaller amount of void space 

which would reduce the water content at saturation and would also 

have higher water contents at higher suctions because of small pore 

sizes. 

Soil moisture is rarely, if ever, constant. It is continu

ally subject to tension gradients that cause it to move. However, it 

has been shown that certain moisture contents are of significance in 

agriculture. Permanent wilting point is estimated to be aboul 15,000 

centimeters of water tension. At this point, the plant is unable to 

obtain sufficient water to meet its evapotranspiration demand. The 

soil moisture content at permanent wilting point would depend on the 

type of plant, climatic conditions, stage of growth, etc. Field 
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Figure 2. Typical Soil Moisture Characteristic Curves for Sandy and 
Clayey Soils 
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capacity is defined as the moisture content after downward movement 

has materially .decreased. This is usually 2-3 days after the soH has 

been wetted. Tensions have been estimated to be in the r~nge of 100-

300 centimeters of water. At field capacity the large soil pores have 

drained due to gravity forces. Field capacity will depend on soil 

type. It would be attained much faster in a sandy soil compared to a 

clayey soil because the pores are larger and would drain faster. This 

is verified by the shape of the two curves in Figure 2. A higher 

field capacity value would result if the initial moisture content is 

increased or there is a layer below the soil surface that impedes 

moisture movement. This is because the tension gradient is reduced. 

thus slowing the soil moisture movement. The moisture between zero 

tension (saturation) and field capacity would be classified as drain

able water. This water is drained because of the gravity force. 

Available moisture is classified as the water between field capacity 

and permanent wilting point. This water is held in the soil profile 

for use by the plant. Typically, irrigations are scheduled when 50% 

of the available moisture is depleted. This value may vary depending 

on soil type, type of plant, stage of growth, etc. The soil tension 

at 50% depletion of available moisture could be approximated by 1000 

centimeters of water. Again, this would vary depending on the soil 

type and the shape of the soil moisture characteristic curve. 

The relationship between tension and water content can be ob

tained in two ways. The first is by desorption, where increasing 

tensions are applied to a saturated soil. The second method is by 
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sorption where a dry soil is gradually wet up by reducing the tension. 

These curves are typically determined by placing a soil core on a 

porous plate and applying a pressure (tension) to the porous plate. 

A hanging water column is used to apply tensions less than 800 centi

meters of water. For greater tensions, a pressure chamber is used to 

apply positive pressure. When results from desorption and sorption 

are plotted for the same soil, two different water contents are possi

ble for the same tension. One water content was obtained at a tension 

during desorption and the other water content was obtained at the same 

tension during sorption. This difference in the curves has been re

ferred to as hysteresis. Hillel (1982, p. 79) suggested that the 

hysteresis effect was caused by the ink bottle effect, contact angle, 

entrapped ~ir and swelling, shrinking or aging phenomena. 

A typical curve showing the hysteresis effect is presented in 

Figure 3. Greater water contents are obtained on the desorption curve 

compared to the sorption curve for the same tensions. These differ

ences tend to zero at high tensions. 

The area where the differences in water content are greatest 

for equal tension are of most importance. It is in this region that 

optimum plant growth is obtained. It is also this region that would 

be of concern in irrigation systems or light rainfalls that do not 

saturate the soil. As the water is applied, the soil moisture would 

increase along the sorption curve. However, the plant would extract 

the water and decrease water content along the desorption curve. 

Hysteresis is normally ignored because of its complexity and only the 
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desorption curve is used. It is also much easier to obtain the desorp

tion curve compared to the sorption curve. 



CHAPTER 3 

SOIL MOISTURE MOVEMENT 

Before examining the movement of water in the soil, it is 1.'.se-

ful to take a closer look at the soil matrix. Assume we could reduce 

our size to be only a fraction of a clay particle, which is less than 

0.002 mm. This would allow us to enter the soil through a void space. 

Assume a very dry soil with no water in the void spaces. The first 

thing that we would observe are the different sizes and shapes of the 

soil particles. Their arrangement would be in a randomized fashion. 

The void spaces would also be random in width and would be tortuous. 

As we move through the void spa'ce, \l7e could envision it representing a 

conduit for conducting water. However, this conduit would have many 

branches, some of which would join back up with the main branch, while 

other branches would form new branches and join the branches of the 

other conduits. As we might expect, it is virtually impossible to 

describe the characteristics of these conduits. This results in our 

inability to mathematically solve for the water movement in a soil 

matrix. The current knowledge of unsaturated flow was summarized 

very well by Hillel (1982, p. 107). 

Most of the processes involving soil-water interactions 
in the field, and particularly the flow of water in the 
rooting zone of most crop plants, occur while the soil 
is in an unsaturated condition. Unsaturated flow pro
cesses are in general complicated and difficult to describe 
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quantitatively, since they often entail changes in the state 
and content of soil water during flow. Such changes involve 
complex relations among the variable soil wetness, suction, 
and conductivity, whose interrelations may be further compli
cated by hysteresis. The formulation and solution of unsat
urated flow problems very often require the use of indirect 
methods of analysis, based on approximations or numerical 
techniques. 

Moisture Movement from a Point Source 
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One could speculate soil moisture movement from a point source 

with the background material that has been presented. Trickle irriga-

tion implies that water is applied at very low rates and little sur-

face ponding of water occurs. Therefore, the water enters the soil 

and moves both laterally and vertically as unsaturated flow. The 

tension of this water would be negative since the capillary and adsorp-

tive forces would predominate. The moisture would move from a lower 

tension (smaller negative value) to a higher tension (larger negative 

value) . 

The relationship between moisture content and tension pre-

sented in Figure 2 shows that the moisture content decreases quite 

rapidly and then tends to become asymptotic at very high tensions. 

The sharp fall in moisture content between saturation and field capac-

ity is referred to as drainage water. This water is stored in the 

large voids (capillaries) and cannot be held against the gravitational 

force. The available water between field capacity and permanent wi1t-

ing point has greater tension values which greatly reduce the moisture 

movement due to gravity. This implies that for low water application 

rates, such as trickle irrigation, the moisture movement due to 
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gravitational forces would be minimized and the movement would pre

dominantly be by capillary and adsorptive forces. The gravitational 

force would be minimized because the water is applied slowly so that 

the larger capillaries are not filled with water. Irrigation normally 

occurs when 50% of the available moisture is depleted. This means 

that the soil water tension is probably less than 1000 centimeters of 

water. It must be remembered that the moisture movement is from a 

lower tension to a higher tension. Thus, the moisture content would 

be greater near the point source and decrease radially away from it. 

It appears that the moisture content would approximate field capacity 

(100-300 centimeters of water) so that a tension gradient will exist. 

A moisture content in excess of field capacity means too high of a 

flow rate and drainab1e water could be lost. If water were applied 

at a fast rate, then some ponding could occur and the larger capil

laries would fill, causing greater moisture contents in the wetted 

volume. The gravity force would act on the larger pores which could 

result in greater vertical movement. This would probably be more 

noticeable in a sandy soil because of the larger capillaries compared 

to a clayey soil. A higher flow rate on a clayey soil could have a 

different effect. Since the capillaries are smaller for a clayey soil. 

the moisture movement by gravity would be slower compared to a sandy 

soil. This could result in a larger ponded area which would increase 

the lateral movement. If the ponded area became excessive, the defi

nition of trickle irrigation would be violated. Water could be 

applied at such Rlow rates that the increase in moisture content would 
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be small. Only those flow rates that apply water sufficiently to wet 

the soil for plant growth are considered. Trickle irrigation would 

not include these very slow application rates. 

Using the assumption that adsorptive and capillary forces 

dominate over the gravity force, one could speculate that the volume 

of soil wetted by a point source would be a hemisphere. This would 

result because the tension gradients would be similar along all radii, 

thus equal movement along all radii. This assumes that the water is 

applied at a rate so that the capillaries associated with field capac

ity and less could transmit the water through the soil volume. This 

would imply that the hemisphere could become infinite with time. This 

would not be the case since the gravity force is still present even 

though the c~pil1ary and adsorptive forces predominate. Thus, the 

lateral movement would approach a finite value which would depend on 

the soil properties and the tension gradient from the point source to 

the wetting front. Lateral movement would be greatest for a clayey 

soil compared to a sandy soil because of the small capillaries that 

exist in clay. As the wetting front moves further away from the point 

source, the total slope of the tension gradient becomes less because 

the length of flow increases. Thus, the potential for moisture move

ment decreases and the lateral movement reaches a finite value. This 

does not happen in the vertical direction because of gravity. TIle 

gravity force keeps the tension gradient from approaching zero, thus 

moisture movement continues downward after lateral movement reaches a 



finite value. The wetted volume would be ellipsoidal rather than 

hemispherical. 
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Assuming that the moisture in the wetted volume is near field 

capacity one could estimate the volume of soil wetted for a given 

volume of water applied. The volume of water applied divided by the 

difference between field capacity and initial volumetric moisture 

contents would approximate the wetted soil volume. This assumes that 

the average moisture content in the wetted volume after the irrigation 

is at field capacity. An estimate of lateral movement could be deter

mined by assuming the wetted volume is a hemisphere. Since sandy 

soils have less lateral movement compared to clayey soils, a function 

may be needed to adjust lateral movement based on soil type. One re

lationship might be the pore size distribution at a specified tension. 

The depth could be estimated based on the lateral movement and wetted 

soil volume and assuming a hemispherical or ellipsoidal shape. 

The assumptions made thus far show that the volume of soil 

wetted is related to the volume of water applied and the initial mois

ture conditions. It was implied that this water be applied at a 

reasonable rate. Assume for the moment a sandy soil so that the flow 

rates could increase by maybe 4-fold without causing the large capil

laries to fill and be drained by gravity. Thus the capillaries 

associated with field capacity and smaller can transmit the water in 

the soil. Would the wetted volume be different between higher and 

lower flow rates? Previously much larger and smaller flow rates were 

considered. It could be expected that as the flow rate increases, 
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larger capillaries are needed to transmit the water. Thus, if equal 

volumes of water were applied for these two flow rates, one would ex

pect the higher flow rate wetted volume to have greater moisture con

tents since larger capillaries were needed. The lower flow rate 

wetted volume would have lower moisture contents. Therefore, the 

lower flow rate wetted volume would be a larger volume compared to the 

higher flow rate volume. 

After the irrigation has stopped, the soil moisture in the 

wetted soil volume will redistribute so that the tension gradients 

will approach zero asymptotically. The higher moisture content in the 

faster flow rate wetted volume would have a greater tension gradient 

compared to the lower moisture content in the lower flow rate wetted 

volume. Therefore, the faster flow rate wetted volume would continue 

to increase and the two wetted volumes may be quite similar after 

equal times since the irrigation was initiated. The tension gradient 

will approach zero during redistribution. Lateral movement will cease 

before vertical movement because the gravity force continues to add to 

the vertical tension gradient. Thus, greater tensions in the soil 

must be attained before vertical movement can approach zero. 

In summary, this analysis presented several considerations in 

the moisture movement from a point source. These considerations are: 

1. Soil moisture in the wetted volume approximates field capacity. 

2. As the flow rate increases the moisture content also increases, 

however, moisture contents of lower flow rates of equal water 
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volumes would be similar to higher flow rates after equal re

distribution periods. 

3. Adsorptive and capillary forces dominate the moisture movement 

because water is applied at low rates so the large capillaries 

affected by gravity do not conduct water. 

4. The wetted soil volume can be calculated from the difference 

between field capacity and initial moisture content and the 

amount of water applied. 

5. The shape of the wetted volume tends to be hemispherical. 

However, due ,to the gravitational force, the vertical tension 

gradient exceeds the lateral tension gradient causing greater 

vertical movement and an ellipsoidal shape. 

6. Lateral movement approaches a finite value, however, it could 

be estimated by assuming a hemispherical wetted soil volume. 

7. These assumptions, if true, would provide the principles 

necessary to develop a simple procedure to predict the wetted 

soil volume, lateral and depth movement. 

Saturated Flow 

S~nce the geometry and direction of flow is too complicated 

to describe in microscopic detail, one is led to the macroscopic case 

which would be the average of the microscopic values. The solution 

for the macroscopic satura,ted flow system was determined empirically 

by Henri Darcy in 1856 (Rouse and Ince 1957). From his investigations 

of seepage rates through sand filters, he concluded that the flow rate 
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was proportional to the hydraulic gradient times a constant. Written 

mathematically this equation is 

Q 
A 

K.!! 
L 

(1 ) 

where, Q/A is the flow rate per cross-sectional unit area, H/L is the 

hydraulic gradient per unit length of flow and K is a proportionality 

constant called hydraulic conductivity. Hydraulic conductivity has 

units of velocity (length/time). Hydraulic conductivity values for 

-2 -3 
sandy soils range from 10 to 10 cm/sec while it is much less for 

-4 7 clayey soils having values of 10 to 10- cm/sec. The hydraulic con-

ductivity is related to soil type, soil porosity, pore size distribu-

tion, tortuosity and the fluid viscosity. 

Unsaturated Flow 

Flow of water in the soil-water-p1ant environment most often 

occurs in the unsaturated condition. Unsaturated flow is very compli-

cated to describe quantitatively. This is because the soil water con-

tent and tension are changing during flow. The formulation and 

solution of unsaturated flow requires the use of indirect methods of 

analysis based on approximation or numerical techniques (Hillel 1982). 

Bucks et a1. (1982) presents the mathematical development of the equa-

tion for unsaturated flow in the so~l profile. The mathematical 

development is based on the assumption that Darcy's Equation (equation 

1) for saturated flow is also valid for unsaturated flow. The general 

mathematical equation for unsaturated flow is 



ae 
at = \j' (K(h) \j h) - aK(h) - s 

az (2) 

where ae/at is the change in moisture content with respect to time, 

\j is the vector gradient operator, K(h) is the unsaturated hydraulic 
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conductivity as a function of soil tension, h is the matric potential 

(which is negative for unsaturated flow), z is the vertical distance 

below the point source and S is a sink function which would define 

water uptake by the plant. For the case where water is being applied 

with no plant uptake, the "s" term would be zero. 

Equation 2 is valid for all unsaturated flow systems. Its 

form may be transformed by using K(G), which is the unsaturated 

hydraulic conductivity as a function of soil moisture content, or D(G), 

which is hydraulic diffusivity. Hydraulic diffusivity was first 

introduced by Childs and Collis-George (1950). It is defined as the 

ratio of unsaturated hydraulic conductivity as a function of water 

content to specific water capacity (the slope of the soil moisture 

characteristic curve). The reason for making the transformations of 

equation 2 is that it may b~ easier to find a solution. Equation 2 is 

a nonlinear equation because unsaturated hydraulic conductivity and 

diffusivity are non-linear functions. Thus the solution to equation 

2 can be quite complicated, depending on the boundary conditions, and 

very difficult to solve. Numerous solutions to equation 2 have been 

presented in the literature based on various flow systems and boundary 

assumptions. 
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One of the more important differences between saturated and 

unsaturated flow is the hydraulic conductivity. Typically, hydraulic 

conductivity for saturated flow will be a constant for each particular 

soil because all the pore spaces are full and conducting water. How

ever, for an unsaturated soil, part of the pore spaces become filled 

with air and thus do not conduct water. This reduces the available 

area for conducting water. Also, the first pores to empty are the 

larger ones which could conduct the most water. Since more pores are 

filled with air in unsaturated flow, the flow paths become more tor

tuous which also inhibits water flow. 

The hydraulic conductivity generally reduces significantly 

when the water content goes from saturation to unsaturation. Typic

ally, the hydraulic conquctivity will decrease by a magnitude of 106 

as the tension increases from zero to 1000 cm of water. Normally, 

sands would have a much greater drop in hydraulic conductivity com

pared to clay soils because clay soils have more smaller capillaries 

that can conduct moisture movement at greater tensions. 

