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Abstract approved

Many sprinkler irrigation systems cause runoff of irrigation

water during the normal operating period because of surface ponding.

Excessive runoff results in a waste of both power and water. This

problem is more acute when irrigation water becomes scarce.

Therefore it is desirable to investigate soil water ponding and its re-

lationship to application rates, initial moisture contents, and uni-

iirmity of storage.

Data were obtained by applying water from sprinklers on

selected pasture plots, which had been previously laid out in a ten-

foot grid system. Application rate at each grid point was measured

from the water caught in a catchment can. At each grid point soil

moisture samples were taken both before and after irrigation by using

either a soil moisture sampling tube or neutron scattering equipment.

Time-to-pond (defined as that time from the beginning of an irrigation

until on.e detects free water standing on the surface) was carefully

observed at each grid point.
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The conclusions of this thesis are:

For a soil site selected from the Amity series, corrected

time-to-pond is not dependent solely on soil moisture

reaching field capacity.

Time-to-pond is a function of application rate and initial

moisture content of.thè profile.

3 Water moves from wetter gud points to drier grid points

Moisture movement, appears to stop about the third day

after irrigation, when soil moisture has reached a near

equilibrium c ondition.

4. In two. test uniformity of ,ater application appears to be

higher than uniformity of soil möistüre increase. Also,

uniformitt of total moisture in soil profile after irrigation

appears higher than that of total initial moisture content.
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SOIL WATER PONDING AND ITS RELATIONSHIP TO SPRINKLER
APPLICATION RATES, INITIAL MOISTURE CONTENTS,

AND UNIFORMITY OF STORAGE

INTRODUCTION

Many sprinkler irrigation systems cause runoff of irrigation

water during normal operating period because oi surface ponding.

Runoff and ponding are generally recognized as a result of improperly

designed irrigation systems. Excessive runoff results in a waste of

both power and water. This problem is more acute when irrigation

water becomes scarce. It is therefore desirable that an endbe put to

this unnecessary waste.

Kucinski, as well as most investigators, seemed to think that

ponding and runoff occur when sprinkler application rates are higher

than the infiltration rates of a soil (18, p 21) Stippler said that pond-

ing is inevitable as it might occur on any soil after several hours of

irrigation (31, p. 22). Some authors indicated in their literature that

ponding is perhaps a criterion for determining when application rates

become excessive.

One of the main problems in designing a sprinkler irrigation sys-

tem is to determine the optimum application rate for a soil. The

American Society of Agricultural Engineers recommends that a sprink-

ler irrigation system, when properly designed and operated should:

apply water at a rate which does not cause runoff
during normal operating period nor cause water to



stand on the surface of the ground after the
sprinkler line is shut off (1, p. 157)

It therefore seems desirable to select a rate which is somewhat

lower than the infiltration rate of a soil, as some authors suggest

that infiltration rate decreases with increasing time during anirri-

gation and then becomes nearly constant. In this regard very low

rates would seem to be an answer to end surface ponding. The re-

sults reported in this thesis raisea question onthis point.

Berney, in his investigation of this problem, concluded that soil

water ponding on pastures is independent application rates between

0. 2 to 0. 6 inch per hour. He found that the capacity of the soil to

hold water up to a value believed to be between field capacity and

saturation is the governing factor (3, p. 39). His assertion is, how-

ever, contrary to those of other investigators. This suggests the

need for more tests on the same experimental sites, not only to ex-

tend his curve (3, p. 31) to include a wider range of application rates

but also to confirm his conclusion.

In order to investigate surface ponding, a procedure one could

follow to predict ponding time at agiven initial moisture content and

at a given application rate is highly desirable. This procedure is

very useful not only to a sprinkler design engineer but to an irrigator

as well, as it can be applied,: with modification.if necessary, to any

pastures should surface ponding become undesirable.
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Lateral translocation of irrigation water in the soil as well as

over the surface and its effect on the resulting moisture distribution

in the soil profile arealso matters of interest to investigators in

sprinkler irrigation. The availability of neutron scattering equip:-

ment has made an investigation possible. It also enables one to de-

termine the uniformity of soil moisture increase after an irrigation

from day to day until lateral translocationof irrigation water ceases.

The objectives of this thesis are:

1. To run tests similar to those run by Berney (3) to jnclude a

wider range of application rates in order to check his cor-

rected time-to-pond vs. application rates curve (3, p. 31).

To determine a procedure for predicting time to pond at a

given initial moisture content and at a given application rate

To investigate lateral translocation of irrigation water and

its effect on the resulting uniformity of moisture distribution

inthe soil.



LITERATURE REVIEW

The infiltration rate of a soil is defined as the maximum rate at

which a soil, on a given condition at a given time, can absorb water

(30, P. 434).

Many authors have derived infiltration equations, but the one

which Horton(29, p. 2S9) derived empirically, based upon assump-

tions of exhaustion processes, takes the following form:

It = If+ (I - If) -Bt

where

= infiltration rate at time t

initial infiltration rate

= final infiltration rate

B = a constant

e = the base for natural logarithm

t = time

Infiltration ofwater jnto a soil is recognized as the downward

flow of water in an unsaturated soil. In 1952, Klute (17) developed a

general flow equation of water in an unsaturated soil in one dimension

by taking moisture content in the soil as the independent variable.

His equation, which is essentially a diffusion equation, is of the form

4



1D(-e-)----

where

x depth of profile

= moisture content of the soil

t = time

= diffusivity

In general, the infiltration rate of a soil decreases with increas-

ing time of application of water. Infiltration rate declines more or

less quickly, depending on the texture of the soil. Lowdermilk (ZZ)

found that litter on top of soil would keep infiltration rate from being

decreased by soil surface sealing. In other words, the infiltration

rate of a pasture, because of its grass cover, would decline more

slowly than that of a bare soil.

Most investigators recognize soil water ponding to be the notice-

able amount of free water standing on the surface, possibly due to

application rate of water exceeding the infiltration rate of the soil.

Buehrer and Rose defined soil water puddling as

a... the destruction of the aggregate condition
of the soil by mechanical manipulation within a
narrow range of moisture contents, above or below
moisture equivalent, so that the aggregates lose
their identity and the soil is converted into a
structurally homogeneous mass of ultimate
particles.0 (5, p. ZlZ)

5
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Evidently, the difference between soil water puddling and soil

water ponding lies in the fact that puddling is caused by the destruc-

tion of the surface soil structure while ponding is caused by the appli-

cation rate exceeding the infiltration rate of the soil, with or without

destruction of soil structure.

Bayer said that puddling was the reduction of the apparent speci-

fic volume of a soil by performing mechanical work upon it. Also

puddling was caused by normal stress associated with compression

and tangential stress causing shear (2, p. 117). Bodman and Rubin

(4) demonstrated how the change in volume per unit work was related

to air-filled pore space. McGeorge thought that puddling reduced the

volume of the capillary pore space and hence decreased the penetra-

tion of irrigation wat er; he also believed that puddling was very diffi-

cult to avoid in agricultural irrigation (25, p. 127-128). Many an

author seemed to think that soil water puddling was entirely a sur-

face phenomenon. Bayer found that maximum puddling occurred in

the wet range of soil consistency (2, p. 119).

Many authors felt that puddling was an indication that application

rates became excessive. Strong mentioned that excessive application

rates caused puddling. He felt that over application as evidenced by

puddling was more common than under application (32, p. 9-10). In

clay soils when excessive rates were applied, the minute silt

particles were disturbed and dislodged. They then sealed the surface



7

which caused puddling and runoff (14, p. 8). Linsley, et. al.

thought that infiltration rate could be a limiting factor in soil water

puddling (21, p. 314).