Attempts have been made to theoretically develop equations 

which relate hydraulic conductivity to tension or water content. How

ever, current knowledge is not available to predict the unsaturated 

hydraulic conductivity function from soil or fluid properties. Skaggs, 

Miller and Brooks (1980) summarized various methods for predicting un

saturated hydraulic conductivites by laboratory and field techniques, 

and by calculations. 
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Methods have been proposed by Klute (1965) and Gardner (1956) 

to determine unsaturated hydraulic conductivities in the laboratory. 

These methods are very tedious and re~uire specialized equipment. 

Many times only the desorption hydraulic conductivity is measured. In 

most flow problems it is important that the sorption hydraulic conduc

tivity also be known. Hillel (1982) suggests that the current flow 

equations are based on macroscopic detail which averages the micro

scopic conditions. Thus, unsaturated hydraulic conductivities based 

o~ small soil fragments or disturbed soil samples could be in error. 

He gives a description of several methods for determining unsaturated 

hydraulic conductivity in the field. However, these methods are very 

difficult and only give unsaturated hydraulic conductivity values for 

tension values from zero to 500 centimeters of water .. 

Hydraulic diffusivity, like unsaturated hydraulic conductivity, 

can be determined in the laboratory. Unsaturated hydraulic conduc

tivity is determined by placing a small soil sample in a pressure 

chamber. For each increment of pressure applied, the steady state 

moisture flow across porous plates on each of the pressure chamber is 

measured. Also, the tension in the soil water is measured near each 

porous plate. Unsaturated hydraulic conductivity is determined using 

equation I and has units of length per unit time. Hydraulic diffus

ivity functions. Typically, very small soil samples are used to 

determine these functions for desorption only. If the soil is uniform, 

then the functions determined from small soil samples may be quite 

accurate for the entire soil volume. However, as the soil becomes 
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heterogeneous the functions determined can be erroneous for the whole 

soil volume. 

Vapor Movement 

We have only discussed the movement of water as a mass flow 

in the soil. Water movement in the soil can also occur by diffusion. 

Constant soil temperatures or changes in matric tension have little 

effect on changing the soil vapor-pressure. It is generally assumed 

that water movement by diffusion is negligible compared to liquid flow 

except when diurnal temperature fluctuations are great. 

Mathematical Modeling 

Since the equations developed for water flow in the soil are 

mathematical expressions, models have been developed for different 

irrigation systems and boundary conditions. The mathematical models 

of interest in this study are those related to trickle irrigation from 

a point source on the soil surface. 

To mathematically model the flow of moisture in the soil from 

a point source, one must use equation 2 or some equivalent form. This 

is very difficult because it is non-linear. Brandt et al. (1971) pro

posed a finite-difference method to determine the flow from a point 

or line source. The results from this model were compared to labora

tory and field data (Bresler et al. 1971). Their results showed 

some discrepancies between the experimental data and the theoretical 

predictions, especially at high and low flow rates as is shown in 

Figure· 4. Figure 4 shows the predicted and actual wetting fronts for 
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four different flow rates. These results were obtained for a Gi1at 

loam soil in a narrow box with p1exig1ass sides so that the actual 

water movement could be recorded for different application amounts. 

This test would represent a line source, however, the results are ap

plicable to a point source. They felt that the discrepancies may have 

resulted from: 1) inadequacies of the assumptions used in the unsat

urated flow theory; 2) inability to precisely measure soil-water 

parameters; 3) inaccurate definition of boundary conditions; and 

4) hysteresis during infiltration. Overall, they felt this model 

could be helpful in giving qualitative, and in some cases a quantita

tive picture of the soil conditions during infiltration from a point 

source. 

Another solution to the unsaturated flow equation is to 

linearize it. Warrick (1974) presented a time-dependent linearized 

solution which assumed that the change in water content to matric ten

sion is a constant. It was felt that the water content or matric 

tension did not vary over a large range, therefore, this approach 

could be used in the case of trickle or high-frequency irrigation sys

tem. The results presented on moisture front advance and cyclic water 

applications were similar to the results of B.res1er et a1. (1971). 

The numeric finite difference and the linearized analytical 

solutions for water flow from a point source were compared by Ben

Asher, Lomen and 1.Jarrick (1978). For cyclic input, both models pre

dicted the same averages and ranges of moisture content in the soil. 

However, the finite difference solution showed a faster response to 



32 

flow when it was first started and shut off. The non-linear model 

predicts the water content in the soil profile better than the linear 

model near the soil surface, while the opposite is true at greater 

depths. 

The finite difference solution has the advantage that the 

actual soil properties, complex geometries and numerous boundary con

ditions can be incorporated into the equation to simulate field 

conditions. However, as pointed out by Santo (1974), this method does 

not permit evaluation of the flow mechanisms involved as compared to 

the analytical linearized solution. The linearized solution does 

have the advantage of showing more clearly the flow dependence upon 

parameters characterizing the flow geometry. Once these parameters 

are chosen, the results are exact and errors due to rounding-off, 

interpolation, and grid size are nonexistent. The computer computa

tion time and storage capacity of the linearized solution is much less. 

Ben-Asher et al. (1978) reported that computation time of the linear

ized solution was reduced to between 1/20 and 1/200 of the finite dif

ference technique. Thus, small micro-computers could be used in the 

linearized solution. 

The models presented here have been validated on a limited 

number of tests. However, these models reasonably predict the mois

ture movement in the soil if the actual unsaturated hydraulic conduc

tivities or diffusivity functions are known. Hillel (1982) states 

that it is very rare when the theories and models have been applied 

and found to be valid and useful under realistic conditions of actual 
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soil water management practice. There still exists a division between 

the theories and fundamental knowledge of soil water management from a 

point source and the practical applications of managing or designing a 

trickle irrigation system. 

Laboratory and Field Data 

Limited data have been collected on the moisture movement and 

distribution in the soil profile under a point source. The amount of 

time and effort required to obtain these data has been the greatest 

deterrent. To use these data to verify the mathematical models would 

also require the knowledge of the unsaturated hydraulic conductivity 

relationship. Thus, most studies have been conducted in laboratory 

conditions where a uniform soil is packed into an observation box with 

one side of plexiglass. The moisture movement is observed with time 

and moisture content samples collected at various times by sampling 

along a radius. 

Haq (1973) studied moisture movement in the laboratory using a 

plexiglass box. The soil type he used was a Hawaiian clay of volcanic 

origin with a bulk density of 0.75, field capacity of 50% and satura

tion of 63% by volume. His studies involved applying water at rates 

of 1.5, 4, 5, 10 or 16 cc/min for various durations of up to 90 min

utes. It appears from his results that water ponding under the point 

of application was not a problem. This is probably because the dura

tions were quite short. His results showed that the moisture movement 

and water content were the same for equal volumes of water applied at 

different flow rates. The moisture content in the wetted profile had 
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a slight gradient from the source to the wetted front and was approxi-

mately equal to field capacity. If the initial moisture content was 

increased, the water would move faster through the soil and attain the 

same moisture level as a similar test where the initial moisture con-

ten t was less. 

The horizontal water movement in two soils was studied by 

Goldberg, Gornat and Rimon (1976) using five different flow rates of 

1.0, 2.0, 4.2, 9.2 and 18.4 liters/hour (lph). Five amounts of water 

(12, 24, 48, 96 and 192 liters) were applied for each test to dry, 

uncultivated soil. The two soil types were Kfar Hayarok and Hatzerim 

and their properties are shown in Table 1. The point source with the 

Table 1. Properties of Two Israeli Soils Used in Moisture Movement 
Studies (adapted from Goldberg et a1. (1976). 

Property 

Bulk density (gro/cc) 
Volumetric moisture at 

saturation (%) 
Hydraulic conductivity (cm/min) 
Clay content (%) 

Kfar Hayarok 

1. 25 

55 
75 
60 

Hatzeriro 

1.48 

44 
12 
17 

greatest discharge (18.0 lph) caused surface runoff for both soils, 

which would not be suitable for practical uses. The ponded diameter 

of the water under the point source increased 3-fold as the flow rate 
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increased from 1.0 to 9.2 lph for each soil type and equal application 

volumes. However, the maximum lateral moisture movement of these same 

studies increased less than 10%, indicating that lateral movement is 

more a function of the volume of water applied than of the flow rate. 

Another test under field conditions on a sandy soil showed that 

greater yields of dry clover per emitter area were obtained from a 

point source of 8 lph compared to 2 or 4 lph point sources when equal 

volumes of water were applied. This indicates that greater water 

utilization might be obtained when using a greater flow emitter. 

Water movement was observed by Hachum, Alfaro and Willardson 

(1976) in the laboratory for two soil types. The two soil types were 

a loamy sand and silt loam with bulk densities of 1.62 and 1.40 gm/cc, 

respectively. Each soil was placed in a narrow box to simulate a line 

source. They observed that as the discharge rate increased, the depth 

of water movement decreased and the rate of horizontal movement in

creased for equal amounts of water. They suggested that this was a 

direct result of the increased ponded area under the point of applica

tion. This was particularly more noticeable with the silt loam soil 

compared to the loamy sand soil. When the water application was 

terminated, the horizontal movement almost stopped while the vertical 

movement continued at the same rate for the loamy sand soil. The 

horizontal and vertical movement continued equally when the applica

tion was terminated for the silt loam soil. 

Job1ing (1974) presents field data from several different soil 

types. In general, the total size of the wetted area is about the 
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same regardless of the point source discharge, providing the same 

total amount of water is applied. He also pointed out that the wetted 

volume could be slightly smaller with higher water contents for the 

faster flow rates compared to the slower flow rates of equal water 

volumes applied. The data indicated that the vertical and horizontal 

'movement was approximately proportional to the volume of water applied 

raised to the 0.33 power for a heavy soil. For coarse soils, the 

horizontal movement was roughly proportional to the volume of water 

applied raised to the 0.2 power and vertical movement is approximated 

by the water volume applied raised to the 0.6 power. To get greater 

lateral movement on coarse soils, he recommends that higher flow rates 

be used to increase the ponded area under a point source for a short 

time. 

Bar-Yosef and Sheikhols1ami (1976) studied moisture movement 

in the laboratory using a sandy soil and two discharge rates of 0.25 

and 2.5 1ph. A volume of one liter was applied for each flow rate and 

the moisture movement and water content were measured 48 hou~s after 

the irrigation was terminated. It was found that the vertical movement 

increased from 13 to 31 cm and the horizontal movement decreased from 

19.5 to 15.5 cm as the flow rate increased from 0.25 to 2.5 Iph. This 

indicated that horizontal movement did not change appreciably with in

creasing flow rate. It appeared that redistribution after the appli

cation slowed the horizontal moisture movement and resulted in lower 

water content values in the higher flow rate profile compared to the 

lower flow rate profile. 
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Levin, van Rooyer and van Rooyer (1979) compared laboratory 

and field studies to the mathematical model developed by Brandt et al. 

(1971). They used a sandy soil containing 98% sand and a bulk density 

of 1.5 gm/cc. Their tests used flow rate of 2 and 4 1ph continuously 

and 2 lph pulsed in 30 minute increments. The volume of water applied 

to all tests was 12 liters and the measurements of moisture movement 

and water content were made 12 hours after each test was initiated. 

Total volume of soil wetted in each test was determined and the 

average amount of water found in the soil profile was 11.9 liters. 

The amount of water in the wetted soil volume was also predicted using 

the mathematical model. The average amount of water found in this 

case was 11.4 liters compared to the actual amount of 12 liters 

applied. Similar results from undisturbed soil in the field showed 

that only 11.1 liters of water could be accounted for. They reported 

that the mathematical model reasonably predicted the accumulated mois

ture levels in the wetted volume, except at points near the wetting 

front. Their results indicated that greater lateral and depth move

ment resulted from higher flow emitters compared to lower flow emit

ters 12 hours after the start of each test. These data are not in 

agreement with Bar-Yosef and Sheikholslami (1976). Levin et al. 

(1979) suggested that greater amounts of water could be utilized by 

the plant if low or pulsed (intermittent-higher) flow rates were used 

compared to high discharge rates. This would not be in agreement with 

results of Goldberg et a1. (1976) which showed greater clover yields 



for higher flow rate emitters compared to lower flow rate emitters 

when equal volumes of water were applied. 

Generally, the results from field studies and results from 

mathematical models show similarities. However, as pointed out by 

Goldberg et ale (1976) the advantages of using mathematical models 
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may only be limited to those engaged in soil and water research. This 

is because of the mathematical difficulties involved in solving the 

complex equations, and the need for exact field data of unsaturated 

hydraulic conductivity for each soil type. From the results of the 

limited data that has been gathered to date, there appear to be dis

crepancies in their interpretation. Haq (1973), Jobling (1974) and 

Goldberg et ale (1976) suggest similar lateral movement for increas

ing flow rates. Levin et a1. (1979) recommend that lower flow rate 

emitters or higher flow rate emitters that are pulsed would result in 

more water remaining in the upper soil profile to be utilized by the 

plant. Field data from Goldberg et a1. (1976) show that greater 

clover yields were obtained for higher flow rate emitters compared to 

lower flow rate emitters for equal water volumes applied. Also, data 

from Levin et a1. (1979) and Bar-Yosef and Sheikho1slami (1976) does 

not agree on the moisture movement after the water application is 

terminated. 



CHAPTER 4 

PROCEDURE AND DATA 

The increased interest in trickle (drip) irrigation has led to 

speculation on the shape of the wetted soil volume and the moisture 

distribution within the wetted volume. The geometry of several point 

sources can be complex for analysis because of overlap and it was de

cided in this study to use only one point source and apply water at 

typical trickle irrigation flow rates for selected durations. Undis

turbed, virgin Yuma desert soils were used in order to better inter

pret the results in respect to cultivated areas with crops. At the 

completion of each test, all data would be collected and the test site 

abandoned. Each test was conducted at a slightly different location 

but the soil seemed remarkably uniform for all tests. 

The test area selected was on virgin desert soil that had 

historically not been irrigated. This area was selected because of 

the potential for trickle irrigation on these soils. The test area 

was located in Southwestern Arizona on the Yuma Mesa near the United 

States-Mexico International Boundary. The majority of the soils on 

the Yuma Mesa are classified as Superstition Fine Sand, containing 

approximately 95% sand and 5% silt and clay, and were felt to be 

quite uniform. All tests conducted were located in an area approxi

mately 100 by 100 meters. 
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Procedure 

Constant-head siphoning devices were constructed using 55-

gallon drums as water supply reservoirs to supply the water at a 

constant flow rate. With a siphoning head of approximately 30 centi

meters and a tubing di~meter of 0.3 centimeters and approximately 

15.4, 7.7, 4.0 or 2.2 meters long, discharges were achieved of about 

2, 4, 6 or 15 liters per hour (lph), respectively. Tubing of 1 centi

meter diameter and 7 meters was used to achieve a flow rate of 32 

liters per hour. A sight tube was installed on each water supply 

reservoir to determine the amount of water in the reservoir. The vol

ume of water in the reservoir could be measured to the nearest one

half liter. Discharge was determined by the amount of water removed 

from the reservoir during a measured duration. Measurements were 

made to verify a nearly constant flow rate during each test. 

To prepar~ each test site, the native desert vegetation was 

removed and the soil surface was leveled to a smooth horizontal plane. 

The constant-head siphon was then started and the outlet end of the 

tube was placed in the center of the horizontal soil surface. Because 

of the high infiltration rate on these soils, the ponding which 

occurred was less than 10 centimeters in diameter for any of the tests 

conducted. Figure 5 shows the surface wetted area and constant-head 

siphon device. At the termination of water application, a trench, 

approximately 1 meter wide and 9 meters long, was immediately dug with 

a backhoe mounted on a small tractor. Figure 6 shows the backhoe 

digging the trench to observe the wetted soil profile. The depth of 



Figure 5. Wetted Surface Area and Constant-Head Siphon
ing Device 

Figure 6. Backhoe Digging Trench to Observe the Wetted 
Soil Profile 
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the trench provided access to a plane parallel to and 20 centimeters 

from a vertical diametral plane through the wetted volume. 
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After the trench was dug, the shape of the wetted profile was 

easily identified by the color change between wet and dry soil. A 15 

centimeter grid was "imposed on the wetted profile and horizontal soi~ 

samples taken at each node point. Depending on the size of the wetted 

profile, ~ to 2 hours elapsed from the time the application stopped 

and all soil samples were taken. The samples were taken to determine 

the soil moisture content on a dry weight basis at these points. The 

procedure in taking the soil samples was to discard the first 5 centi

meters of the sample since it had been exposed to the air and had 

dried due to evaporation. The samples taken were centered on the diam

etral plane of the wetted volume. Initial tests showed that moisture 

contents were equal to points symmetrical about the vertical line 

through the point of application. Thus, soil samples were only taken 

on half of the wetted profile. Horizontal soil samples were also 

taken in 15 centimeter increments outside the wetted volume to deter

mine antecedent soil moisture conditions. 