Berney stated that ponding was independent of application rate

from 0. 2 to 0. 6 inch per hour on Amity soil with a water table just

below the root zone. He said that the capacity of the soil to hold

water, which be believed to have a value between field capacity and

saturation, was the governing factor (3, p. 39).

Christainsen said that the rate at which a soil absorbed water

was dependent upon drop size. Large drops were likely to seal the

surface and cause puddling sooner than smaller drops (6, p. 119).

Levine found that increasing drop size resulted in significant decrease

infiltration capacity of a soil (20, p. 559). Linsley, et. al. felt that

the effect of drop size on infiltration capacity was due to its effect on

the rate of rainpacking and breaking down of soil structure (21, 314).

Ellison and Slater found that raindrops affected surface sealing

(12, p. 156). Duley said that raindrops formed a thin compacted layer

at the surface of the soil which was the result of the impact of water

drops that fitted fine particles between the larger ones and hence

caused surface sealing (7, p. 61). When water drops strike the

ground surface or the thin film of water covering it, they splash

small bits of soil into the air (8, p. 156). Hendrikson found under

this condition that water on the ground became puddled immediately



by the small particles thrown into suspension. These particles

clogged the soil pores and thereby caused puddling and appreciable

runoff(16, p. 501).

Wolfe believed that in order to obtain the most benefit from a

sprinkler irrigation system and to prevent erosionit is necessary

that each drop ofwater be absorbed where it falls (33, p. 3).

McCufloch and Schrunk believed in the no runoff principlet. They said

that a properly designed sprinkler system should apply water without

movement from one part of the field to another (4, p. 103).

Stippler said that puddling might occur on any soil after a period

of several hours of irrigation (31, p. 22). Most authors believed that

puddling gave poor irrigation efficiency, but there was insufficient

experimental evidence to back up this theory. Berney, on the con-

trary, found that some puddling might not be detrimental to irrigation

efficiency (3, p. 37). Many investigators believed that lower rates

were the answer to soil water puddling, which was a criterion for de-

termining when application rates became excessive. Gray said that

low rates improved soil surface structure and increased yield

(15, p. 20). He proposed a method to eliminate puddling by first de-.

termining the infiltration rate of a soiland applying water athaif of

that rate, or less (14, p. 7). Myers, et. al. (26) found the relation-

ship between the infiltration rate from the concentric infiltrometer

andthe permissible application rate from a sprinkler irrigation
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system. However, his work was all at much higher rates than com-

monly used in the West. This finding suggests a possible method of

determining the design value of application rate for an individual

sprinkler irrigation system, though more work needs to be done be-

fore this relationship can be applied under all conditions.

Two general conclusions can be drawn from this review of

literature. With all the research that has been conducted on infil-

tration, only a small part is directly applicable to predicting when

ponding will occur when water is applied by sprinkler irrigation.

This process is somewhat different from natural rainfall, and is

very different from surface flooding. Secondly, there appears to be

a lack of information on the effect of surface ponding on final distri-

bution of water in the soil profile.



PROCEDURE

During the summer of 1961 tests were run on the 10-foot--grid

plots which Berney (3) had previously laid out, the water table of

which occurred from 3. 5 to 5. 0 feet below the surface of the ground.

Both single line sets and solid sets were used whenever desired. A

single lateral allowed observations at varying application rates, as

they decreased with increasing distance from the lateral. Application

rates were also varied, as desired, by using different sizes of

Rainbird sprinklers and nozzles. Plot No. 5 (Figure 2) and Plot No.

7 (Figure 3)had been carefully sur-eyed for their best locations, so

that more tests could be run, should necessity demand, in the future..

Also Plot No. 7 was precisely graded to form a slight ridge and swale,

so that one could control the direction of lateral water movement on

the surface. The top of the ridge was 0. 2 foot above the swale

bottom, and the down slope was one percent. The layouts of other

plots on Pasture No. 5, in which Rainbird No. 14 T's were used, are

shown in Figure 4.

Soilmoisture samples were taken by using a Veihmeyer soil

sampling tube. Samples were taken at six-inch increments to a depth

of 3. 0 feet, one day before irrigation to determine the initial moisture

content of e.ach grid point and three days after, as suggested by

Marsh, et.al. (22, p. 10-11), so that soil moisture increase could be

10
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determined. During the period between samplings, the amount of

moisture taken out of the soil was estimated bythe consumptive-use

data, which were obtained from another research project.

After all the samples had been taken and properly put in their

respective numbered soil moisture cans, they were brought to the

laboratory and weighed carefully before they were put into an oven to

dry out the moisture. They were then reweighed accurately when

they had been thoroughly dried. The moisture content on dry weight

basis was calculated by usingthefollowing equation:

where

M = Moisture content on dry weight basis, percent

W = Weight of dry soil, grams

W = Weight of soil plus moisture, grams

Soil moisture increase by volume for each six inch increment

was found by the equation:

where

M = 100 Wt-
- ) Eq.(A)

15

-& = Moisture content by volume, percent

Mf = Moisture content on dry weight basis after irrigation,

percent

-e-=
6(Mj-MO

(B D Eq. (B)
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M0= Moisture content on dry weight basis before irriga-

tiön,T percent

B.D. = Bulk density of the soil, gram/cm3

Bulk densities of the soil for each plot are shown in Table 8 in

the Appendix.

In order to measure application rates at the grid points during an

irrigation, two-inch aluminum cans 12 inches in length were used.

They w e r e filled one-third full of diesel oil to prevent the anunt

of water caught in the cans from evaporation, as suggested by Frost

et.aL, (13, p. 527). They were carefully weighed bothbefore andaf-

ter an irrigation, so that application rate at a grid point could be com-

puted by using the following equation:

Y=(W-W1) Eq. (C)
CAT

where

W2 = Weight of water plus weight of can and diesel oil,

grams

W1 = Weight of can and diesel oil, grams

C = A conversion factor

A = Area of can, cm2

= Duration of irrigation, hours

During the summer of 1962, because of the availability of a

neutron probe and a neutron surface adapter, Plot No. 6-1 and Plot
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No. 6-2 (Figure 5) were laid out in which two-inch aluminum tubes

four feet long were put into all grid points. The purpose of these

tubes w a s to enable one to slide the probe down at any desirable

depth in order to measure its moisture content. The readings of

moisture contents were obtained from a Nuclear Chicago Counter,

which was connected to the probe and the surface adapter by means

of a power cable. The surface adapter was used only to measure

moisture contents of the first six-inch layers, while the probe was

used to measure the moisture contents from the second six-inch in-

crement down to 3. 5 feet. The instruments were carefully calibrated

before they were used. The calibration curves for the surface adap-

ter and the probe for these plots areshown respectively in Figures 13,

14, and 15 in the Appendix. The curve for the surface adapter shows

high degree of variability, and therefore indicates a lower accuracy

in this zone. The zonefrom six to 12 inches, though measured with

the probe, was calibrated separately from other depths. All cali-

bration readings from 12 to 42 inches appeared to fall along one single

straight line. Curves supplied by the manufacturer are superimposed

on these calibration curves as dashed lines. The curve for readings

deeper than 12 inches appears to be curvilinear, but a linear re-

gression line proved to be a better approximation



--Sprinklers

Sprinkler laterals

90'

10'

Figure 5. Layout o Plot Nos. 6-1, 6-2, and Plot-B

18



19

Plot -B (Figure 5) was laid out late inthe summer of 1962 in the

Hyslop Farm, where the top soil was entirelybare. Row crops were

previously grown in this area which formed alt ernate ridges and

swales. All the grid points were located in the swales.

The tieutron probe andthe surface adapter were also calibrated

for this plot. The calibrationcurves are shown inFigures 16 and 17

in the Appendix. The curvefor the surface adapter shows lessvari-

ability than that of the plots in Pasture No. 6; the curve forthe probe

appears curvilinear and paraflel to the curve supplied by the manu-

facturer.

Soil moisture samplings were taken one day before irrigation and

daily after up to three days on these plots inorder to findthe soil

moisture increase at each grid point from day. to day. This enabled

one to investigate lateral translocation of the water after an irrigation

until a soil moisture equilibrium condition of the entire area has been

reached.
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RESULTS AND DISCUSSIONS

Corrected time to pondversus application rates

Infiltration capacity is a function of the initial moisture content

of a soil profile, and also the initial moisture content governs the

amount of water a soil canabsorb (20, p. 312). Hence, time-to-pond,

(Z1), which is defined as the time measured from the start of an irri-

gation until ponding is observed, must be corrected for the initial

moisture content (Mi) of the soil profile. The corrected time (Z3) is

essentially the time it takes to bring a soil from zero initial moisture

content to the moisture content at ponding by applying water at agiven

rate. The correction factor (Z2) can be mathematically expressed as

Z2 Mj/Y ....................Eq. (1)

where M. = initial moisture content of the soil profile, inches

Y = application rate, inches per hour

Therefore, the corrected time can be written as

Z3 = Z1+.Z2, or

Z3=Z1+M11y Eq. (2)

The general equation of a straight line is

Y = nZ + q ....... Eq. (3)
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inwhich n is the slope of the line, and q the intercept on Y.

Linear regression analysis was separately performedon 1961

data with log:Z1,logZ2, and log Z3 respectively on logY, by using

equation (3). The resulting regression lines can be expressed as

follows:

log Y = -0. 89 log Z1 + a constant Eq. (4)

log Y = -0. 91 log;Z2 + a constant Eq. (5)

logY = -0.97logZ3 + a constant Eq. (6)

and their correlation coefficients:are 0.921, 0.954, and 0.993

re spectively.

The results from a series of t-tests- show that the slopes of the

above equations are significantly different from one another, and that

thesame is true for their correlation coefficients. These clearly

indicatethat the correction factor (Z2) not only significantly improves

the regression line of theobserved time-to-pond, but also signifies

that it must be used to correct Z1. That is to say, equation (6) gives

a better relationship between ponding time and application rate.

Furthermore,, the results from another t-test indicate that the

slope of equation (6) is not significantly different from - 1. 00. Hence,

it can be rewritten as

log Y = -log Z3 + a constant Eq. (7)

In Cartesian Coordinate system the above equation takes the

form Z3Y = K Eq. (8)



22

in which K is a constant, which is essentially the quantity of water

in the soil profile at ponding.

The curves of equation( 7) and (8) are shown in Figure 6 and

Figure 7 respectively.

The -1 00 slope of equation (7) sugge sts that the corrected time-

to-pond in the tests on our pasture sites is dependent only upon a

given quantity of water:(K) in the soil profile. Obviously, this is. in

accordance with Berney' s conclusion that corrected time-to-pond is

independent of application.rate(3, p. 37).

Analysis of. time-to-pond. and inItial moisture content at each depth

If the aboveconclusion were true, thenthe extent to which the

initial moisture content at each depth affecting tirre-to-pond could be

determined by using a linear regresslon.analysis. Equation (8). can

be written as

(Z1+Z2)Y=K..................Eq...(9)
By substituting Mj/Y for Z2 arid simplifying.the expressions

equation (9) becomes

Z1Y + M1= K

or,

Z1.Y=K-I\41.. . . . Eq. (10)
6

But M1=c-G1 ................ Eq. (11)
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in which - is the initial moisture content of each six-inch depth, in

percent by volume, and c is the conversion factor of - to inches

of water. Thenequation(1O) takes the form

6

Z1Y=K-cZ-& Eq. (12)
i= 1

The linear regression analysis to be performed on 1961 data will

determine the coefficients of , namely which will indicate the

extent to which the initial moisture content at various depths affects

time-to-pond. The following equation is to be used:

6
Z1Y=K-cZ ............... Eq.(13)

i=l

In order to satisfy equation (13), it is necessary that the re-

gression coefficients, a1, must be positive. The negative ones would

suggest that time-to-pond will be prolonged with increasing initial

moisture content. Evidently, this would bea contrthiction to the fact

that increasing moisture content will decrease the infiltration capacity

(20, P. 312). The results of the regression analysis, based upon

equation (1 3), are shown in Table 1.



Table 1. Regression Analysis of

6

Z1Y =K.'.c aç9

26

Standard Error = 73. 04489 Sum Squares Residual = 0, 19741
R Squared = 0. 46223 Constant Term (K) = 519. 26769

* Significant at 5% level

It is noted from the above results that there are three positive

values of a1, and the rest are negative. This is contrary to the

assumption that all a1 must be positive, or equation (13) cannot be

true. Because of the existence of negative values of a1, one can im-

mediately conclude that equation (13) is false. In other words, the

-1.00 slope of equation (7), which has led one to conclude that equa-

tion (8) is true, is very misleading. That is, the corrected time-to-

pond appears not to depend solely on a given quantity of water (K) in

the soil profile during a sprinkler irrigation on our pasture plots.

Verification of the inconsistency of equation (8)

In order to double check our conclusion drawn from the above

analysis, a slope (B), similar to that of equation (7), was found for

Depth Description Coefficients Standard Error T-Ratio
1 0 - 611 a1 = -0. 11247 0. 28841 - 0.38998
2 6"-12" a2 = 1. 02403 0. 35662 2. 87149 *
3 lZht_18H a3 = -1.36531 0.85145 -1.60349
4 18H_24h1 a4= 0 87550 0.72238 1.21196
5 24"-30" a5 = 0.44843 0.65410 0. 68556
6 30"-36" a = -.0. 25516 0.25516 - 1. 12373
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the data obtained from each sprinkling test. The moisture content of

the profile at ponding (Mn) at each ponded point is obtained by adding

its total initial moisture content (M1) and the amount of water (I)

a1orbed. Also, field capacity (F. c.) saturation (S), and moisture

deficit at ponding (D) were calculatedfor each test. These figures

are shown inTable 2.

Note that all the slopes are not only significantly different from

one another, but are also significantly different from -1. 00. Only

the slope for test no. 6 is not significantly different from -1. 00. In

tests nos. 4, 5, and 6, moisture contents of the grid points at ponding

were roughly at field capacity, in spite of the fact that their regres-

sion slope are significantly different from one another. This tends to

suggest that the regression slope obtained from the data of a test is no

indication that the moisture in the profile has reached field capacity.

Furthermore, the figures for tests nos, 1, 2, and 3, show moisture

deficits in increasing manner as application rates wererespectively

increased. But their respective regression slopes decrease with in-

creasing rates. The conflicting results between tests no. 1, Z,and

3, and tests no. 4, 5, and 6, plus the fact that some of the values of

a in equation (13) are negative have led one to conclude that soil

water ponding is a function of application rates, which is contrary to

Berney's assertionthat it depends only ona quantity of water some-

where between field capacity and saturation for these pasture plots



Table 2,

B = regression slope of corrected time-to-pond, inches

A = slope significantly different from -1.