After the soil moisture samples were collected, the soil was 

shaved off to the vertical diametral plane of the wetted volume, thus 

the maximum diameter of the wetted profile was exposed. Assuming sym

metrical water movement about the point of application, the maximum 

horizontal and vertical water movement was observed. Figures 7 and 8 

show the maximum wetted profile for two selected tests. A 15 centi

meter grid was again imposed on the wetted pattern and measurements 



/ 

Figure 7. W_e tted Profile .for Tes.t No. 16. The flow rate 
was 14.63 - lph for 3 hours (~otal 43.9 liters 
applied1. The grid is 15 centimeters. 

Figure 8. Wetted Profile for Test No. 14 -- The flow rate 
was 6. 6 7 lph for 24 hours (to tal 160 .1 liters. 
applied). The grid is 15 centimeters. 
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made to define the wetted profile. Horizontal soil cores, 7.3 centi

meters diameter by 7.6 centimeters long were taken in 15 centimeter 

intervals near the centerline of the wetted volume. These cores were 

used to determine moisture release characteristics, saturated hydraulic 

conductivities, bulk densities, and particle size distributions. Soil 

profile descriptions were made of each test site. Appendix A lists 

the soil profile descriptions for selected tests as made by Soil Con

servation Service soil classification specialists. 

Data 

A total of 22 tests were conducted using average flow rates of 

2.12, 4.04, 6.76, 14.95 and 30.71 lph. The duration of each test was 

between 0.8 and 72 hours. The 22 different tests are summarized in 

Table 2. The duration, volume of water applied, and maximum lateral 

and depth movement are given for each test. The flow rate for each 

test was determined by dividing the volume applied by the duration. 

The maximum lateral and depth movement were measured on the maximum 

exposed wetted profile. The maximum depth always occurred along the 

vertical line through the point of application. Maximum lateral move

ment was measured horizontally from a point on a vertical line through 

the point of application to the outer wetted soil. The depth from the 

surface where this was measured varied from the surface for those 

tests of short duration to 76 centimeters for longer durations. Typic

ally, the maximum lateral movement occurred at a depth of 15 centi

meters. No effort was made of any test to reduce surface evaporation 

during a test. It is probable that some water evaporated from the 
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Table 2. Summarized Data from Field Tests for Superstition Fine Sand 

Volume Maximum 
Water Flow Lateral Naximum 

Duration Applied Rate Movement Depth 
Test Hours Liters (lph) (em) (em) 

1 12.6 25.7 2.04 40.6 68.6 
2 22.7 54.9 2.42 52.1 90.2 
3 48.0 90.8 1.89 63.5 116.8 

avg. 2.12 

4 1.0 4.2 4.20 25.4 25.4 
5 6.0 24.6 4.10 44.5 63.5 
6 12.0 46.6 3.88 58.4 78.7 
7 24.0 98.0 4.08 66.0 106.7 
8 48.0 184.7 3.85 92.7 132.1 
9 72.0 297.5 4.13 83.8 203.2 

avg. 4.04 

10 1.0 6.8 6.80 26.7 35.6 
11 3.0 18.2 6.07 36.8 50.8 
12 6.0 48.8 8.13 49.5 76.2 
13 12.0 73.4 6.12 63.5 86.4 
14 24.0 160.1 6.67 72.4 134.6 

avg. 6.76 

15 1.0 14.4 14.40 34.3 45.7 
16 3.0 43.9 14.63 45.7 76.2 
17 6.0 92.4 15.40 55.9 106.7 
18 12.0 193.0 16.08 68.6 147.3 
19 24.0 341.4 14.23 83.8 195.6 

avg. 14.95 

20 0.8 22.7 28.38 36.8 53.3 
21 1.4 45.4 32.43 45.7 68.6 
22 2.9 90.8 31.31 55.2 96.5 

avg. 30.71 
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surface. Since this is what actually occurs in a typical irrigation, 

no effort was made to protect the surface for evaporation. 

Soil Properties 

The average bulk densities and saturated hydraulic conductivi-

ties are shown in Table 3 for each 15 centimeter increment of depth. 

Also shown is the number of cores that were taken to determine the 

averages. Bulk density is quite uniform for the top 140 centimeters 

and then decreases to 1.54 grams per cubic centimeter (gms/cm3) for 

greater depths. There appeared to be a color difference between these 

two depths of different bulk densities. As would be expected, the 

saturated hydraulic conductivities are quite high. They were deter-

mined by the constant-head method. Values in the upper 50 centimeters 

were approximately 0.020 centimeters per second (cm/sec). These 

values decreased by 50% to 0.010 c~/sec at the 50 to 110 centimeter 

depths. There were visual calcium carbonate deposits in the 50-110 

centimeter increment which can cause a decrease in saturated hydraulic 

conductivity values. At depths beyond 150 centimeters, the saturated 

hydraulic conductivity exceeds 0.040 cm/sec. This is the same depth 

3 that bulk density decreased to 1.54 gm/cm • 

The summarized results of the particle size distribution in 

percent are shown in Table 4. Over 50% of the soil is a medium sand 

(0.5-0.25 rom diameter) in the upper 40 centimeters. It decreases to 

around 40% at 100 centimeters. Eighty to ninety percent of the soil 

is a fine and medium sand at all depths. The percent silt and clay 

is less than 5%. There are greater amounts of silt and clay in the 
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Table 3. Average Bulk Densities and Saturated Hydraulic 
Conductivities for Superstition Fine Sand 

Saturated Hydraulic 
Depth Increment Bulk Density Conductivity Number of 

(cm) (gm/ cm3) (cm/ sec) Samples 

15 1.63 0.029 16 

30 1.62 0.023 14 

46 1.61 0.018 13 

61 1. 63 0.012 11 

76 1.64 0.011 9 

91 1.64 0.011 7 

107 1.63 0.010 5 

122 1.59 0.015 3 

137 1.59 0.024 3 

152 1.54 0.043 2 

168 1.54 0.039 2 

183 1.54 0.043 2 

198 1.47 0.039 1 



Table 4. Summary of Percent Particle Size Distribution by Weight for Superstition Fine Sand 

Particle Screen Size SamE1e DeEth from the Surface 
Size Opening-mm 15 30 46 61 76 91 107 

Gravel >2.0 0.4 0.3 0.6 2.0 1.8 4.1 3.5 
Fine gravel 2.0-1.0 0.7 0.6 0.7 1.3 1.3 2.3 2.3 
Coarse sand 1.0-0.5 9.7 7.2 7.3 8.3 8.1 9.1 8.4 
Medium sand 0.5-0.25 55.5 53.1 49.2 45.0 44.1 41.2 39.7 
Fine sand 0.25-0.105 25.5 29.2 31.4 31.0 31.6 30.4 33.5 
Very fine sand 0.105-0.05 5.7 6.7 7.4 8.4 8.9 8.3 7.8 
Silt & clay <0.5 2.5 2.9 3.4 4.0 4.2 4.6 4.8 

TOTAL 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Number of Samples 16 14 13 11 9 7 5 

SamE1e DeEth from the Surface 
122 137 152 168 183 198 

Gravel >2.0 3.7 3.5 1.4 0.2 0.0 0.0 
Fine gravel 2.0-1.0 2.8 3.9 2.3 0.1 0.2 0.1 
Coarse sand 1.0-0.5 8.0 8.7 4.9 1.9 2.0 0.8 
Medium sand 0.5-0.25 44.7 46.0 47.5 51.8 51.2 43.3 
Fine sand 0.25-0.105 29.9 27.6 34.7 39.0 38.6 47.5 
Very fine sand 0.105-0.05 7.0 6.1 6.3 5.2 6.4 6.8 
Silt & clay <0.05 3.9 4.2 2.9 1.8 1.6 1.5 

TOTAL 100.0 100.0 100.0 100.0 100.0 100.0 

Number of Samples 3 3 2 2 2 1 

+'-
oa 
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50 to 100 centimeter depths. This is the same area where the satur

ated hydraulic conductivities decreased and there are visible deposits 

of calcium carbonate. 

Soil Moisture Characteristic Curves 

The moisture release characteristics for the soil cores \.Jere 

determined by using a hanging water column. Each soil core was placed 

on a porous plate. A flexible tubing filled with water was attached 

to the porous plate. The other end of the tubing was lowered in in

crements of 50 centimeters to increase the tension applied to the soil 

core. The volume of water withdrawn from the soil core at each depth 

increment was recorded. The maximum tension applied to the soil cores 

was about 300 centimeters of water. 

The moisture release curves for each soil core were averaged 

for each depth increment of all tests. The moisture release curves 

were similar at equal depth increments for all tests. Figure 9 shows 

the summarized moisture release curves for each depth increment. The 

shape of all curves appear similar, however, their asymptotes at 300 

centimeters of water increase from about 10% saturation at the 15 

centimeters depth to 25% saturation at 91 centimeters depth. As the 

depth increased beyond 100 centimeters, the percent saturation de

creased to about 15% at 137 centimeters depth. The variation in the 

percent saturation with each depth increment at the tension of 300 

centimeters of water agree with variations of bulk density and satur

ated hydraulic conductivity at each depth. 
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Wetted Profiles 

The shapes of the maximum wetted profile for all tests are 

shown in Figures 10, 11, 12, 13 and 14 for the average flow rates of 

2.12, 4.04, 6.67, 14.95 and 30.71, respectively. For the lowest flow 

rate, 2.12 1ph, 3 tests were conducted of 12.6, 22.7 and 48 hours. 

Their maximum wetted profiles are shown in Figure 10. Six tests were 

conducted at the 4.04 1ph flow rate for durations of 1, 6, 12, 24, 48 

and 72 hours. As can be noted in Figure 11, the shape of the wetted 

profile appeared semicircular at 1 hour but became more ellipsoidal at 

longer durations with the depth increasing more than the width. 

Figures 12 and 13 illustrate the wetted profiles of tests at flow 

rates of 6.76 and 14.95 1ph, respectively, for durations of 1, 3, 6, 

12 and 24 hours. Again the shorter duration studies appear to be more 

semicircular and become more ellipsoidal at greater durations. Three 

tests were conducted at the highest flow rate, 30.71 1ph. for dura

tions of 0.8, 1.4 and 2.9 hours. Their wetted profiles are shown in 

Figure 14. 

Figures 10 through 14 all show that maximum lateral movement 

increased for all flow rates by increasing the d~ration. However, the 

rate at which the width increased decreased with time. This does not 

seem unreasonable since the volume of soil wetted could be a function 

of lateral movement cubed (the volume of a hemisphere). The rate of 

vertical water movement increased for each increment of time. Whereas 

it appears that lateral movement approaches a finite value at large 

durations, the depth continues to increase with time. As discussed 
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Figure 10. Wetted Profiles for 2.12 lph Tests for Superstition 
Fine Sand 

52 



o 
I 

Scale: centimeters 

53 

Figure 11. Wetted Profiles for 4.04 1ph Tests for Superstition Fine 
Sand 
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Figure 12. Wetted Profiles for 6.76 lph Tests for Superstition Fine 
Sand 
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Figure 13. Wetted Profiles for 14.95 1ph Tests for Superstition 
Fine Sand 
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Figure 14. Wetted Profiles for 30.71 1ph Tests for 
Superstition Fine Sand 
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previously, the moisture moves because of the tension gradient. Grav

ity adds to the vertical tension gradient, thus resulting in greater 

vertical than lateral moisture movement. 

Moisture Distribution and Movement. 

The gravimetric percent moisture on 15 centimeters increments 

and the wetted profile are shown in Figures 15 through 18 for tests 

6, 12, 16 and 21, respectively. These tests were selected because 

they all applied approximate equal volumes of water for different 

durations and they are typical of other tests of equal volumes. The 

amount of water varied from 43.9 liters (Figure 17) to 48.8 liters 

(Figure 16). The flow rates increase from a 'minimum of 3.88 lph up 

to 32.43 lph, a factor of 8. Also shown in each figure is the ante

cedent gravimetric percent moisture on 15 centimeters depth increments. 

The antecedent moisture for Tests 6, 12 and 16 (Figures 15, 16 and 17, 

respectively) are quite similar, while the antecedent moisture for 

Test 21 (Figure 18) was less, especially at the 15 centimeters depth. 

The difference in antecedent moisture content was because the tests 

were conducted at different times and the prior climatic conditions 

had been different. 

Figure 15 shows the maximum wetted profile and gravimetric 

percent moisture distribution for Test 6. The amount of water applied 

was 46.6 liters and the duration was 12 hours. This would give an 

average flow rate of 3.88 lph. The percent moisture is highest under 

the point of application, reaching a maximum value of 10.2% at 30 

centimeters of depth. The percent moisture increases with depth for 
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Figure 15. Gravimetric Moisture Content and Wetted Profile for Test 
6 on Superstition Fine Sand -- (46.6 liters for 12 hours 
-- 3.88 1ph). 
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Figure 16. Gravimetric Noisture Content and \.Jetted Profile for 
Test 12 on Superstition Fine Sand -- (48.8 1itersfor 
6 hours -- 8.13 1ph). 
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Figure 17. Gravimetric Moisture Content and Wetted Profile for 
Test 16 on Superstition Fine Sand -- (43.9 liters for 
3 hours -- 14.63 Iph). 
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Figure 18. Gravimetric Moisture Content and Hetted Profile for 
Test 21 on Superstition Fine Sand -- (45.4 liters for 
1.4 hours -- 32.43 1ph). 
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equal soil water tensions (see Figure 9). Thus, this difference does 

not mean that soil water tension decreased with depth. It is obvious 

that the surface could have been reduced because of surface evapora

tion. The moisture content decreases laterally from the vertical line 

marking the point of application. As mentioned previously, the mois

ture contents were equal at symmetrical points about the vertical line 

of application. Thus, only one-half of the wetted profile was sampled 

for soil moisture distribution. 

The maximum wetted profile and moisture distribution for Test 

12 is shown in Figure 16. The amount of water applied was 48.8 liters 

and the duration was 6 hours, which resulted in an average flow rate 

of 8.13 lph. The moisture values in this test were similar to Test 6 

except that they were slightly greater. They were about 2% greater at 

the 15 and 30 centimeters depths under the point of application. The 

amount of water applied to Tests 6 and 12 are very similar at 46.6 

compared to 48.8 liters. However, the lateral moisture movement was 

less for the greater flow rate in Test 12. The lateral movement for 

Test 6 was 58.4 centimeters and only 49.5 centimeters for Test 12. 

The depth of water movement was 78.7 centimeters for Test 6 compared 

to 76.2 centimeters for TC3t 12. 

Figure 17 shows the gravimetric moisture distribution and 

wetted profile for Test 16. The duration of this test was 3 hours and 

the volume of water applied was 43.9 liters. The average flow rate 

was 14.63 lph. Agqin the changes in percent moisture in the wetted 

profile were the same as Tests 6 and 12. That is, moisture increased 



63 

with depth under the point of application and also decreased in the 

horizontal direction. The moisture content was slightly greater in 

the wetted profile than Tests 6 and 12 by 3% and 1%, respectively. 

The depth of moisture movement was equal and the lateral movement was 

less than Tests 6 and 12. Maximum lateral movement of 58.4, 49.5 and 

45.7 centimeters was measured for Test 6, 12 and 16, respectively. 