= total initial moisture content, inches

S = saturation, inches

I = quantity of water absorbed, inches

M = total moisture content in profile at ponding, inches

D = moisture deficit after irrigation, inches

Test Plot Sprinkler Line B A .1. C. S. M I M D
1 5 l2-T's Solid -1,167 Yes 15.32 17.10 11.26 2.40 13.?6 -1.64

2 5 30's Single -0. 850 Yes 16.60 16.80 10.18 4.05 14.13 -2.47

3 5 70-B's Single -0.514 Yes 16.60 16.80 9.77 2,07 11.84 -4.76

4 7 20's Single -.0714 Yes 16.10 16.60 11,80 4.40 16.20 +0.10

5 7 20's Solid -0.700 Yes 16.10 16.60 12.82 3.27 16.09 -0.01

6 7 30's Single -1.041 No 16.10 16.60 13.20 2,83 16.03 -0.07
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(3, p. 37). That his findings were possibly in error is further sup-

ported by the fact that the 1961 tests included his range of application

rates from 0. 2 to 0. 6 inch per hour.

Prediction of the time-to-pond (Z1)

Since soil water ponding has been established to be dependent

not only upon application rates but also upon initial moisture contents

of the soil profile, a procedure to predict time-to-pond, based on the

1961 data, is most desirable. It has been suggested that observed

time-to-pond might be expressible as a function of application rate

and initial moisture content of the profile. Mathematically speaking,

z1 _-f(Y,-e-1) (Eq. (14)

i = 1, 2, 3, 4, 5, 6

That is to say, one could predict time-to-pond on the plots during an

irrigation if he knows the initial moisture content by volume of the

profile and the sprinkler application rate. Equation (14) suggests the

use of a multiple regression analysis. The equation to be used in the

analysis is
6

Z1=b0+b1Y +b2Y2+b3Z &- (Eq. (15)
i=l

in which the regression coefficients b1, b2, b3 and the constant

term b0 are to be determined.
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The multiple regression analysis, using 1961 data as input, was

run by an IBM 1620 computer. The results are shown in Table 3.

Table 3. Multiple RegressionAnalysis of

6
Z1 b0+b1y+b2y2+b31 -G

Standard Error = 5. 51886 Sum Squares Residual = 4050.89350
R - Squared = 0. 74874 Constant Term (b0) 57. 22194

Coefficient Standard Error T-Ratio

* Significant at 5% level
6

Note that the coefficients of Y and.Z 9-. are negative, which
[=1 1

means that increasing application rate, or increasing moisture con-

tent of a profile, or increasing both of these simultaneously will de-

crease time-to-pond. However, the coefficient of is positive,

which means that the square of application rate will increase time-to-

2pond. But the coefficient of Y is seen to be larger thanthat of Y

The square of a small rate will become very small in magnitude and

the square of our highest rate will have the value unity. Therefore,

the sum of the terms involving Y and Y2 will always be: negative.

Furthermore, all the coefficients are statistically significant. From

the above reasoning, one immediately arrives at the conclusion that

equation (15) can perhaps be used to roughly predict time-to-pond on

b1 = -115. 33408 7.90016 -14. 59893 *
b2 = 79. 50534 7.48852 +10. 61695 *
b3 = -0. 08844 0. 02191 -4. 03574 *
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these sit, the soil type of which is classified as Amity series. Equa-

tion (15) with determined coefficients becomes

Z1 57. ZZ194 -115. 33408y + 79. 50534y2
6

-O.O8844& . . . . Eq. (16)
i=1

Knowing the initial moisture content by volume of the profile,

and the application rate, one can predict time-to- pond by substituting

thesevalues in equation (16). to obtain 2i..

By converting the total initial moisture content by volume of the

soil.profile to inches of water amdholding:it as a.constant, a curve

of Z1 vs. Y can be plotted.. Inthe-same- manner, curves for a

range of constant Mjs can be drawn. Only two curves have been

drawn, for the purpose-of illustration, as shown in Figure 8.

The effect of initial moisture contentby depth on time-to-pond(Z 1)

Since equation (15) can apparently be- usedto predict time-to-

pond, it isa point of interest to determine-the extenttowhich initial

moisture content of each depth affects ponding time Z1 by, again,

using multiple-regressionanalysis. In this case, equation(1) takes

the following form:

6

= b0 + b1Y + b2Y2 + I aiS1 ........Eq (17)
i= 1

in-which the regression coefficients and the constant term are-to be
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determined. However, there is no restriction on the signs of a].

Positive values of a will increase time-to-pond, while negative

values will decrease it. The results of the analysis are shown in

Table 4.

Table 4. Multiple Regression Analysis of

Z1=b0+b1y+b2y2+ ajQ

33

* Significant at 5% level

It. is noted from the results that tie coefficients of third, fifth,

and sixth depths are statistically insignificant, which means that the

initial moisture contents at these depths had not appreciably affected

time-to-pond on plots. But the coefficients of the second and

fourth depths are negative, andare statistically significant. This

points to the fact that increasing moisture content at these depths will

decrease time-to-pond. It can therefore be concluded that the initial

moisture contents at these two depths had decreased time-to-pond in

Standard Error = 4. 99343 Sum Squares Residual = 3191.60540
R Squared = 0. 80204 Constant Term (b0) = 53. 567802

Depth Description Coefficients Standard Error T-Ratio

1 0"- 6" a1 = 0. 28698 0. 11906 2.41035 *
2 6"-12" a2 =-0.43296 0.18857 -2. 29600 *
3 12"-l8" a3 = 0.28819 0.21600 1.33416
4 18"-24" a -O. 80673 0. 21922 -3. 67988 *
5 24"-30" a5 = 0.23334 0.19705 1.18415
6 30"-36" a = 0,08002 0. 10152 0.78825
- y b1 = -122.29746 7.87920 _15.52155*
- y b2 = 83.26365 7.41045. 11.23597 *
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our tests, the latter being more critical because of its higher co-

efficient. The coefficient of the first depth, which is significantly

positive, suggests that increasing initial moisture content in the top

six inches of the profile will unquestionably increase time-to-pond.

In contrast to the results for other layers, it means that if the top

layer of soil is sprayed with water to a certain degree before irriga-.

tion, then time-to-pond will be prolonged. A possible explanation

might be found in the higher organic content of this layer, or humus.

Perhaps the heat of wetting of humus when dry is sufficiently greater

than when wet to cause a swelling of the soil and subsequent reduction

in.hydraulic conductivity. There is also a greater liklihood of

measurement error jn this layerbecause of variability of bulk

density with both area and time.

Corrected time-to-pond versus application rate curves
for Plots No. 6-1 and No, 6-2

During the summer of 1962 tests were run on pasture plots

No, 6-1 and 6-2, This time, however, measurements of soil mois-

ture samples were made by using S-1 surface adapter for the first six-

inch depths, and S-4 probe for the depths from six inches to 42 inches.

Measurements for after irrigation soil moisture samples were made

daily from the first day after until the third day, so that the day by

day uniformity of soil moisture increase could be calculated.
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The corrected time-to-pond vs. application rate curves for

each plot were separately plotted as shown in Figures 9and 10, be-

cause the points from one test did not seem to fall along the curve for

the other. The points from Plot 6-1 would fit very nicely. on the curve

for the 1961 data in Figures 6 and 7, and would aLso conform to similar.

curve from other test sites in this area. However, the points from

Plot 6-2 deviate slightly from the trend of the results from other

plots. Figure 9 indicates a greater moistureabsorption on Plot No.

6-2 befo,e pondiig. It is psible that the hydraulic conductivity of

this plot is high enough to permit measurable infiltration.after field

capacity is reached, or that there were errors due to inexperience

with the neutron meter.

Corrected time-to-pond versus application rate curves for
the bare plot

Two tests were run on this plot, in which Rainbird No. 30's and

Rainbird No. 20's were used respectively. In the first test, ponding

was observed a half hour after the sprinklers had been turned on.

Ponds of water occurred simultaneously on half of the grid points,

and soon runoff occurred along the swales to the adjacent areas of

the plot. Ponding was also observed in one-half hour in the second

test, but it did not occur simultaneously at so many grid points as in

the first test. The corrected time-to-pond vs. application rate
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curves for these tests are shown in Figures 11 and 12,.

The slope on the log-log plot (Figure 12) is not significantly

different from -1. 00. But the points obtained from these tests to not

fall along the curve in Figure 7. This fact tends to suggest that the

factors controlling ponding on the bare plot are different from those

on pasture plots. Early excessive ponding was caused by the com-

pactness of the bare soil surface, previously created by heavy farm-

ing machinery, which had impeded infiltration of the water, and there

by caused runofL Unfortunately, this fact was not realized until the

tests had been run. Because of the above mentioned fact, together

with a small sample size obtained, the statistical analysis of surface

sealing caused by the impact of the water drops will be misleading.

Furthermore, the presence of the ridges, the small quantity of water

applied in both tests, and the runoff along the swales will give little or

no information on lateral translocatjon of water fro m one ponded grid

point to the others. For these reasons, this particular analysis has

not been attempted.

Analysis of graded plot

Two o;f the single line sets on Plot No. 7 were analyzed to find

the variance among rows and columns. This particular plot was pre-

viously graded with a ridge and swale, both running up and down the

slope. One row of cans was on top of the ridge, one in the bottom of
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the swale, one in between the two, and one each on the outside of the

ridge and swale respectively. If there was any appreciable water

movement on the surface when ponding first occurred, it should have

shown upas a difference between the ridgeand the swale in this plot.

Unfortunately, the neutron equipment was not available for usewhen

the tests were run. Therefore the after irrigation samples had to be

taken three days after by using the soil sampling tube.

Table 5. Row and Column Analysis
Grade Plot # 7 Single line sets 1961

F values

* means significant at 5 % level
** means significant at 1 % level

Table 5 shows the F values resulting from the row and

column analysis. The variables analyzed were the catchment of

water in the cans, the soil moisture increase adjacent to the cans,

and the difference between these two values. The column analysis

ran parallel to the sprinkler lateral, and therefore differences should

be expected because application decreases as distancefrom.the

July 6:
Soil 9. 38 ** 3. 45 *
Can 240. 0 ** 3 43 *
Soil-can 5. 99 ** 4. 85 **

Item Column Row

July 31:
Soil moisture content 7. 17 ** 0. 52
Can catchment 138.8 ** 1. 36
Soil-can 1.70 0.24
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lateral increases. Thus the differences among the columns are to be

expected. Differences among the rows, however, could mean water

movement on the surface.

The tests run on July 31 show no difference among the rows

for the can catchment, the soil moistureincrease, or the difference

between the two. Even though this test was continued until ponding

appeared on the surface, it was stopped before runoff occurred. The

results of the July 6 test are a little different. In the first place,

there was a difference among the can catchment in the rows. There-

fore it is not surprising that there should be a difference among the

rows for soil moisture increase. Closer examination of the sprinkler

test data reveals that the rows which caught the most water in the

cans were not necessarily the ones which caught the most water in

the soil. In other words, the variance of the difference in catch be-

tween soil and can was significant. However, the difference was not

due to ridge and swale because a t-test performed on these data

shows no significant difference. That is to say, noappreciable

amount of water ran over the surface. The differences were due

either to lateral movement under the surface,or to errors in measure-

ment.

Uniformity coefficient for can catchment vs. that for soil moisture
inc r e as e

Table 6 shows uniformity coefficient calculated for can



Table 6. Uniformity Coefficients.
Nozzle Increase Increase in

Table 7. Uniformity Coefficients
Nozzle Increase Increase in

Plot No. Date Model Size Spacing Pressure in Can Soil Moisture M1 MD

6-1 8-21-61 #30 13/64xl/8 30 x 50 45 psi 90.79 96.0
23 80. 35 94. 1
24 75. 20 97. 2

6-2 8-26-62 #30 13/64x1/8 30 x 50 43 psi 82.83 94.2
28 83.16 91.9
29 84.74 98.0
30 79.29 .98.1

Plot No. Date Model Size Spacing Pressure in Can Soil Moisture M Mt

5-4 8-16-61 #12-DTNT 5/64 30x40 52psi 86.70 79.67 92.9 96.4
5-3 8-18-61 #1Z-DTNT 5/64 30x40 5Opsi 86.47 80.32 96.1 97.2
5-2 8-23-61 #1Z-DTNT 5/64 30 x 40 53 psi 89.3 69.42 95.6 97.1
5-1 8-25-61 #lZ-DTNT 5/64 30 x 40 45 psi 82. 08 70.99 96.6 97.0

7 8-26-61 #20 1/8 30x40 4Opsi 90.41 70.51 95.1 96.2
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catchment and also for the increase in soil moisture at the neighbor-

hood of each can site for data of 1961. Only solid sets were chosen

for this analysis because they more nearly represent the field situa-

tion. For single line sets the adjacent strips had not been previously

irrigated on either side of the lateral setting.

Note that the uniformity coefficient for the soil moisture in-

crease was almost always lower than that for the water caught in the

cans. In spite of lower uniformity for the soil moisture increase,

which was taken three days after irrigation, the uniformity for the

total moisture in the soil profile after irrigation is always higher than

that for the total initial moisture contents. Closer examination of the

data reveals that the uniformity coefficients for the can catchment and

that for soil moisture increase give no information about moisture

distribution in the soil profile after irrigation. An explanation for this

is that water moves from wetter grid points to drier grid points, and

that the movement of water in the soil profile apparently ceases

after soil moisture has reached an equilibrium condition about three

days after irrigation, as indicated by the high uniformity coefficie nt

forthe total moisture in the profile.
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Day by day uniformity coefficients for the soil moisture. increaseand
for moisture in the profile as indications of lateral translocation of
irrigation water in the soil profile

Tests were run on Plot 6-1 and Plot 6-2 during the summer of

1962 in order to investigate the lateral. translocation of irrigation

water from day to day and the time at which soil water movement has

ceased. By using the neutron equipment, readings for thesoil.mois-

ture samples after irrigation were taken every day, up to three days

in one sprinkler test. From these data uniformities for catchment in

cans, soil moisture increase dayby day, the total initial moisture

content of the profile and the total moisture content of the profile for

each day's readings were calculated. The results re shown in

Table. 7.

Examination of. the values in Table 7 reveals that the uniformity

coefficient for the soil moisture increase decreased as the number of

days increased. But the uniformity coefficient for the total moisture

content in the profile.after irrigation decreased tor thefirst day. then

increased during the second and third day to the values higher than

that of the total. initial moisture content. Note that the values of the

uniformity coefficient for the total moisture in the soil for thelast

two days for PlotNo. 6-2 are almost. equal.