The maximum wetted profile and gravimetric percent moistures 

are illustrated in Figure 18 for Test 21. An average flow rate o~ 

32.43 lph was calcula ted when 45.4 li ters were applied in 1. 4 hours. 

The trends in percent. moisture distribution were also similar to the 

previous 3 tests (6, 12 and 16). The values of percent moisture were 

greatest for this test. They appear to be 4%, 2% and 1% greater than 

Tests 6, 12 and 16, respectively. The maximum lateral movement was 

the same as Test 16, however, the depth of movement was about 10 

centimeters less than the other 3 tests of similar water amounts ap

plied. 

These 4 tests all had similar water amounts applied, however, 

the durations were different. Data collected for each test was mea

sured immediately after the water application stopped and the trench 

had been dug. Several factors appear apparent from these tests. 

Moisture content in the profile increased with each flow rate. This 

is reasonable because larger capillaries are filled and conduct water 

as the flow rate increases. Since larger capillaries are filled, the 

moisture content at a point would be greater. By conservation of 

mass, the wetted soil volume would be less for the higher flow rates 
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because of the higher moisture content. This assumes equal antecedent 

moisture conditions. The lateral and vertical moisture movements 

appear quite similar for these 4 tests. This is true regardless if 

the water was applied in 12, 6, 3 or 1.4 hours. If measurements were 

made at equal times for all tests, the lateral and vertical movements 

would probably be more exact. Similar results were found in other 

tests where equal water amounts were applied at different durations. 

The shape of the wetted profiles appeared to be similar immed

iately after equal amounts of water were applied, regardless of the 

flow rates. Figures 19, 20 and 21 show the maximum wetted profiles 

of those tests which applied water volumes of 24, 46 and 180 liters, 

respectively. All three figures show general agreement that the wet

ted profiles were quite similar when equal water volumes were applied. 

The longer duration tests had slightly greater lateral and vertical 

moisture movement compared to the shorter duration studies. This im

plies that the average moisture level in the shorter duration tests 

would be greater than the longer duration tests. The gravimetric soil 

moisture measurement confirmed this. It should be noted that each 

test was conducted at a different location and the antecedent moisture 

conditions were not the same for each test. Also, the prior climatic 

conditions and the length of time each test was conducted were differ

ent, which would result in different amounts of water being evaporated 

from the soil surface. This would affect the moisture movement and 

could cause the wetted profile to be different. 
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Figure 19. Wetted Profiles of Approximately 24 Liters of Water on 
Superstition Fine Sand 
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Figure 20. Wetted Profiles of Approximately 46 Liters of Water on 
Superstition Fine Sand 
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Figure 21. Wetted Profiles of Approximately 180 Liters of Water on 
Superstition Fine Sand 



68 

An estimate of maximum water evaporated from a typical test 

was determined. It was assumed that the wetted soil surface would act 

as a circular shallow disk of ponded water, realizing that this would 

overestimate evaporation. The amount evaporated from this changing 

circular disk was estimated by using measured evaporation from a 

Class A evaporation pan. The results showed that less than 5% of the 

total water amount applied would be lost to evaporation. Because of 

possible errors in determining soil moisture and assuming symmetrical 

movement around the point of application, the amount of water lost to 

evaporation was ignored and no attempt was made to reduce evaporation 

from the soil surface. 

Calculations 

Wetted Soil Volume Calculations 

There appears to be a strong relationship between the volume 

of water applied and the volume of soil wetted for all flow rates. It 

was assumed that the moisture movement was symmetrical about the point 

of application. Thus, the measurements made to determine the shape of 

the wetted profile could be rotated about the vertical line through 

the point of application to generate the surface bounding the wetted 

soil volume. Figure 22 illustrates what a typically wetted soil 

volume might be assuming symmetry about the point of application. A 

wedge section of the volume is shown removed to help illustrate how 

each incremental soil volume was calculated. Shown on the walls of 

the soil where the wedge was removed are the locations of the 



• Location of soil samples 
to determine gravimetric 
moisture content 

Figure 22. Diagram Showing Details How the Incremental Wetted Soil 
Volumes Were Calculated 
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individual soil samples that were taken to determine the gravimetric 

soil moisture. A horizontal and vertical grid of 7.5 centimeters away 

from each soil sample location was imposed. The soil in each grid was 

assumed to have the same water content as the soil sample. This grid 

was also rotated about the vertical line through the point of applica

tion. Since the lateral movement was not always equal from the verti

cal line through the point of application, the soil volume was cut 

vertically in half. If the two halves were placed together, the 

result would be discontinuity along the plane where they touched. 

Thus, one could visualize this wetted volume as a series of 

concentric .half "doughnut shaped" disks stacked together. The bottom 

increment was assumed to be two-half cones. The reason for choosing 

this grid for determining the soil volume was that a calculation of 

the amount of water in the wetted volume could also be determined by 

using the moisture contents measured in the wetted volume. 

The wetted soil volume was determined for each "doughnut 

shaped" disk at each depth and lateral increment. Because the radius 

of the last "doughnut" furthest from the center was not constant over 

that depth increment, its volume was determined differently. Errors 

in volume would be determined if the average radius over the 15-

centimeter depth was used. Thus, the incremental depths were reduced 

to 2.5 centimeters and the average radius for this thinner disk was 

used. Calculations for further reduction of this increment showed 

little to no difference in the calculated volume. The total soil 
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volume wetted for each test was calculated by adding up the individual 

volumes from each "doughnut shaped" disk. 

It was quite easy to determine the volume of water in each 

"doughnut shaped" disk once these volumes had been determined. The 

volume of water at each depth increment was calculated by using the 

bulk density at that depth increament, and the soil volume and percent 

moisture for each "doughnut shaped" disk. The bulk densities for each 

depth increment were determined from the soil cores taken at each test 

site. The total water in the wetted soil volume was determined by 

assuming the antecedent moisture level was zero. Using the ante

cedent moisture values measured for each test, the initial volume of 

water in the wetted soil volume prior to the test could be estimated. 

The calculated '.IDount of water applied to each test was determined by 

subtracting the initial water volume from the total water volume in 

the soil profile. 

The average volumetric water content was determined for each 

test based on the calculated wetted soil volume and the total water 

volume. Percent saturation was computed f(j)r each depth, assuming the 

soil specific gravity equals 2.65, and the total water volume in each 

increment. The average percent saturation for each depth increment 

was determined by using the percent saturation of each lateral incre

ment at that depth and weighting its value on the soil volume at that 

depth. All the lateral increments were summed to determine the aver

age percent saturation for each depth increment. The same technique 

was used to determine the average percent saturation for each lateral 
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increment. The percent saturation at each depth increment was 

weighted according to its volume and all values were summed to deter

mine the average percent saturation for each lateral increment. 

Calculated Volumes 

Table 5 summarizes the wetted soil volume calculated for each 

test. Also shown are the calculated volumes of total water, initial 

water and added water. For comparison, the measured volume of water 

applied is also shown. In all cases the added water volume was less 

than the measured water applied by an average of 88%. Several factors 

could account for this difference. A small fraction, less than 5% of 

the measured amount applied, could have been lost to surface evapora

tion. Only tests 6, 16, 17 and 21 are within this 5% loss due to 

evaporation. Other possible errors would be in the measurement of 

soil moisture contents within the wetted volume before and after each 

test, the shape of the maximum wetted profile or the bulk density at 

each depth increment. If the bulk density was increased from an 

average value of 1.62 to 1.70, which is a large increase for bulk 

density, the volume of water in the profile would only increase by 

approximately 3%. It was assumed that the water movement was defined 

by the color change from wet to dry soil. It was estimated that 

about a 5% gravimetric moisture content is needed before this color 

change occurs. Thus, the maximum wetted profile measured would be 

smaller than it actually was. It was estimated that the reduced mois

ture movement could be about 1.5 centimeters. The maximum wetted 

profiles were increased by 1.5 centimeters and the water volume was 
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Table 5. Calculated Soil and Water Volumes in Liters for Superstition 
Fine Sand 

Wetted Water in Wetted Soil Volume Measured % 
Soil Water Water Added of 

Test Volume Total Initial Added Applied Measured Water 

1 226 27.1 3.6 23.5 25.7 91 
2 447 53.6 8.9 44.7 54.9 81 
3 776 86.2 15.9 70.3 90.8 77 

4 39 4.4 1.0 3.4 4.2 81 
5 240 29.4 6.9 22.5 24.6 91 
6 491 59.1 13.7 45.4 46.6 97 
7 902 96.0 16.3 79.7 98.0 81 
8 2008 215.0 42.6 172.4 184.7 93 
9 3122 380.5 103.3 277.2 297.5 93 

10 48 6.6 1.3 5.3 6.8 78 
11 140 19.5 3.9 15.6 18.2 86 
12 397 54.5 10.9 43.6 48.8 89 
13 578 70.7 8.4 62.3 73.4 85 
14 1404 181.1 30.1 151.0 160.1 94 

15 100 14.3 2.7 11.6 14.4 81 
16 357 52.2 9.8 42.4 43.9 97 
17 755 113.0 23.4 89.6 92.4 97 
18 1501 230.8 51.8 179.0 193.0 93 
19 2781 423.4 104.2 319.2 341.4 93 

20 148 20.5 1.6 18.9 22.7 83 
21 304 47.5 4.2 43.3 45.4 95 
22 562 86.0 10.6 75.4 90.8 83 

AVERAGE 88 
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calculated. Again, approximately 3% more water was determined in the 

wetted volume. Adding the 5% for evaporation, 3% for bulk density and 

3% for greater soil volume would not account for the total difference 

between the volume of water applied and the calculated volume added. 

The last source of error is the value of gravimetric soil moisture at 

each increment before and after each test. Initial values of gravi

metric soil moisture ranged from 0.2 to 2.6 percent for Tests 6, 12, 

16 and 21. If the initial moisture content was assumed to be 0.2% for 

all depth increments, then the percent difference between the measured 

applied water and th~ calculated added water would be 95% for those 

tests that originally' showed differences of 80% in Table 5. It was 

felt that most of the error between the measured and calculated ap

plied water volume was caused by the determination of the gravimetric 

soil moisture in the wetted volume both before and after ea~h test. 

Volumetric Water Content 

The average percent volumetric water in the wetted volume was 

determined for each test using the calculated soil volume and water in 

the wetted volume. These values are presented in Table 6. Also shmvn 

is the average percent volumetric water content using the measured 

applied water. The average initial volumetric percent moisture was 

1.9, 2.6, 2.4, 3.1 and 1.4 for the tests of 2.12, 4.04, 6.76, 14.95 

and 30.71 1ph, respectively. The percent saturation based on the 

total water volume was determined by assuming the bulk density equals 

1.62 and the soil specific gravity was 2.65. The average percent 

saturation is shown in Table 6. 



Table 6. Calculated Average Percent Moisture Contents for Supersti
tion Fine Sand 

Flow Rate Volumetric Moisture Total Water 
Test (lph) Total Initial Added Applied % Saturation 

1 2.04 12.0 1.6 10.4 11.4 30.8 
2 2.42 12.0 2.0 10.0 12.3 30.8 
3 1.89 11.1 2.0 9.1 11. 7 28.5 

avg. 2.12 11. 7 1.9 9.8 11.8 30.0 

4 4.20 11.3 2.6 8.7 10.8 29.0 
5 4.10 12.3 2.9 9.4 10.3 31.6 
6 3.88 12.0 2.8 9.2 9.5 30.8 
7 4.08 10.6 1.8 8.8 10.9 27.2 
8 3.85 10.7 2.1 8.6 9.2 27.5 
9 4.13 12.2 3.3 8.9 9.5 31.4 

avg. 4.04 11.5 2.6 8.9 10.0 29.6 

10 6.80 13.8 2.7 11.0 14.2 35.5 
11 6.07 13.9 2.8 11.1 13.0 35.7 
12 8.13 13.7 2.7 11.0 12.3 35.2 
13 6.12 12.2 1.5 10.8 12.7 31.4 
14 6.67 12.9 2.1 10.8 11.4 33.2 

avg. 6.76 12.3 2.4 10.9 12.7 34.2 

15 14.40 14.3 2.7 11.6 14.4 36.8 
16 14.63 14.6 2.7 11.9 12.3 37.5 
17 15.40 15.0 3.1 11.9 12.2 38.6 
18 16.08 15.4 3.5 11.9 12.9 39.6 
19 14.23 15.2 3.7 11.5 12.3 39.1 

avg. 14.95 14.9 3.1 11.8 12.8 38.2 

20 28.38 13.9 1.0 12.8 15.3 35.7 
21 32.43 15.6 1.4 13.9 14.9 40.1 
22 31.31 15.3 1.9 13.4 16.2 39.3 

avg. 30.71 14.9 1.4 13.4 15.5 38.4 
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The data in Table 6 show that the average total percent volu

metric moisture or percent saturation increases as the average flow 

rates increase. The average total percent saturation in each wetted 

volume versus the average flow rate for each test are plotted in 

Figure 23. The average percent saturation for the flow rates of 2.12 

and 4.04 lph were both approximately 30. The percent saturation then 

increased progressively from 30 to 34 and 38 as the flow rates in

creased from 4.04 to 6.76 and 14.95 lph, respectively. The percent 

saturations of flow rates 14.95 and 30.71 lph were both equal to about 

38. Even though the flow rates increased 15 times (2.12 lph to 30.71 

lph) , the percent saturation only changed a small amount, about 1.25 

times (30% to 38%). 

It can be shown in Table 6 that the total volumetric moisture 

content increased as the initial volumetric moisture content increased 

for similar flow rates. These data are presented in Table 7 for the 

three flow rates of 4.04, 6.76 and 14.95 lph. Only these flow rates 

are presented because 5 or more tests were conducted for each flow 

rate. As shown for the tests with an average flow rate of 6.76 lph, 

the initial volumetric moisture content values increased by 1.5, 2.1, 

2.7, 2.7 and 2.8 and the corresponding total volumetric content 

values were 12.2, 12.9, 13.7, 13.8 and 13.9, respectively. Results 

from the other two flow rates show similar trends. This suggests 

that greater moisture levels can be attained in the wetted volume if 

the initial moisture content is increased. 
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Table 7. Percent Volumetric Moisture Increase Due to Initial Moisture 
for Superstition Fine Sand 

Test 
No. 

% Volumetric Moisture 
Initial Total Diff. 

--------------------------------

7 1.8 10.6 8.8 
n 2.1 10.7 8.6 0 

4 2.6 11. 3 8.7 
6 2.8 12.0 9.2 
5 2.9 12.3 9.4 
9 3.3 12.2 8.9 

--------------------------------

13 1.5 12.2 10.7 
14 2.1 12.9 10.8 
12 2.7 13.7 11.0 
10 2. 7 13.8 11.1 
11 2.8 13.9 11.1 

4.04 

6.76 

1ph 

Average 
% Particle Size by 

0.2 -
>0.2mm 0.105mm 
Coarse Medium 

Wt. 

<0.105mm 
Fine 

----------------------------

10 77 13 
9 76 15 

10 86 4 
10 77 13 

8 83 9 
6 82 12 

1ph ----------------------------

9 79 12 
12 74 14 
11 85 4 
10 88 2 

9 88 3 

------------------------------- 14.95 1ph ----------------------------

15 2.7 14.3 11.6 7 89 4 
16 2.7 14.6 11.9 10 85 5 
17 3.1 15.0 11.9 15 80 5 
18 3.5 15.4 11.9 17 71 12 
19 3.7 15.2 11.5 8 80 12 
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At first one might expect the longer duration studies to have 

the greater moisture contents. The duration for each flow rate in

creased numerically with test numbers. However, the initial moisture 

contents were random and there is no evidence that moisture increased 

for greater durations. Another explanation might be the difference in 

the soil particle distribution. If one test location had small part

icles compared to another, a higher moisture content would be expected 

because of a greater number of small capillaries in the smaller part

icles. The average percent particle size by weight is shown in Table 

7 for 3 ranges of particle sizes. There is no trend in particle size 

distribution and the percent moisture increase in the wetted volume. 

The logical explanation for this is that the moisture moves 

through the soil because of a tension gradient. As water is applied 

by a point source a tension gradient is created. Because moisture is 

greatest near the point source, the corresponding tension is lower. 

The tension at some distance away from the point source is greater, 

thus the moisture moves away from the point source because of this 

tension gradient. If the initial moisture is increased then its cor

responding tension is reduced. As water is applied by the point 

source, a greater moisture content must develop so that the same ten

sion gradient can exist. Thus, as the initial moisture content 

increases, so will the average moisture content in the wetted volume. 

This same phenomenon has been reported when determining field capac

ity. Greater field capacities can be obtained if the initial moisture 

is increased. This is because the tension gradient is reduced and it 
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takes a longer period of time to reach a stable moisture content. 

However, after long periods of time the" moisture would tend to reach a 

constant moisture content. 

Wetted Volume Relationships 

There appears to be a strong relationship between total water 

volume and the wetted soil volume. A least squares regression ana1y-

sis was made of the soil volume and the total water volume for each 

group of flow rates and all flow rates combined. The logarithmic 

values of all volumes were used so the regression equation would be 

of the form: 

y b aX , (3) 

where: a and b are constants determined from the regression, Y is 
the Y axis (soil volume in this case), and X is the X axis 
(the total water volume). 

The results of this analysis are shown in Figure 24. Shown are the 

individual values of each test and the regression equation for all 

tests. The correlation coefficient for this analysis was 0.995, 

which indicates a high correlation. The exponent, b, was 0.994, which 

indicates a linear relation between the soil volume wetted and the 

total water in the soil. The values plotted for the higher flow rate 

tests plot below the regression line while the values from lower flow 

rate tests plot above. The values of b from each flow rate group as 

shown in Figure 24 appear to generally decrease from 1.062 at 2.12 lph 

to 0.926 at 30.71 lph. 



81 

300 
0/ :/& 200 0 2.12 Iph 0 

0 4.04 Iph & 
[!] 6.76 Iph 

G 
Regression equation 
for all flow rates 

100 & 14.95 Iph 
0 

80 W 30.71 Iph 0 L!l 
0 

x GW 
II> 

t 50 .0/ .'!: 0 -, 
40 

~rn w & 
~ 30 W 
...J 
0 0 

~ 20 
0 

/ 0 en /@ 0 
w Regression Results l-
I- 10 /& F1m17 Rate w 

C1ph) b* ~ 8 
a* R*)~ 

6 2.12 6.69 1.062 0.999 
4.04 8.67 1.001 0.999 

5 

~rn 6.76 6.81 1.027 0.999 
4 14.95 ·7.39 0.979 1.000 

30.71 8.88 0.926 0.999 
3 ALL 7.83 0.994 0.995 

5 8 10 20 30 40 50 80100 200 300 400 
TOTAL WATER VOLUME IN WETTED SOIL . liters 

~, b 
Constants for equation 3 Y=aX 

*)~ 
Correlation coefficient 

Figure 24. Regression Results of Wetted Soil Volume and Total Water 
for Superstition Fine Sand 
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A reasonable estimate of the wetted soil volume can be pre

dicted if the total volume of water is kno\vu for this soil type. It 

must be remembered that the total volume of water included the water 

applied plus the initial moisture. It should also be noted that the 

shape or location of the wetted soil volume predicted is not described 

by this regression equation. 

The relationship between the wetted soil volume and the maxi

mum lateral movement was determined. A regression analysis was made 

of the wetted soil volume and the maximum lateral movement for each 

group of flow rates and all the tests combined. The logarithmic 

values were used and the regression equation was of the form as equa

tion 3. The results are shown in Figure 25. All plotted points fit 

the regression equation quite well with a regression coefficient of 

0.985. It appears that the values plotted for the higher flow rate 

groups plot below the regression line while the lower flow rate groups 

plot above the regression line. Also shown is the line describing a 

hemisphere. At about 20 centimeters lateral movement the two lines 

intersect. As the wetted soil volume increases, the two lines contin

ually diverge. Thus, for small volumes of water applied, the shape 

of the wetted volume is hemispherical and with greater volumes, the 

shape becomes ellipsoidal as indicated by measurements. Also shown in 

Figure 25 are the regression constants for the equation for each group 

of flow rates. The exponent value of the regression equation averages 

0.3 compared to 0.3333 for a hemisphere. 
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The same regression analysis was done on the logarithmic 

values of depth and lateral movement for each flow rate group and all 

flow rates combined. All depth and lateral movement values and the 

regression equation for all flow rates are plotted in Figure 26. Also 

shown is the line depicting a semicircle (depth equals lateral move

ment). The regression equation yields a semicircle at a depth and 

lateral movement of 21 centimeters. The regression equation then 

diverges from the semicircle line, again implying an ellipsoidal shape 

at greater amounts of water applied. Figure 26 shows that the wetted 

volume started as a hemisphere but then became more ellipsoidal as 

greater amounts of water were applied. The rate at which the water 

was being applied does not affect the shape of the wetted volume. 

There is a good relationship between the soil volume wetted 

and the total amount of water in the wetted volume. The shape of the 

wetted volume became more ellipsoidal for greater amounts of water and 

the flow rate appears to have negligible effect on the shape of the 

wetted volume. The next concern would be the moisture distribution 

in the wetted soil volume. The moisture would have to be at a loca

tion so that it could be used by a plant. Since rooting depth and 

structures vary among various plants, an ideal moisture distribution 

would have to be determined for each plant. 

As discussed previously, the average weighted percent satura

tion was determined for each lateral and depth increment. A plot of 

each of these would give an indication of the moisture distribution 

in the wetted soil volume. Figure 27 presents the weighted 
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distribution of moisture with lateral position in the wetted volume 

for 3 tests. The tests selected were three different flow rates of 

3.85, 6.67 and 16.08 lph for Tests 8,.14 and 18, respectively. These 

three tests were selected because they applied similar amounts of 

water which resulted in a large lateral movement. They were typical 

of tests with comparable flow rates. As noted in Figure 27, the per

cent saturation increases incrementally for each increase in flow 

rate. This is in agreement with Figure 23, which showed that the 

average percent saturation for the entire soil volume increased for 

each of the average flow rates of 4.04, 6.76 and 14.95 lph. The per

cent saturation gradually decreased laterally from the point of 

application to the outer edge of the wetted volume. The percent sat

uration for the first three lateral increments appeared similar and 

then decreased more rapidly the rest of the distance. It must be 

remembered that the volume of soil increased with each increment of 

lateral distance because the volume was a function of the radius 

squared and the increment depth. Thus, the percent of total water at 

each lateral increment increases to a maximum value at the 46 centi

meter lateral increment then decreases. The percent of the total 

water in the first 46 centimeters for the flow rates of 3.85, 6.67 

and 16.08 lph are 61, 69 and 81 percent, respectively. This indicates 

that more water is available nearer the point of application for the 

higher flow rates. The tension at which this water is held would 

also be less because as moisture content increases, the tension of 

the water being held decreases. It is difficult to assign actual 
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tension values to these percents of saturation since the moisture re

lease curves varied with depth (see Figure 9). However, if all the 

curves shown were averaged, tensions of 80 and 250 centimeters of 

water would correspond to 48 and 20 percent saturation, respectively. 

This is in the range of 100-300 centimeters of water tension which is 

referred to as field capacity. 

The weighted distribution of moisture with depth is shown in 

Figure 28 for the same three tests (Tests 8, 14 and 18). Again the 

weighted average percent saturation is shown for each depth increment. 

The percent saturation increased for each incremental increase in flow 

rate. The percent saturation appeared to increase to a depth of 60 to 

90 centimeters and then decreased. Recalling the moisture release 

curves (Figure 9), they also increased to a depth of 90 centimeters 

and then decreased. If tension values were assigned to .each percent 

saturation for each depth increment (see Figure 9), it can be shown 

that the average tension in centimeters water is 165, 125 and 110 for 

the flow rates of 3.85, 6.67 and 16.08 lph, respectively. The range 

of these tensions were + 25 centimeters of water for all three flow 

rates. The increase in moisture content with depth was caused by the 

change in the water holding characteristics with depth. If the ten

sions were compared with depth, a slight increase in depth would 

result. This is because of the tension gradient needed to cause the 

moisture movement. 
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Summary 

The results from the tests conducted indicate that the volume 

of water applied determined the soil volume wetted rather than the 

rate at which it was applied. The volume of soil wetted depended on 

the water applied and the initial water content. A greater volume of 

soil could be wetted if the antecedent moisture was greater. The 

moisture level in the wetted profile will be greater for identical 

tests if the antecedent moisture was at a higher level. The shape of 

the wetted soil volume became more ellipsoidal as greater amounts of 

water were applied. Water in the wetted soil volume appeared to be 

held at field capacity at tensions of 110-165 centimeters of water. 

The gravity force added to the vertical tension gradient which 

resulted in greater depth movement, causing an ellipsoidal shaped 

wetted volume. 

Other Studies 

Israeli Soils 

The results from the tests on Superstition Fine Sand suggest 

some simple relationships that could predict the volume of soil wet

ted, the shape of the wetted volume and the moisture distribution. 

Data were obtained for other soil types to make similar comparisons. 

Goldberg et al. (1976) presented data for two Israeli soils 

of loam and clay texture which showed maximum lateral movement on the 

surface for several flow rates and volumes of water. Table 8 summar

izes these data. The soil properties of these two soils are given in 
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Table 8. Summarized Lateral Movement in Centimeters of Two Israeli 
Soi1s--(Adapted from Goldberg et a1. 1976, p. 101) 

Flow Rate Volume Water AEElied in Liters 
(lph) 12 24 48 96 192 

HEAVY SOIL (Kfar Hayarok Clay) 

1.0 20.7a 21.9 22.0a 30.8 b 
2.1 15.8 23.9 25.8 29.6 36.3 
4.2 17.5 20.9 29.1 28.4a 36.9 
9.2 20.7 26.6 31. 7 39.4 40.5 

18.4 24.2 27.7 37.8 52.6 56.1 

MEDIUM SOIL (Hatzerim Loam) 

1.0 27.1 35.1 39.6 55.6 b 
2.1 29.1 36.5 46.8 50.1 72.1 
4.2 28.8 39.3 47.1 54.8 67.7 
9.2 30.0 38.5 38.1a 57.0 77 .6 

18.4 3Lf .6 41.3 57.1 62.4 77 .1 

:va1ues appear in error and were not used in analysis. 
No data presented. 



92 

Table 1. Four of the lateral movement values appeared to be in error 

and were not used in the regression analysis. The authors also noted 

that excessive surface runoff occurred at the maximum flow rate of 

18.4 lph. Typically, trickle irrigation flow rates are such that 

water is not accumulated to the extent that surface runoff occurs. 

Thus, these values were not used in the regression analysis. 

A regression analysis of the water applied and the lateral 

movement was made using the logarithmic values of each. This analysis 

yielded an exponential equation as described by equation 3. The re

sults were plotted and are shown in Figures 29 and 30 for the clay 

and loam soils. respectively. As presented in Figure 29, the lateral 

movement increased slightly with increased flow rates for equal 

volumes of water. The lateral movement values for the 18.4 lph flow 

rate are much higher than the other flow rates. For all values in the 

1.0 to 9.2 lph flow rate groups the regression equation had a correla

tion coefficient of 0.927. Figure 30 shows the same results for the 

loam soil. The differences between the lateral movement of all flow 

rates at the same amount of water are quite small. Even the lateral 

movement for the 18.4 lph tests are quite similar to the lower flow 

rates. The correlation coefficient of 0.982 was obtained for the re

gression equation of all flow rates between 1.0 and 9.2 lp~. Also 

shown in Figures 29 and 30 are the regression equations for each group 

of flow rates. 
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Figure 29. Regression Results of Water Applied and Lateral 
Movement for Kfar Hayarok Clay 
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Figure 30. Regression Results of Water Applied and Lateral Move
ment for Hatzerim Loam 
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Yuma Gadsden Clay 

A study was undertaken of a heavier Yuma soil which was placed 

in a 1.2 cubic meter box with one side of plexiglass. Air dried soil 

at 4% volumetric moisture was passed through a 2 rom sieve and placed 

in the box. The sQil was packed to an approximate bulk density of 

1.42. This value is much higher than bulk density that is measured in 

the field. Initial tests indicated that a bulk density greater than 

1.4 was needed so the soil wouldn't subside as the water is applied. 

The soil type is classified as Gadsden Clay which is 55% clay. The 

gravimetric water content was estimated to be 41% at field capacity. 

At random intervals the amount of water applied, the maximum lateral 

and depth movements were recorded. The accumulated flow rate for each 

time interval was determined from the amount of water applied and the 

elapsed time. These data are presented in Table 9. The volume of 

water applied is twice its actual value. This is because the volume 

of soil wetted was only half of the total volume. Thus, the flow 

rates assume a 360-degree wetted volume rather than a lBO-degree seg

ment. The wetted soil volume was determined using the lateral and 

depth movements at each time interval. The same procedure as was used 

for the field studies was used for the box study. Figure 31 presents 

the maximum wetted profiles at each time interv.al. These profiles 

were easily observed through the plexiglass and the color difference 

between the wet and dry soil. 

Regression analysis was calculated for the wetted soil volume 

and the volume of water applied. The logarithmic values were used to 
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Table 9. Summarized Data of Gadsden Clay Soil in a P1exig1ass Box 

Accumulated Calculated 
Volume Maximum Wetted 

Elapsed Water Flow Lateral Soil 
Time Applied Rate Movement Depth Volume 

(Hours) (Liters) (lph) (em) (em) (Liters) 

7.7 15.0 1.95 23.3 21.0 25.1 

10.0 19.8 1.98 26.9 23.0 34.2 

14.4 27.2 1.89 29.6 26.2 47.1 

19.5 34.2 1. 75 32.7 28.6 65.2 

25.8 46.4 1.80 36.3 23.2 88.5 

31. 3 56.2 1.80 39.0 32.2 108.4 

37.6 69.0 1. 84 41.6 35.0 135.1 

48.7 87.8 1.80 44.7 37.6 178.4 

56.4 108.2 1. 82 46.3 40.5 203.9 
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obtain the exponential equation form. The results are shown in Figure 

32. The relationship appears similar to that of Superstition Fine 

Sand for the volumes of water applied and soil wetted. The Gadsden 

Clay is also nearly a linear relationship; the exponent is 1.096, just 

greater than 1, while for Superstition Fine Sand the exponent is 

0.994. 

The same type regression was done for lateral movement versus 

volume water applied or depth and are presented in Figures 33 and 34, 

respectively. The regression equation obtained for the volume of 

water applied and lateral movement in Figure 33 is quite similar to 

those obtained from other soils. The equation constants and correla

tion coefficients are shown for all soils in Figure 33. The values of 

depth and lateral movement more nearly approximate a semicircle for 

the Gadsden Clay than for the Superstition Fine Sand. The results 

from the Gadsden Clay are shown in Figure 34. Also shown is the line 

that describes a semicircle. The values were consistently above the 

semicircle line. The values were below the semicircle line for the 

Superstition Fine Sand (see Figure 26). Both wetted profiles were 

ellipsoidal, except the Superstition Fine Sand was more elongated 

while the Gadsden Clay had greater lateral movement than vertical 

movement. 

No measurements of the moisture distribution in the wetted 

soil volume were made of the Gadsden Clay in the box study. It was 

felt that the soil sampling may affect the moisture movement. How

ever, studies by Bar-Yosef and Sheikholslami (1976) showed that the 
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moisture level in the wetted volume was at the estimated field capac

ity except for a small volume near the point source for a Bet Dagan 

Clay soil. The tension of the soil water was estimated to be about 

300 centimeters of water. 



CHAPTER 5 

PRESENTATION OF SIMPLIFIED MODEL 

Moisture Movement 

Trickle irri.gation applies water at a slow rate so the mois

ture flow in the soil profile is unsaturated. The moisture moves be

cause of a tension gradient. The tension nearest the point source 

has a lower negative value compared to points further from the point 

source. In fact, the tension values increase negatively at further 

distances from the point source. This tension gradient is not a 

linear function. This is because the unsaturated hydraulic conduc

tivity is also a non-linear function of moisture content or tension. 

Thus, the rate at which moisture moves through the soil depends on 

the moisture content in the soil. As the moisture content increases, 

the rate of moisture movement increases. Thus, the tension gradient 

would be quite flat near the point source and become quite steep near 

the wetting front. The moisture distribution would also follow the 

same trend. The moisture contents near the point source would be 

quite similar and then decrease quite rapidly near the wetted front. 

This relationship can be seen by referring to Figure 27 and Test No. 

B. The moisture contents for the first 46 centimeters show a slight 

decrease along the radii and then decrease at a faster rate as it 

approaches the wetted front. The tension gradients would be different 
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in the horizontal and vertical directions. The tension gradient in 

the vertical direction would include the effect of gravity which would 

help increase the gradient. 

After the application of water is stopped, the moisture will 

redistribute so that the tension gradient approaches zero. Lateral 

moisture movement could continue at a fast or slow rate depending on 

the tension gradient. The vertical movement will continue to move at 

a faster rate than lateral movement because of the gravity component. 

It was noted in the tests conducted on Superstition Fine Sand that 

vertical movement continued at a faster rate than the lateral move

ment. These observations were made the following day after all data 

had been collected. It was also noted that the lateral movement from 

the higher flow rate tests was greater than that from the lower flow 

rate tests. This suggests that the moisture redistributes after an 

irrigation and the wetted volumes from equal water applications would 

be similar regardless of the flow rate. 

The results from these tests and those by Haq (1973), and Bar

Yosef and Sheikho1s1ami (1975) all indicate 'that the moisture content 

in the wetted profile is near field capacity. Obviously, at very high 

flow rates the moisture content could be greater than field capacity 

and even approach saturation. However, this would violate the defini

tion of trickle irrigation. Also, the water content could be less 

than field capacity if the flow rate was too low. Again, this would 

not define trickle irrigation because it would not supply sufficient 

water to maintain an adequate soil moisture level. 
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It is not unreasonable that the soil moisture in the wetted 

volume is at field capacity. As shown in Figure 2, field capacity 

occurs near the point where the slope of the soil moisture character

istic curve changes from a higher to lower value. Typically, irriga

tion occurs when 50% of the available moisture is depleted (about a 

tension of 1000 cm of water). The rate of moisture movement (unsat

urated hydraulic conductivity) increases as the moisture content 

increases. If the .rate of flow is such that the increase in unsatur

ated hydraulic conductivity from the original to field capacity will 

transmit the water, then the moisture content will be field capacity. 

At field capacity, the unsaturated hydraulic conductivity increases 

rapidly because the moisture content changes rapidly. Thus, a higher 

flow rate would also result in a moisture content very close to field 

capacity. 

For this same reason a higher flow rate would result in an 

increased moisture content in the wetted soil. The increased flow 

rate would require a greater unsaturated hydraulic conductivity value 

to conduct more moisture. Thus, larger capillaries would be required 

to transmit this water. This results in a higher moisture content in 

the wetted profile. As noted before, similar wetted volumes would 

result for equal volumes of water if given similar times for redistri

bution. 

Wetted Volume for Sand 

Soil moisture in the wetted soil volume can be estimated to be 

at field capacity. Thus, the predicted wetted soil volume would equal 
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the volume of water applied divided by the difference in volumetric 

field capacity and initial moisture. The volumetric field capacity 

for Superstition Fine Sand was estima~ed to be 13%. This was deter

mined by averaging the total volumetric moisture in the wetted soil 

volume of all tests from Table 6. The predicted and actual soil wet

ted volumes are given in Table 10 for the Superstition Fine Sand. 

The volume of water applied was assumed to be the water added as shown 

in Table 5, rather than the actual applied water. This was because of 

water lost in the wetted volume due to evaporation or measurement of 

bulk density, wetted profile shape or soil moisture from the soil 

samples. As noted in the table, the lower flow rates tend to under

predict while the higher flow rates over-predict the wetted soil 

volume. There are several reasons why these results do not seem un

reasonable. The field capacity moisture contents (total volumetric 

moisture from Table 6) were 11.7, 11.5, 12.3, 14.9 and 14.9 for the 

flow rates of 2.12, 4.04, 6.76, 14.95 and 30.71 lph, respectively. 

All measurements were made immediately after the water application 

stopped. Thus, we would expect the higher flow rates to have a 

greater field capacity (moisture content) immediately following the 

termination of water. If the average field capacity values were used 

for each flow rate group, the predicted wetted soil volume would more 

closely approximate the actual wetted soil volume. If a redistribu

tion period were allowed after each test, the field capacities should 

approach similar values for all flow rates. Also, the wetted volumes 
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Table 10. Estimated Wetted Soil Volume for Superstition Fine Sand 

Initial 
Volume Volumetric Wetted Soil 

Test Water Added Soil Moisture Volume --Liters Percent 
No. in Liters % Predicted Actual of Actual 

1 23.5 1.6 206 226 91 
2 44.7 2.0 406 447 91 
3 70.3 2.0 639 776 82 

4 3.4 2.6 33 39 85 
5 22.5 2.9 223 240 93 
6 45.5 2.8 445 491 91 
7 79.4 1.8 709 902 79 
8 172.4 2.1 1582 2008 79 
9 277 .2 3.3 2858 3122 92 

10 5.3 2.7 51 48 106 
11 15.6 2.8 153 140 10:: 
12 43.6 2.7 423 397 107 
13 62.3 1.5 542 578 94 
14 151.0 2.1 1385 1404 99 

15 11.6 2.7 113 100 113 
16 42.7 2.7 415 357 116 
17 89.6 3.1 905 755 120 
18 179.0 3.5 1884 1501 126 
19 319.2 3.7 3432 2781 123 

20 18.9 1.0 158 148 107 
21 43.3 1.4 373 304 123 
22 75.4 1.9 679 562 121 

AVERAGE 102 



for equal water volumes applied would be similar regardless of the 

flow rate. 

Lateral Movement for Sand 
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If the gravity force did not exist, then the shape of the wet

ted volume from a point source would approxilnate a hemisphere. Since 

it does, the vertical movement will exceed lateral movement except in 

those cases where the flow rate is so high that surface ponding occurs 

causing greater lateral movement or the lateral hydraulic conductivity 

exceeds the vertical hydraulic conductivity. Clayey soils have 

smaller capillaries compared to sandy soils, thus a clayey soil will 

have greater lateral movement than a sandy soil. As discussed pre

viously, some function may be required to predict lateral movement. 

For these studies it was assumed that lateral movement could 

be predicted by assuming a hemispherical wetted volume. Lateral move

ment would then equal 0.78 times the cube root of the wetted volume. 

The'constant, 0.78, results from the cube root of 3/2rr. If this equa

tion were used to predict lateral movement for the Superstition Fine 

Sand tests, the predicted values would be greater than the actual 

values. A least squares regression analysis was made on the data 

presented in Figure 25. In this case the power constant, a (from 

equation 3), was set equal to 1/3 and the constant b was determined 

to be 0.68. Thus, the constant, 0.68, was used to solve for lateral 

movement instead of the actual value, 0.78. The predicted values of 

lateral movement are shown in Table 11 for all tests on Superstition 

Fine Sand. Lateral movement was computed using the actual wetted 
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Table 11. Estimated Maximum Lateral Movement for Superstition Fine 
Sand 

Actual Soil Maximum Lateral Percent 
Volume Movement cm of 

Test No. Liters Predicted Actual Actual 

1 226 41.4 40.6 102 
2 447 52.0 52.1 100 
3 776 62.5 63.5 98 

4 39 23.1 25.4 91 
5 240 42.3 44.5 95 
6 491 53.6 58.4 92 
7 902 65.7 66.0 100 
8 2008 87.8 92.7 95 
9 3122 99.4 83.8 106 

10 48 24. 7 26.7 93 
11 140 35.3 36.8 96 
12 397 50.0 49.5 101 
13 578 56.6 63.5 89 
14 1404 76.1 72.4 105 

15 100 31.6 34.3 92 
16 357 48.2 45.7 105 
17 755 61.9 55.9 111 
18 1501 77.8 68.6 113 
19 2781 95.6 83.8 114 

20 148 34.0 36.8 92 
21 304 45.7 45.7 100 
22 562 56.1 55.2 102 

AVERAGE 100 
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soil volume instead of predicted wetted soil volume. The predicted 

wetted soil volumes were in error because no redistribution time was 

allowed after the water was applied. 

The predicted lateral movements were quite good compared to 

the actual lateral movements. The predicted values ranged from 89% to 

114% of the actual and on the average showed no error. Because the 

vertical movement exceeds lateral movement, the constant should be 

less than 0.78 for a hemisphere. If the lateral movement exceeds 

vertical depth, then the constant would be greater than 0.78. In the 

case of greater verti.cal movement, the volume may approach an oblate 

spheroid. If the vertical movement were less than the lateral move

ment, then the volume might be a prolate spheroid. 

Vertical Movement for Sand 

The depth of moisture movement could be determined using the 

predicted wetted volume and lateral movement if the shape of the wet

ted volume is known. Referring to Figures 10-14, which show the 

wetted profiles for all tests on Superstition Fine Sand, several 

possible shapes might be assumed. Since the vertical depth exceeds 

lateral movement, the first choice might be a sunken hemisphere with 

a cylinder the same radius as the hemisphere extending from the hemi

sphere to the surface. The volume of the hemisphere plus the cylin

der would equal the wetted soil volume. Another choice might be a 

partially sunken sphere whose volume equalled the wetted soil volume. 

The last choice could be an oblate spheroid which is defined as the 

volume generated by rotating an ellipse about its minor axis. Only 
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half of the oblate spheroid would be used and its volume would equal 

the wetted soil volume. 

Vertical movement was predicted for each of these three 

shapes. Before vertical movement can be calculated, the wetted soil 

volume and lateral movement must be known. Table 12 presents the pre

dicted vertical movement on Superstition Fine Sand for each of the 

three shapes. The predicted depths for the hemisphere plus a cylinder 

or the sunken sphere were less than the actual depths in all but one 

test. For very large volumes of wetted soil the sunken sphere could 

not predict a depth because the wetted soil volume exceeded the volume 

of the sphere. Except for large soil volumes, the two shapes, a 

sunken sphere and a hemisphere plus a cylinder, both predicted similar 

depths. Large wetted soil volumes can result when small volumes of 

water are applied to a soil that has a high initial value of moisture. 

The half-oblate spheroid predicts the depths much better than 

the other two shapes. The average of all tests showed that it was 

within 95% of the actual depths with ranges from 79% to 116%. This 

shape also seems more realistic since the vertical movement exceeded 

lateral movement for the Superstition Fine Sand. 

Gadsden Clay Results 

Since a technique is proposed to predict wetted soil volume, 

lateral movement and vertical movement for Superstition Fine Sand, it 

seems reasonable that it could be extended to other soils. The data 

collected from the laboratory test on Gadsden Clay would lend itself 

to this technique. 



Table 12. Estimated }~ximum Vertical Movement for Superstition Fine Sand 

~ximum Vertical -- cm 
Actual Hemisphere 

Lateral Wetted Vertical Plus Cylinder Sunken SEhere Ob1a te SEheroid 
Test Movement Volume Movement % of % of % of 
No. cm Liters cm Predicted Actual Predicted Actual Predicted Actual 

1 40.6 226 68.6 57.2 83 58.3 85 65.5 95 
2 52.1 447 90.2 69.8 77 70.6 78 78.6 87 
3 63.5 776 116.8 82.4 71 83.0 71 91.9 79 

4 25.4 39 25.4 27.7 109 27.7 109 28.8 113 
5 44.5 240 63.5 53.4 84 53.5 84 57.9 91 
6 58.4 491 78.7 65.3 83 65.3 83 68.7 87 
7 66.0 902 106.7 87.9 82 88.8 83 98.9 93 
8 92.7 2008 132.1 105.3 80 105.4 80 111.6 84 
9 83.8 3122 203.2 169.4 83 a 212.3 104 

10 26.7 48 35.6 30.3 85 30.4 85 32.1 90 
11 36.8 140 50.8 45.2 89 45.3 89 49.4 97 
12 49.5 397 76.2 68.1 89 69.1 91 77 .4 102 
13 63.5 578 86.4 66.8 77 66.8 77 68.4 79 
14 72.4 1404 134.6 109.4 81 114.0 85 127.9 95 

15 34.3 100 45.7 38.5 94 38.5 94 40.6 89 
16 45.7 357 76.2 69.6 91 72.9 96 81.6 116 
17 55.9 755 106.7 95.5 90 a 115.4 108 
18 68.6 1501 147.3 124.4 84 a 152.3 103 
19 83.8 2781 195.6 154.0 79 a 189.1 97 

I--' 
I--' 
N 



Table 12.--Continued 

20 36.8 148 53.3 47.1 88 43.6 
21 45.7 304 68.6 61.6 90 62.3 
22 55.2 562 96.5 77.1 80 78.5 

AVERAGE 85 

a No value calculated because wetted volwne exceeded the sphere volume. 

82 52.2 
91 69.5 
82 88.1 
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Wetted soil volume was estimated using the volume of water 

applied and assuming that the volumetric field capacity was 58% and 

the initial moisture was 4%. The predicted wetted soil volumes are 

shown in Table 13. For the initial volumes of water, the wetted soil 

volume was over-predicted and the final volumes of water under

predicted the wetted volume. This could result because the moisture 

content was increasing during the test. Water was applied at a rate 

so that ponded water occurred on the surface, thus resulting in a 

higher moisture level in the wetted profile. No redistribution time 

was allowed for any of the tests. If, for each volume of water ap

plied, a redistribution time were allowed, the field capacity value 

could approach a constant value. 

The lateral movements were determined for no .redistribution 

times. This was because the measured lateral movements were also for 

no redistribution times. Since lateral movement exceeded vertical 

movement, it was apparent that the constant, 0.78, from the equation 

for a hemisphere should be increased to more closely predict lateral 

movement. A least squares regression analysis was made of the data 

presented in Figure 33. Again, the power constant, a (from equation 

3), was set equal to 1/3 and the constant b was determined to be 0.81. 

The constant 0.81 was used to solve for lateral movement instead of 

the actual value, 0.78. The predicted and actual values of lateral 

movement are presented in Table 13. The predicted values are excel

lent only being 98%-103% of the actual lateral movement. 



Table 13. Estimated Wetted Soil Volume and Maximum Lateral Movem'lt for Gadsden C1ay 

Volume Wetted Soil Volume Percent Maximum Lateral Percent 
Applied Liters of Movement -- cm of 

Test No. Liters Predicted Actual Actual Predicted Actual Actual 

1 15.0 27.7 25.1 110 23.7 23.3 102 

2 19.8 36.7 34.2 107 26.3 26.9 98 

3 27.2 50.4 47.1 107 29.2 29.6 99 

4 34.2 63.3 65.2 97 32.6 32.7 100 

5 46.4 85.9 88.5 97 36.1 36.3 99 

6 56.2 104.1 108.4 97 38.6 39.0 99 

7 69.0 127.8 135.1 95 41.6 41.6 100 

8 87.8 162.6 178.4 91 45.6 44.7 102 

9 108.2 200.4 203.9 98 47.7 46.3 103 

AVERAGE 100 100 

f-' 
f-' 
V1 



116 

After observing the shape of the wetted profiles (Figure 31), 

it was decided that either a segment of a sphere or a prolate spher

oid could represent the wetted soil volume. A prolate spheroid is 

defined by the volume generated when an ellipse is rotated about its 

major axis. The predicted vertical movement for Gadsden Clay is pre

sented in Table 14 for the two suggested volume shapes. The wetted 

soil volume and lateral movement need to be known before the depth 

can be predicted. The predicted depths from the segment of a sphere 

and the prolate spheroid both over-predicted the depths by about 10%. 