The above results have: led one to conclude that water was

moving from wetter grid points to drier grid points as evidenced by
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the decreasing uniformity coefficient for the soil moisture increase

from day to day. The movement of water was apparently most active

shortly after irrigation. The fact that the uniformity coefficients for

the total moisture in the profile during the second and the third day

were higher than that for ti initial total moisture in the profile indi-

cates that water was moving in response to lateral tension gradients.

The small difference of the uniformity coefficients for the total mois-

ture in the profile of Plot No. 6-2 during the second and the third day

tends to suggest that movement of water had almost stopped between

the second and the third day after irrigation. The highest value,

98. 1%, for the third day indicates that moisture in the soil profile had

reached a moisture equilibrium condition, which somewhat confirms

the findings by Marshet. al. (23).

Apparently, at least on the soil sites tested, water can be applied

at a relatively low uniformity and produce a more uniform distribution

of total moisture held in the soil threedays after an irrigation. This

would suggest that the natural processes of moisture movement in the

soil could help to correct for a poor uniformity of application. It is

recognized that part of the numerical differences in uniformity among

the columns in the tables is due to differences in the size of the mean

moisture content.



SUMMARY AND CONCLUSIONS

Sprinkler tests were run on pasture plots to determine soil

water ponding and its relationship to application rates, initial soil

moisture contents, and uniformity of storage.

It was found that soil water ponding is dependent on sprinkler

application rates and initial soil moisture contents. A procedure for

predicting time-to-pond has been set forth. It was found that water

moves from wetter grid points to drier grid points. Lateral translo-

cation of soil moisture continues after irrigation ceases, but de-.

creases to a very low rate on approximately the third day after irri-

gation, when soil moisture content has reached a near equilibrium

condition. In very limited testing, uniformity of water applications

was found to be nearly always higher than uniformity of soil moisture

increase. Also, uniformity of total moisture in the profile after irri-

gation was found to be higher than that of total initial moisture content.

Since the results reporled in this thesis were obtained from

established pasture sites on lakebed soils in the Willamette Valley,

it cannot be assumed that the conclusions are necessarily applicable

to other locations.
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RECOMMENDATIONS FOR FURTHER STUDY

More sprinkler tests should be run on other selected pasture

plots to check the proposed procedure for predicting time-to-pond.

This procedure could be modified and improved by performing a

dimensional analysis, taking all accountable factors into considera-

tion.

In order to obtain better results in investigation on the impact

of water drops on bare soil surface, plots that have not been arti-

ficially compacted should be selected.

The neutron scattering equipment, especially the surface

adapter, roust be extensively calibrated before using in order to

obtain more accurate measurements of soil moisture samples.

48



BIBLIOGRAPHY

American Society of Agricultural Engineers. Agricultural en-
gineers yearbook.. 7th ed. St. Joseph, Michigan, 1960. 400 p.

Bayer, L. D. Soil physics. 3d ed. New York, Wiley, 1956.
489 p.

Berney, J. E. Optimum sprinkler application rates on soils of
low infiltration rate. Master's thesis. OregonState University
1961. 75 numb. leaves.

4.. Bodman, G. B., and J. Rubin. Soil puddling. Soil Science
Society of America Proceedings 13:27-36. 1948.

Buehrer, T. F. and M. S. Rose. Studies on soil structure.
V. Bound water in normal andpuddled soils. Tucson, 1943.
p. 155-218. (University ofArina. College ofAgriculture.
Technical Bulletin 100)

Christiansen, J. E. Irrigation by sprinkling. Berkeley, 1942.
124 p. (California. College of Agriculture. Agricultural
Experiment StationBulletin 670)

Duley, F. L. Surface factors affecting the rate of intake of
water by soils. Soil Science Society of America, Proceedings
4:60-64. 1939.

Ellison, W. D. Soil erosion studies. II. Soil detachment
hazard by raindrop splash. Agricultural Engineering
28:197-201. 1947.

Soil erosion studies. UI. Some effects of soil
erosion on infi1trationand surface runoff. Agricultural En-
gineering 28:245-248. 1947.

Some effects of raindrops and surface flow on
soil erosion and infiltration. American Geophysical Union,
Transactions 26:415-429. 1945.

Studies of raindrops erosion. Agricultural En-

49

gineering 25:131-136, 181-182. 1944.



50

Ellison, W. D. and C. S. Slater. Factors that affect surface
sealing and infiltration of exposed soil surfaces. Agricultural
Engineering 26:156-157, 1962. 1945.

Frost, K. R. and H.. C. Schwale.n., Sprinkler evaporation losses.
Agricultural Engineering 36:526-528. 1955.

14.. Gray, A. S. Sprinkler irrigation handbook. 6th ed. Glendora,
California., . Rainbird, 1957. 40 p.

15. The very slow application rate. Irrigation En-
gineering and Maintenance, August. 1959, p. 7-8.

1.6. Hendrickson, B. H. The choking of pore space in the soil and
its relation to runoffand erosion. American Geophysical Union,
Transactions 15:500-505. 1934.

Kiute, Arnold. . Some theoretical. aspects of the flow of water
in unsaturated soils. Soil Science Society of. America,
Proceedings 16:144-148. 1951.

Kucinski, K. J. Irrigation r Massachusetts farms - why, how,
when. Amherst, 1956. 31 p. (Massachusetts. Agricultural
Extension Leaflet no. 246)

Laws, J. 0. and D. A. Parsons. The relation of raind.rops -
size to intensity on runoff and soil erosion.. Agricultural
Engineering 19:213-217. 1938.

Levine, Gilbert. Effect.of irrigation.droplet. size oninfiltration
and .aggregate breakdown. Agricultural Engineering
33:559560. 1952.

Linsley, RayK. Jr., MaxA. KohlerandJosephL. H. Paulhus.
Applied hydrology. New York, McGraw Hill, 1949. 689 p.

Lowdermilk., W. C. Influence of forest litter on runoff, per-
colation, and erosion. Journal of Forestry 28:474-491. 1930.

Marsh, Albert W., Ahmed Gamal Abd El-Samie and John W.
Wolfe. Irrigation design .and operation. Annual Report..for 1951
covering soil moisture and irrigation efficiency. Corvallis,
Agricultural Experiment Station, 1951. 15 p.



McCulloch, Allan W. and John F. Schrunk (eds.) Sprinkler
irrigation. Washington, Sheiry, 1955. 466 p.

McGeorge, W. T. Studies on soil structure. U. Some charac-
teristics:of puddled soils. Tucson, 1937. p. 127-177.
(Arizona. Agricultural Experiment Station. Technical Bulletin
no. 67)

Myers, E. A.,. F. W. Peikert and M. D. Shaw. Soil- plant-
water relationships as a basis for irrigation. Annual Progress
Report NE-22. StateCollege, Pennsylvania Agricultural Ex-
perimentStation, 1961. lip. (Dept. of Agricultural Engin-
ee ring)

Neal, J. H. and L. D. Bayer. Measuring the impact of rain-
drops. Journal of American Society of Agronomy 29:708-709.
1937.

Philip, J. F. The physical principles of soil water movement
during the irrigation cycle. Third Congress on Irrigation and
Drainage, San Francisco. Reports for discussion, Question 8,
pt. 1, p. 125-154. 1957. (Published by International Com-
mission on Irrigation and Drainage, New Delhi, India)

. The theory of infiltration. IV. Sorptivity
and algebraic infiltration equation. Soil Science 84:257-264.
1957.

Soil. Science Society of America. Report of definitions ap-
proved by the committee on terminology. SoilScience Society
of America, Proceedings 20:430-440. 1956.

Stippler, Henry H. Sprinkler irrigation in the Pacific North-
west. Washington, 1956. 265 p. (U. S. Dept. of Agriculture.
Agriculture Res earch Service. Agriculture Information
Bulletin no. 166)

Strong, Winston. Agricultural sprinkler irrigation manual.
Fresno, Buckner, 1955. 31 p.

Wolfe, John W. Buying a sprinkler system? Her&show!
Corvallis, 1955. 12 p. (Oregon. Agriculture Experiment
Station. Station Bulletin no. 548)

Woodward, Guy 0. Sprinkler irrigation. Zd ed. Washington,
Darby, 1959. 377 p.

51



APPENDIX



9

8

7

6

3

2

10

Figure 13. Volume Percent Moisture

52J

)

-

i I n rv

'lip

UVDepth O - 6"
S-i Surface Adapter

Pasture No. 6
1962

10 20 30 40 50 60



8

7

3

2

1

Figure 14. Volume Percent Moisture

53

Calihrgti n Curve

)

)

S

S.

$

J// '
. Depth 6" - 12"

S-4 Probe
Pasture No. 6

Sumner 1962

10 20 30 40 50 60



90

1

8

7

6

050

3

2
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Table 8. Bulk Dens itites.

Depth Plot 5 Plot 5-1 Plot 5-2 Plot 5-3 Plot 5-4 Plot 6-1 Plot 6-2 Plot 7 Plot -B
0" - 6" 1. 336 1.260 1. 250 i. 290 1. 280 1. 290 1. 250 1. 158 1. 270

6"- 12" 1.385 1.280 1.320 1.350 1.290 1.160 1.430 1.317 1.330
12"- 18" 1.447 1.400 1.440 1.430 1.320 1.340 1.370 1.373 1.380
18"- 24" 1.484 1.460 1.410 1.360 1.320 1.470 1.370 1.483 1.320
24" - 30" 1.479 1. 530 1. 410 1. 380 1. 370 1. 350 1. 380 1. 506 1. 380

30 u - 36" 1. 504 1. 540 1. 390 1. 350 1. 360 1.420 1.400 1. 548 1. 390

36"- 42" --- --- --- 1.370 1.410 1.570 1.380



Table 9. Grid Points at Which Ponding Occurred
58

PlotNo. 5 July 14,. 1961

No. Y Z1 Z2 Z3

21 9. 58 0. 347 9. 0 27. 61 36. 61
22 9.57 0.316 7.5 30.28 37.78
23 9.81 0.323 7.5 30.37 37.87
24 9.19 0.387 7.5 23.75 31.25
25 9.95 0.406 9.0 24.51 33.51
26 9.70 0.560 9.0 17.32 26.32
27 10.31 0.477 7.5 21.61 29.11
28 9. 16 0. 352 9. 0 26. 02 35. 02
29 9.58 0.405 7,5 23.65 31.15
30 9.88 0.550 7.5 17.96 25.46
21 10.66 0.716 7.5 14.89 22.39
32 9.76 0.456 7.5 21.40 28.90
33 11.01 0.340 7.5 32.38 39.88
34 10. 88 0.393 9. 0 27.68 36.68
35 9.58 0.564 9.0 16.99 25.99
36 10. 32 0.536 9. 0 10.25 28. 25
37 9. 53 0. 414 9. 0 23. 02 32. 02
38 11.12 0.353 9.0 31.50 40.50
39 11.26 0.431 9.0 26.13 35.13
40 10.23 0.516 9.0 19.83 28.83
41 11.91 0.350 9.0 34.03 43.03
42 10. 67 0. 296 9. 0 36.05 45. 05
43 10.58 0.474 9.0 22.32 31.32



Table 9. (Continued)

59

PlotNo. 5 August 4, 1961

No. M Y Z1 Z3

16 8.87 0.670 3.0 13.24 16.24
17 8. 60 0. 857 2. 5 10. 04 12. 54
18 8.84 0.646 3.0 13.68 16.68
19 7.96 0.644 3.0 12.36 15.36
20 8.11 0.739 3.0 10.97 13.97
21 8.89 0.940 2.0 9.46 11.46
22 9.00 0.757 2.0 11.89 13.89
23 8.76 0.743 3.0 11.79 14.79
24 9.00 0.934 2.0 9.64 11.64
25 9.63 0.894 2.0 10.77 12.77
26 9.66 0.996 2.0 9.70 11.79
27 10.50 0.961 2.0 10.93 12.93
28 9.18 0.822 2.5 11.68 14.18
29 10.40 0.789 2.5 13.18 15.68
30 9.89 0.953 2.0 10.38 12.38
31 11.40 1.074 2.0 10.61 10.61
32 9.80 0.725 3.0 13.52 16.52
33 10.84 0.831 2.5 13.04 15.54
34 10.92 0.913 2.0 11.96 13.96
35 10.11 0.900 2.0 11.23 13.23
36 10.33 0.867 2.0 11.91 13.91
37 9.66 0.866 2.0 11.15 13.15
38 10.05 0.735 2.5 13.67 16.17
39 11.28 0.707 2.5 15.95 18.45
40 10.88 0.827 2.5 13.16 15.66
41 12.00 0.837 2.5 14.34 16.84
42 9.11 0.636 3.0 14.32 17.32
43 9.22 0.632 3.0 14.59 17.59
44 9.91 0.740 3.0 13.39 16.39
45 10. 38 0.865 2. 5 12.00 14. 50



Table 9. (Continued)

60

Plot No. 5-2 August 23, 1961

No. M Y Z1 Z2 Z3

2 11.79 0.0415 44 284.10 328

3 11.04 0.0494 44 223.48 268

11 11.66 0.0370 44 315.14 359

16 10.97 0.0400 44 274.25 318

14 11.24 0.0325 48 345.85 394

15 10.76 0.0559 48 192.49 241

P1otNo. 5-3 August18, 1961

No. Y Z1 Z2 Z3

1 11.54 0.0580 45 198.97 244

6 10.98 0.0400 45 274.50 320

14 11.42 0.0457 45 249.90 295

15 11.18 0.0644 45 173.60 219



Table 9. (Continued)

61

PlotNo. 7 July 6, 1961

No. M1 Y Z1 Z2 z3

27 12.08 0.309 6.5 39.09 45.59
28 13.07 0.326 6.5 40.92 47.42
29 13.42 0.302 9.0 44.37 53.37
30 13.37 0.331 6.5 40.39 46.89
31 14.53 0.467 6.5 31.11 37.61
32 13.78 0.400 9.0 34.45 43.45
33 13.57 0.406 7.0 33.42 40.42
34 12.73 0.432 6.5 29.48 35.98
37 11.22 0.470 6.5 23.87 30.37
38 14.45 0.464 6.5 31.14 37.64
39 13.17 0.409 7.0 32.20 39.20
40 13.31 0.498 6.5 26.73 33.23
41 13. 86 0. 380 6. 5 36.47 42. 97
42 13.53 0.325 6.5 41.63 48.13
43 13.83 0.408 6.5 34.90 41.40
44 10.31 0.430 7.0 23.98 30.98
48 1.95 0.289 6.5 44.81 51.31
49 13. 31 0. 270 9. 0 49. 30 58. 30
50 13.57 0.281 9.0 48.29 57.29
51 13.57 0.155 9.0 87.55 96.55
52 13.53 0.175 9.0 77.31 86.31



Table 9. (Continued)