If a redistribution .time were allowed for each incremental volume of 

water applied, a more hemispherical shape may have resulted. This 

would result because vertical movement is greater during redistribu

tion than lateral movement, since gravity increases the vertical ten

sion gradient. 

Simplified Model 

It appears that a simple model could be developed to predict 

the wetted soil vulume, lateral movement and vertical movement from 

the theory and data presented. The calculations could be made by 

knowing the soil type and making some approximations. The accuracy 

of the results depends on the approximations. 

To determine the wetted volume, a volume of water applied 

would be assumed or it could be known. Also needed is the volumetric 

field capacity and initial moisture contents. Field capacity could 

be approximated for each soil type. Average values of field capacity 

are available from most textbooks or agencies involved in irrigation 



Table 14. 

Actual \vetted 
SoH Vo:Lume 

Test No. Liters 

1 25.1 

2 34.2 

3 47.1 

4 65.2 

5 88.5 

6 108.4 

7 135.1 

8 178.4 

9 203.9 

AVERAGE 

Estimated Maximum Vertical Movement for Gadsden Clay 

Actual Actual Predicted Vertical Movement -- cm 
Lateral Vertical Segment of SEhere Prolate SEheroid 

Movement Movement % of % of 
cm cm Predicted Actual Predicted Actual 

23.3 21.0 22.5 107 22.7 108 

26.9 23.0 23.8 103 24.6 107 

29.6 26.2 26.8 102 27.6 105 

32.7 28.6 30.2 106 30.9 108 

36.3 31.0 33.4 108 34.1 110 

39.0 32.2 35.5 110 36.4 113 

41.6 35.0 38.6 110 39.4 113 

44.7 37.6 43.3 115 43.7 116 

46.3 40.5 45.7 113 45.9 113 

108 110 

~ 
~ 
'-I 
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studies. Field capacity could also be determined by flooding the soil 

and making a moisture reading 2-3 days later. Initial volumetric 

moisture could be estimated or measured. The wetted soil volume 

equals the water applied divided by the difference between volumetric 

field capacity and initial moisture content. The more homogeneous 

the soil profile is the greater the accuracy of predicting the wetted 

soil volume. 

Lateral movement would be predicted by assuming a hemispher

ical wetted volume. It would be determined by 

LH = c VS l / 3 (4) 

where LH is the lateral movement, VS is the wetted soil volume and c 

is a constant. The constant, c, equals 0.78 for a hemisphere. As 

shown previously, the shape of the wetted volume appears spheroidal 

because of the gravitational force acting in the vertical direction. 

The oblate and prolate spheroids appear to reasonably define the wet

ted soil volume, lateral movement and vertical movement. If lateral 

movement exceeds vertical movement, the constant c in equation 4 

would be greater than 0.78, the value for a hemisphere. Conversely, 

if lateral movement is less than vertical movement, then the constant 

c would be less than 0.78. Assume that the spheroid shapes define 

the wetted soil volume, therefore, the constant c could be a function 

of the ratio of vertical to lateral movement. This function is 

c = 0.78R-2/ 3 (5) 
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where R is the ratio of vertical-lateral movement. This is deter

mined from the volume equation for a spheroid (equation 7) and equa

tion 4. 

The ratio of vertical-lateral movement for all tests were 

calculated. The constant c for equation 4 was also determined for 

each test using wetted soil volume and lateral movement. These values 

are presented in Table 15 as actual constant c. The actual constant c 

values indicate that they decreased as the volume of water applied in

creased. There appeared to be no effect of flow rate on the constant 

value. The constant c value for each test is also presented in Table 

15 that was jetermined using equation 5. The constant values computed 

from equation 5 were consistently less than the actual values by about 

26% for the Superstition Fine Sand tests. Conversely, equation 5 

over-predicted the c values by 107% for the Gadsden Clay tests. 

The actual values of the constant c and the lateral-vertical 

ratio for all tests are presented in Figure 35. Also shown is the 

line that defines all constant c values as determined from equation 5. 

The plotted values were fitted by least squares regression to a 

linear equation. This equation is 

c = 0.93 - O.lSR (6 ) 

and is also shown in Figure 35. The correlation coefficient was 

0.965. The constant c values were determined using equation 6 for all 

tests and are also presented in Table 15. Equation 6 predicts the 

constant c values with greater accuracy, having errors ranging from 
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Table 15. Ratio of Vertical-Lateral Movement and Constant c Values 
for All Tests 

Ratio of 
c = 0'. 78R-2/3 Vertica1- Actual c = 0.93-0.15R 

Test Lateral Constant Constant % of Constant % of 
No. Movement c c Actual c Actual 

---------------------- Superstition Fine Sand -----------------------

1 1.69 0.68 0.55 81 0.68 99 
2 1. 73 0.68 0.54 79 0.67 99 
3 1.84 0.69 0.52 75 0.65 95 
4 1.00 0.75 0.78 104 0.78 104 
5 1.43 0.72 0.61 85 0.72 99 
6 1.35 0.74 0.64 86 0.73 98 
7 1.62 0.68 0.57 84 0.69 101 
8 1.43 0.74 0.61 82 0.72 97 
9 2.44 0.57 0.43 75 0.56 99 

10 1.33 0.74 0.64 86 0.73 99 
11 1. 37 0.71 0.63 89 0.72 102 
12 1.54 0.67 0.58 87 0.70 104 
13 1.36 0.76 0.64 84 0.73 96 
14 1. 86 0.65 0.52 80 0.65 100 
15 1. 33 0.74 0.64 86 0~73 99 
16 1.67 0.64 0.55 86 0.68 106 
17 1.91 0.61 0.51 84 0.64 105 
18 2.15 0.60 0.47 78 0.61 101 
19 2.33 0.60 0.44 73 0.58 97 
20 1.45 0.70 0.61 87 ' 0.71 102 
21 1.50 0.68 0.60 88 0.70 104 
22 1. 75 0.67 0.54 81 0.67 100 

AVERAGE 84 100 

--------------------------- Gadsden Clay ----------------------------

1 0.90 0.80 0.84 105 0.80 99 
2 0.86 0.83 0.86 104 0.80 97 
3 0.86 0.8L. 0.86 105 0.80 98 
4 0.87 0.81 0.86 106 0.80 99 
5 0.85 0.81 0.87 107 0.80 91 
6 0.83 0.82 0.88 107 0.81 98 
7 0.84 0.81 0.88 109 0.80 99 
8 0.84 0.79 0.88 111 0.80 102 
9 0.87 0.79 0.86 109 0.80 101 

AVERAGE 107 98 
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-4% to 6%. Equation 6 could be used to predict the constant c value 

for equation 4. However, more data from other soil types are needed 

to verify equation 6. The vertical-lateral ratio for most soils 

would be in the range of 0.5 to 2.5. Values different than this would 

result in a wetted volume shape unsatisfactory for plant growth and 

water uptake. Further research may indicate a relationship so that 

the constant c could be predicted from some soil property or param-

eter. 

Vertical movement can be predicted if the wetted soil volume 

and lateral movement are known. The volume equation for a sphere, 

oblate spheroid, and prolate spheroid can be written in the same form. 

Depth would be determined by 

(7) 

where VM is the vertical movement, VS is the wetted soil volume. and 

LM is the lateral movement. 

The calculations made by this simple model could easily be 

verified in the field. The equipment need not be sophisticated. A 

bucket and siphon tube could be adequate to apply a known volume of 

water to the test site. The bucket size would depend on the volume of 

water to be applied. A 19-1iter bucket could be used and refilled if 

greater amounts of water need to be applied. The relationship between 

the length and diameter of thE~ siphon tube, and the height difference 

between the water surface and the discharge end of the siphon tube 

will determine the discharge rate. Discharge rates of 0.6 and 10 
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liters per hour would result from 3 meter long tubes of diameters of 

0.16 and 0.32 centimeters, respectively, when the height difference 

between the water surface and discharge outlet is 30 centimeters. 

Other flow rates would result by changing the siphon tube length or 

diameter, or the height difference between the water surface and the 

discharge outlet. The discharge rate does not necessarily need to be 

a constant. The volume of soil wetted is more a function of the water 

volume applied than the rate of application, especially if a redistri

bution period is allowed before measurements are made. Thus, the 

decreasing flow rate from the siphon tube caused by the water level 

lowering in the bucket should not greatly affect the moisture movement 

in the soil. The water should be applied so excessive surface ponding 

does not occur. By conducting tests of several flow rates one could 

predict the maximum allowable flow rate for each test site so that 

excessive ponding does not occur. If the bucket is calibrated so that 

volumes of water can be determined, one could use a timing device and 

determine the flow rate. 

After the water is applied, a redistribution interval should 

elapse before any measurements are made. The moisture redistribution 

period could be estimated by the time interval between typical trickle 

irrigations. Heasurements of vertical and lateral movements could be 

made by probing or excavating the test site. If desired, vertical and 

lateral movements could be determined during the test by probing along 

a radius. A measurement of field capacity (moisture in the wetted 

volume after the redistribution interval) should be made. Vertical 
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and lateral movements can be determined by the color change if the 

initial soil moisture is dry. Soil moisture measurements will have to 

be made to determine vertical and lateral movements if the initial 

soil moisture is moist. 

Based on the measurements made, the calculations for wetted 

soil volume, lateral movement and vertical movement can be made for 

other volumes of water applied. The constant value, c, from equation 

4 can be adjusted to more accurately predict lateral movement. Thus 

one can determine the amount of water to apply to obtain a desirable 

wetted volume so that water will not be lost to deep percolation. 

Also, from the lateral movement one can then predict the optimum spac

ing between emitters. 

It must be remembered that this model is only for predicting 

the wetted soil volume, lateral movement and vertical movement. It 

doesn't predict the moisture distribution and large errors could re

sult in soils that are not uniform or are layered. 



CHAPTER 6 

CONCLUSIONS 

Trickle irrigation implies that water is applied through point 

sources at slow rates and usually high frequeucy (1-3 day intervals). 

This definition should also state that flow rate is sufficient to in

crease the soil moisture to an optimum level (near field capacity) 

and not-at such a high rate that excessive ponding or surface runoff 

occurs. Some surface ponding of water is acceptable. Based on this 

definition, movement of soil moisture from the point source will occur 

as follows: 

1. The water moves in the soil profile as unsaturated flow and 

the adsorptive and capillary forces dominate. 

2. The soil moisture movement is caused by a tension gradient 

(lower tension to a higher tension). Typically, vertical 

movement exceeds lateral movement because gravity adds to 

the vertical tension gradient. 

3. The soil moisture in the wetted volume approximates field 

capacity. Greater moisture levels can be attained in the 

wetted volume if the initial moisture content is increased. 

4. Moisture content in the wetted profile increased with flow 

rate, however, after an equal redistribution period, moisture 

content would approach a constant for all flow rates. 
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Greater moisture levels can be attained in the wetted volume 

if the initial moisture content is increased. 

5. The wetted soil volume is a function of the volume of water 

applied, field capacity and initial moisture contents, regard

less of the flow rate, if equal redistribution periods occur. 

6. The shape of the wetted volume tends to be hemispherical. 

However, due to the gravitational force, the vertical tension 

gradient exceeds the lateral tension gradient causing greater 

vertical movement. This results in a near oblate spheroid for 

most soils. Lateral movement can exceed vertical movement on 

clayey soils where surface ponding is more likely to occur 

which would result in a prolate spheroid. 

7. Lateral movement approaches a finite value for a tension grad-

ient. It cannot increase unless the tension gradient is 

increased. Vertical movement will not approach a finite value 

for very large volumes of water because gravity adds to the 

vertical tension gradient. 

8. Wetted soil volume, lateral movement and vertical movement 

can be predicted from simple relationships. 

a. Wetted soil volume (VS) is predicted by the volume of 

water applied divided by the difference in volumetric 

field capacity and initial soil moisture. 

b. Lateral movement (LM) can be predicted by 

LM = c Vsl / 3 (4) 

where c = 0.93 - 0.l5R (6) 
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and R is the ratio of vertical to lateral movement. This 

ratio would be in the range of 0.5 to 2.5 for most soils. 

c. Vertical movement (VM) can be determined by 

VM 
~ 

= (2.. VS) 
21T LM 

(7) 

Trickle irrigation managers and designers could use these 

simplified relationships to operate or design these systems more 

efficiently. The size of the wetted soil volume will be dictated by 

the crop. Tree crops can withdraw water from the soil profile to 

depths of l~ meters •. Shallow rooted vegetable crops, such as straw-

berries, cauliflower, broccoli, or lettuce, obtain more than 80% of 

their total water requirement in the upper ~ meter of soil. Depending 

on the plant, one would select the optimum wetted soil volume so that . 
the plant could best utilize the water applied. The optimum wetted 

soil volume implies that the vertical or lateral movement doesn 1 t ex-

ceed the rooting pattern of the plant. Most plants can adapt their 

rooting patterns to some degree depending on the shape of the wetted 

soil volume. However, maximum crop production cannot be expected 

for shallow rooted plants that would be required to obtain their water 

at a 1 meter depth. Typically, the optimum wetted soil volume would 

be determined so that both the vertical and lateral movements are 

within the rooting pattern of the plant. For some crops, such as tree 

crops, the optimum wetted volume from one emitter may not be large 

enough to supply adequate water and more than one emitter would be 

required. Bucks et ale (1982) suggest that the ratio of optimum 
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wetted soil volume to the total potential root zone should be between 

33% and 66%. 

Trickle irrigation designers can use the simplified model to 

determine the number of emitters per tree or the distance between 

emitters for row crops. The designers can also maximize the emitter 

outlet size based on the soil type since the wetted soil volume is 

more a function of the volume of water applied than the rate at which 

it is applied. The results from the simplified model can easily be 

verified in the field. The procedure described previously can be used 

and does not require any sophisticated equipment. The equation con

stants can be adjusted so that the model accurately predicts moisture 

movement for each site. 

When managing a properly designed trickle irrigation system, 

it is important to maintain the optimum wetted soil volume. An in

creasing wetted soil volume would mean that excess water is being 

applied. Conversely, a decreasing wetted soil volume means that in

sufficient water is being applied and plant stress can result if this 

condition persists. A leaching fraction may need to be added to the 

water applied because of the irrigation water quality and the kind of 

plant. The amount of water to be applied each irrigation could be 

determined using the simplified model presented. The use of tension

meters or soil probing could be used to determine the shape of the 

wetted soil volume. 

Another important thought that has not been discussed is that 

higher flow rates do not affect wetted soil volume after 
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redistribution. This implies that point sources with larger diameter 

outlets can be used without affecting the soil moisture movement or 

distribution. As discussed previously, the most serious disadvantage 

of trickle irrigation is the clogging problem. Point sources with 

larger diameter outlets would reduce this problem significantly. The 

largest diameter outlet could be used for each soil type that would 

not cause excessive ponding of water. On some clay soils, this might 

not be enough to significantly increase the point source outlet diam

eter. In this case a pulse irrigation might be feasible, such as on 

~-hour and off ~-hour, or on 15 minutes and off 45-minutes, thus in

creasing the flow rates by factors of 2 and 4, respectively. Other 

pulse irrigation schedules could be developed so that the optimum 

point source outlet diameter is obtained to reduce the clogging 

problem. 

The theory and data presented suggest that some simplified 

assumptions can be made and the wetted soil volume, lateral movement 

and verti~al movem61t can be estimated for trickle irrigation. How

ever, more data needs to be collected on other soils to verify these 

assumptions. It may be that other volume shapes may better predict 

lateral and vertical movement, especially if a redistribution period 

is allotted after the water application. Additional tests are also 

needed to verify the determination of the constant c value for equa

tion 4. It may be that some soil properties could be used to deter

mine the constant. Future tests would include the effect of point 

sources whose wetted volumes overlap and water extraction by plants. 



APPENDIX A 

SOIL PROFILE DESCRIPTIONS 

FOR SELECTED TESTS 

SOIL DESCRIPTIONS BY 

Soil Conservation Service 
Yuma, Arizona 

E. Chamberlain 
H. Jacoby 

R. Addison 
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GENERAL DESCRIPTION 

Superstition Fine Sand 

Area: Yuma County, Arizona 
Classification: Typic calciorthid, sandy, mixed, hyperthermic 
Vegetation: White bursage, annual forbs 
Climate: Arid 
Parent Material: Old Colorado River Alluvium 
Physiography: Yuma Mesa 
Relief: A-nearly level 
Elevation: 165 feet 
Slope: 1% 
Aspect: None 
Erosion: None to slight 
Permeability: Moderately rapid 
Drainage: Well drained 
Ground Water: Deep 
Moisture: Dry 
Root Distribution: Normal 
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TEST 4 

Superstition Fine Sand 

HORIZON DESCRIPTION 

All 0-3 inches (0-8 cm), light yellowish brown (lOYR 6/4) fine 
sand, yellowish brown (lOYR 5/4) moist; weak, very thin 
platy structure; loose, very friable, nonsticky, nonplastic; 
common fine and very fine roots; common interstitial pores; 
noneffervescent; moderately alkaline (pH 8.2); abrupt smooth 
boundary. 

A12 3-10 inches (8-26 cm), light yellowish brown (lOYR 6/4) 
loamy fine sand, yellowish brown (lOYR 5/4) moist; weak 
thin platy structure; soft, very friable, slightly sticky, 
nonplastic; common fine and very fine roots; common inter
stitial pores; slightly effervescent; moderately alkaline 
(pH 8.2); abrupt smooth boundary. 

Clca 11-16 inc:,~s (26-41 cm), light yellowish brown (lOYR 6/4) 
loamy fine sand, yellowish brown (lOYR 5/4) moist; massive; 
soft, very friable, slightly sticky, nonplastic; few fine 
and common fine and very fine roots; common interstitial 
pores; slightly effervescent, fine and medium irregularly 
shaped lime concretions and soft masses (5% by volume); 
moderately alkaline (pH 8.2). 



TEST 8 

Superstition Fine Sand 
S73Ariz-14~3(1-9) 

HORIZON DESCRIPTION 

All 0-2 inches (0-5 cm), light yellowish brown (lOYR 6/4) 
fine sand, yellowish brown (lOYR 5/4) moist; weak very 
thin platy structure, loose, very friable, nonsticky, 
nonplastic; many very fine roots; many very fine, fine, 
and medium tubular and interstitial pores; slightly 
effervescent; moderately alkaline (pH 8.0); abrupt 
smooth boundary. 

A12 2-10 inches (5-26 cm), light yellowish brown (lOYR 6/4) 
fine sand, yellowish brown (lOYR 5/4) moist; weak very 
thin platy structure; soft, very friable, nonsticky, 
nonplastic; many very fine and common coarse roots; many 
very fine, fine, and medium tubular and interstitial 
pores; slightly effervescent; moderately alkaline (pH 8.0); 
abrupt smooth boundary. 

Cl 10-20 inches (26-51 cm), light yellowish brown (lOYR 6/4) 
fine sand, yellowish brown (lOYR 5/4) moist; weak very thin 
platy structure; soft, very friable, nonsticky, nonplastic; 
many very fine and common coarse roots; many very fine, 
"fine and medium tubular and interstitial pores; strongly 
effervescent; moderately alkaline (pH 8.0); abrupt smooth 
boundary. 
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C2 20-32 inches (51-81 cm), light yellowish brown (lOYR 6/4) 
loamy fine sand, yellowish brown (lOYR 5/4) moist; massive; 
soft, very friable, slightly sticky, nonplastic; many very 
fine and few coarse roots; common very fine, fine, and 
medium tubular and interstitial pores; strongly effervescent; 
moderately alkaline (pH 8.0); clear wavy boundary. 

C3 32-39 inches (81-99 em), light yellowish brown (lOYR 6/4) 
loamy fine sand, yellowish brown (lOYR 5/4) moist; massive; 
soft, very friable; slightly sticky; nonplastic; common fine 
and very fine roots; common very fine, fine and medium 
tubular and interstitial pores; violently effervescent; 
moderately alkaline (pH 8.0); clear wavy boundary. 



C4 39-50 inches (99-127 cm), light yellowish brown (10YR 6/4) 
loamy fine sand, yellowish brown (10YR 5/4) moist; massive; 
soft, very friable, slightly sticky, nonp1astic; common 
very fine and fine roots; common very fine, fine, and 
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medium tubular and interstitial pores; violently effervescent; 
moderately alkaline (pH 8.0);' clear wavy boundary. 

IlC5ca 50-59 inches (127-150 cm),. light yellowish brown (lOYR 6/4) 
fine sandy loam, yellowish brown (lOYR 5/4) moist; massive; 
slightly hard, friable, slightly sticky, nonplastic; cornmon 
very fine and fine roots; many fine and medium tubular pores; 
less than 1 percent fine gravels; violently effervescent; 
few fine irregularly shaped pinkish white concretions and 
soft masses of lime; moderately alkaline (pH 8.0); clear 
wavy boundary. 

IllC6 59-77 inches (150-196 cm), light yellowish brown (10YR 6/4) 
loamy fine sand, yellowish brown (lOYR 5/4) moist; massive; 
soft, very friable, slightly sticky, nonplastic; less than 
1 percent fine gravels; violently effervescent; moderately 
alkaline (pH 8.0); abrupt smooth boundary. 

IllC7 77-86 inches (196-219 cm), very pale brown (10YR 7/4) 
fine sand, yellowish brown (10YR 5/4) moist; massive; soft, 
very friable, nonsticky, nonp1astic; less than 1 percent 
fine gravels; strongly effervescent; moderately alkaline 
(pH 8.0). 



TEST 10 

Superstition Fine Sand 

HORIZON DESCRIPTION 

All 0-3 inches (0-8 cm), light yellowish brown (lOYR 6/4) 
fine sand, yellowish brown (lOYR 5/4) mois t; weak, very 
thin platy structure; loose, very friable, nonsticky, 
nonp1astic; common fine and very fine roots; common 
interstitial pores; noneffervescent; moderately alkaline 
(pH 8.2); abrupt smooth boundary. 

A12 3-10 inches (8-26 cm), light yellowish brown (10YR 6/4) 
loamy fine sand, yellowish brown (10YR 5/4) moist; weak 
thin platy structure; soft, very friable, slightly sticky, 
nonp1astic; common fine and very fine roots; common 
interstitial pores; slightly effervescent; moderately 
alkaline (pH 8.2); abrupt smooth boundary. 
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C1ca 11-16 inches (26-41 cm), light yellowish brown (lOYR 6/4) 
loamy fine sand, yellowish brown (10YR 5/4) moist; massive; 
soft, very friable, slightly sticky, nonplastic; few fine 
and common fine and very fine roots; common interstitial 
pores; slightly effervescent, fine and medium irregularly 
shaped lime concretions and soft masses (5% by volume); 
moderately alkaline (pH 8.2). 



TEST 14 

Superstition Fine Sand 
S 73Ariz-14-2.(1-8) 

HORIZON DESCRIPTION 

All 0-2 inches (0-5 cm), light yellowish brown (10YR 6/4) 
fine sand, dark yellowish brown (10YR 4/4) moist; 
weak very thin platy structure; loose, very friable, 
nonsticky, nonp1astic; few very fine roots, few very 
fine tubular and many interstitial pores; noneffervescent; 
moderately alkaline (pH 8.0); abrupt smooth boundary. 

A12 2-6 inches (5-16 cm), light yellowish brown (10YR 6/4) 
fine sand, dark yellowish brown (10YR 4/4) moist; very 
weak, very thin platy structure to massive; soft, very 
friable, nonsticky, nonp1astic; many very fine and fine 
roots; many interstitial pores; slightly effervescent; 
moderately alkaline (pH 8.0); clear smooth boundary. 

C1 6-15 inches (16-38 cm), light yellowish brown (10YR 6/4) 
moist; dark yellowish brown (10YR 4/4) moist; massive, 
soft, very friable nonsticky, nonp1astic; many very fine 
roots; many interstitial pores; slightly effe~vescent; 
moderately alkaline (pH 8.0), clear smooth boundary. 

C2 15-24 inches (38-61 cm), light yellowish brown (10YR 6/4) 
loamy fine sand, dark yellowish brown (10YR 4/4) moist; 
massive; soft, very friable, nonsticky, nonp1astic; few 
very fine roots; many interstitial pores; strongly 
effervescent; moderately alkaline (pH 8.0), clear smooth 
boundary. 

C3ca 24-35 inches (61-89 cm), light yellowish brown (10YR 6/4) 
loamy fine sand, dark yellowish brown (10YR 4/4) moist, 
massive; soft, very friable, slightly sticky, nonp1astic; 
few very fine roots, many interstitial pores; strongly 
effervescent, few fine irregularly shaped pinkish white 
soft lime masses; moderately alkaline (pH 8.0); gradual 
smooth boundary. 
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IIC4ca 35-49 inches (89-124 cm), light brown (7.5YR 6/4) sandy 
loam, dark brown (7.5UR 4.4) moist, massive; slightly hard, 
very friable, sticky, slightly plastic; few very fine 
roots; few very fine tubular and many interstitial pores; 
5% lime nodules and fine gravels; violently effervescent, 
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common fine irregularly shaped pinkish white lime concre
tions; moderately alkaline (pH 8.0); clear smooth boundary. 

IIC5 49-59 inches (124-150 cm), very pale brown (lOYR 7/3) fine 
sand, brown (10YR 5/3) moist; massive; soft to loose, very 
friable, nonsticky, nonplastic; many interstitial pores; 
strongly effervescent; moderately alkaline (pH 8.0), clear 
smooth boundary. 

IIC6 59-71 inches (150-180 cm), very pale brown (lOYR 7/3) 
very fine sand, brown (lOYR 5/3) moist; massive; soft 
to loose, very friable, nonsticky, nonplastic; many 
interstitial pores; strongly effervescent; moderately 
alkaline (pH 8.0). 



TEST 15 

Superstition Fine Sand 

HORIZON DESCRIPTION 

All 0-3 inches (0-8 cm), light yellowish brown (lOYR 6/4) 
fine sand, yellowish brown (lOYR 5/4) moist; weak very 
thin platy structure; loose, very friable, nonsticky, 
nonplastic; many very fine roots; many interstitial 
pores; noneffervescent; moderately alkaline (pH 8.2); 
clear smooth boundary. 

Al2 3-8 inches (8-23 cm), light yellowish brown (lOYR 6/4) 
loamy fine sand, yellowish brown (lOYR 5/4) moist; 
weak thn platy structure; soft, very friable, nonsticky, 
nonplastic; many very fine roots; many interstitial pores; 
slightly effervescent; moderately alkaline (pH 8.2); clear 
smooth boundary. 

Cl 8-18 inches (23-47 cm), light yellowish brown (lOYR 6/4) 
loamy fine sand, yellowish brown (lOYR 5/4) moist; soft, 
very friable, slightly sticky, nonplastic; common fine 
and many very fine roots; many interstitial pores; 
strongly effervescent; moderately alkaline (pH 8.2); clear 
wavy boundary. 
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TEST 19 

Superstition Fine Sand 

HORIZON DESCRIPTION 

All 0-1 inches (0-2 cm), light yellowish brown (lOYR 6/4) 
fine sand, yellowish brown (lOYR 5/4) moist; single grain; 
loose, loose,nonsticky, nonplastic; many interstitial 
pores; slightly effervescent; moderately alkaline (pH 8.2); 
abrupt smooth boundary. 

A12 1-4 inches (2-10 cm), light yellowish brown (lOYR 6/4) fine 
sand, yellowish brown (lOYR 5/4) moist; weak thin platy 
structure; soft, very friable, nonsticky, nonplastic; 
many fine and very fine roots; very few fine tubular and 
many interstitial pores; slightly effervescent, moderately 
alkaline (pH 8.2); abrupt smooth boundary. 

Cl 4-12 inches (10-31 cm), light yellowish brown (lOYR 6/4) 
loamy fine sand, yellowish brown (lOYR 5/4) moist; massive; 
soft, very friable, nonsticky, nonplastic; common fine and 
many very fine roots; very few very fine tubular and many 
interstitial pores; strongly effervescent; moderately 
alkaline (pH 8.2); clear smooth boundary. 

C2 12-20 inches (31-51 cm), light yellowish brown (lOYR 6/4) 
loamy fine sand, yellow brown (lOYR 5/4) moist; massive; 
soft, very friable, sticky, nonplastic; few fine and many 
very fine roots; common very fine tubular pores; 1% lime by 
volume; fine irregularly shaped pinkish white lime concre
tions and soft masses; strongly effervescent; moderately 
alkaline (pH 8.2); clear smooth boundary. 

C3 20-28 inches (51-71 cm), light yellowish brown (lOYR 6/4) 
loamy fine sand, yellowish brown (lOYR 5/4) moist; massive; 
slightly hard, very friable, slightly sticky, nonplastic; 
very few fine and common very fine roots; many very fine 
tubular and many interstitial pores; very few pebbles and 
less than 5% durinodes by volume; fine irregularly shaped 
pinkish white lime concretions; violently effervescent; 
moderately alkaline (pH 8.2); clear wavy boundary. 

C4ca 28-35 inches (71-89 cm), reddish yellow (7.5YR 6/6) loamy 
fine sand, strong brown (7.5YR 5/6) moist; massive; slightly 
hard, very friable, slightly sticky, nonplastic; few pebbles 
and 5% durinodes by volume; fine and medium irregularly 



shaped pinkish white lime concretions; violently effer
vescent; moderately alkaline (pH 8.2); clear wavy boundary 

C5ca 35-48 inches (89-123 cm), light brown (7.5YR 6/4) fine 
sandy loam, dark brown (7.5YR 4/4) moist; massive; slightly 
hard to hard, friable, sticky; slightly plastic; very few 
very fine roots; many fine tubular and many interstitial 
pores; 15% durinodes by volume; fine and medium irregularly 
shaped pinkish white lime concretions; violently effer
vescent; moderately alkaline (pH 8.2); clear wavy boundary. 
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C6 48-58 inches. (123-147 cm), light yellowish brown (10YR 6/4) 
loamy fine sand, yellowish brown (10YR 5/4) moist; massive; 
soft, very friable, nonsticky, nonp1astic; many interstitial 
pores; less than 1% lime by volume; fine irregularly shaped 
pinkish white soft lime masses; strongly effervescent; 
moderately alkaline (pH 8.2); clear smooth boundary. 

IIC7 58·-78 inches (147-198 cm), light yellowish brown (10YR 6/4) 
fine sand, yellowish brown (10YR 5/4) moist; massive; loose 
to soft, very friable, nonsticky, nonp1astic; many inter
stitial pores; slightly effervescent; (pH 8.2). 



Symbol 

a 

A 

b 

c 

D(8) 

h 

H 

K, K(8), K(h) 

L 

LM 

Q 

R 

s 

t 

VM 

VS 

x 

LIST OF SYMBOLS 

Dimensions 

L 

L 

L/T 

L 

T 

Description 

Exponent constant of power equation 

Area of flow cross section 

Constant of power equation 

Constant from power equation which 
ranges from 0.7-0.8 

Hydraulic diffusivity of soil as 
a function of water content 

Soil matric tension or pressure 

Hydraulic head difference between 
two points in a saturated soil 

Soil hydraulic conductivity as a 
function moisture content or 
tension 

Length 

Lateral moisture movement 

Flow Rate 

Ration of vertical movement to 
lateral movement 

Sink function that predicts water 
withdrawal from the soil by a plant 

Time 

Vertical moisture movement 

Volume of soil wetted 

X-axis 
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Symbol 

Y 

z 

e 

7T 

LIST OF SYMBOLS--Continued 

Dimensions 

L 

-1 
L 

Description 

Y-axis 

Vertical distance below the point 
source 

Volumetric soil water content 

Ratio of circumference to diameter 
3.14159 

Vector gradient operator 
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