62

Plot T July 31, 1961

No. M1 Z1 Z2

30 13.37 0.150 23.0 89.13 112.13

31 11.98 0.227 21.0 52.78 73.78

32 10.30 0.174 23.0 59.20 82.20

33 10.81 0. 181 24. 0 59.72 83.72

34 9.97 0.226 23.0 44.12 67.12

36 10.26 0.213 21.0 48.17 69.17

37 11.11 0.251 21.0 44.26 65.26

38 13.37 0.162 23.0 82.53 105.53

39 10. 17 0. 179 23. 0 56.82 79.82

40 10.48 0.201 21.0 52.13 73.13

41 13.31 0.164 21.0 81.20 102.20

42 13.94 0.155 21.0 89.94 110.94

43 13.03 0.149 21.0 87.44 108.44

44 13.14 0.186 21.0 70.64 91.64



Table 9. (Continued) 63

Plot No. 7 August 27, 1961

No. M Y
1

z2 z3

11 11.98 0.204 13 58.73 71.73
12 12.16 0.208 13 58.46 71.46
14 11.14 0.224 13 49.73 62. 73
16 9.59 0.292 15 32.84 47. 84
17 10.94 0.237 14 46.37 60. 37
18 11.10 0.264 13 42.04 55. 04
19 11.66 0.259 13 45.01 58. 01
20 11.56 0.244 13 47.37 60. 37
21 11.51 0.206 13 55.87 68. 87
22 13.27 0.215 15 61.72 76. 72
23 11.01 0.211 15 52.18 67. 18
30 11.34 0.204 15 55.58 70. 58
31 13.07 0.236 13 55.38 68. 38
33 12.57 0.232 14 54.18 68. 18
34 12.18 0.219 14 55.61 69. 61
35 12.26 0.228 13 53.77 66. 77
37 11.69 0.241 14 48.50 62. 50
38 12.78 0.268 14 47.68 61.68
39 10.34 0.243 16 42.55 58. 55
40 12.01 0.244 13 49.22 62. 22
41 11.42 0.215 13 52.11 66. 11
42 11.98 0.229 15 52.31 67. 31
43 11.47 0.226 15 50.75 65. 75
44 11.18 0.245 14 45.63 59. 63
45 10.76 0.218 15 49.35 64. 35
46 11.38 0.216 15 52.68 67. 68
47 11.86 0.228 15 52.01 67. 01
48 12.14 0.203 16 59.80 75. 80
49 13.72 0.144 14 95.27 109. 27
50 13.33 0.187 13 71.28 84. 28
51 11.98 0.212 15 56.50 71.50
52 12.82 0.254 15 50.47 65. 47
53 12.18 0.243 13 50.12 63.12
54 11.78 0.208 15 56.63 71.63
56 11.38 0.226 13 50.35 63. 35
57 11.55 0.233 13 49.57 62. 57
58 11.54 0.280 13 41.21 54. 21
59 12.20 0.252 13 48.41 61.41
60 11.98 0.253 13 47.35 60. 35



Table 9. (Continued)

64

Plot -B Test 1 Summer 1962

No. Y z2 z3

4 13.65 Q.55 0. 5 25. 82 26. 32
5 14. 25 2. 56 0. 5 25.45 25. 95
6 14.40 0.73 0. 5 19. 73 20. 23
7 14.46 0.58 0. 5 24. 93 25.43
8 13.62 0.38 0. 5 35. 84 36. 34
9 13.35 0.47 0. 5 28. 41 28. 91

10 14.88 0.21 0. 5 70. 86 71.36
11 14.10 0.21 0. 5 67. 14 67. 64
12 12.78 0.39 0. 5 32. 78 33. 28
13 12.48 0.51 0. 5 24.47 24. 97
14 12.57 0.21 0. 5 59. 86 60. 36
15 11.73 0.19 0. S 61.74 62. 24
17 12.48 0.34 0. 5 36.71 37. 21
18 12.72 0.56 0. 5 22. 71 23. 21
19 12.06 0.41 0. 5 29.41 29. 91
20 12.75 0.36 0. 5 35.42 35. 92
21 11.22 0.36 0. 5 31.17 31.67

Plot -B Test 2 Summer 1962

No. M1 Y Z2 Z3

6
7

12.93
13.11

0. 26
0.24

0. 5
0.5

49.73
54.62

50. 23
55.12

8 12. 30 0. 15 0. 1 82.00 83. 00
9 12. 06 0. 31 0. 5 38.90 39.40

12 12.63 0.15 1.0 84.20 85.20
13 12.54 0.24 1.0 52.25 53.25
14 12.09 0.15 1.0 80.6 81.60
15 11.19 0.22 1.0 50.86 51.86
17 12.57 0.15 0.5 83.80 84.30
18 12.99 0. 22 0.5 59.05 59.5S



Table 9. (Continued)

Plot 6-1 Summer 1962

65

No. Y z2 z3

2 11.148 0.415 4.0 26.86 30.86

5 11.448 0.538 3.5 21.28 24.78

6 11.754 0.620 3.5 18.96 22.46

7 12.054 0.648 3.5 18.60 22.10

12 12.372 0.625 3.5 19.80 23.30

13 12.000 0.545 3.5 22.02 25.52

18 66.022 0.460 4.0 23.96 27.96

Plot 6-2 Summer 1962

15 14.844 0.642 6.0 23.12 29.12

16 13.998 0.667 6.0 20.99 26.99

17 15.714 0.850 4..0 18.49 22.49

18 14.640 0.595 4.0 24.61 28.61

19 17.712 0.478 2.0 37.05 41.05

20 17.088 0.582 3.0 29.36 33.36

22 16.170 0.393 6.0 41.15 47.15

24 14. 526 0. 430 6. 0 33. 78 39. 78



Table 10. Sprinkler Test Data.
P1 N D Rainbird0 o. a e Model

Nozzle,
Inches

Type Spacing,Pressure, Wind,
of set feet psi mph

Humidity Temp Eya
% OF %

. U.
5-4 8-16-61 #l2-DTNT 5/64 Solid 30x40 52 4.3 59.6 68.2 7,1 86.70

5-3 8-18-61 #12-DTNT 5/64 Solid 30x40 50 4.1 62.9 69.5 8.2 86.47

5-2 8-23-61 #lZ-DTNT 5/64 Solid 30x40 53 4.2 59.9 70.1 9.3 89.3

5-1 8-25-61 #12-DTNT 5/64 Solid 30 x 40 45 4.7 58.7 70. 1 8.7 82. 08

7 8-26-61 #20 1/8 Solid 30x40 50 2.3 62.4 71.2 2.6 90.41
0

6-1 8-21-61 #30 13/64 Solid 30 x 50 45 3.4 70. 1 59. 1 5. 2 90.79
x 1/8

6-2 8-26-62 #30 13/.64 Solid 30 x 50 43 4. 1 64.5 68.9 6.9 82.83
x 1/8

7 7-6-61 #30 13/64 Single 40 x 50 54 3.9 61. 2 69.3 9.7 93,81
x 1/8

7 7-31-61 #20 1/8 Single 30x40 41 3.2 70.5 61.3 7.4 8.61
5 7-14-61 #30 13/64 Single 40x50 52 4.7 58.4 70.3 10.9 76.95

x 1/8
5 8-4-61 #70-B 3/8 x Single 40 x 50 35 2. 1 70. 0 59. 9 4. 2 88.45

7/32
9-15-62 #30 13/64 Single 30 x 50 35 5.4 46. 1 74.9 --- 74.65

xl/8
B 9-17-62 #20 1/8 Single 30x50 40 6.6 51.4 76.1 -- 80,51




