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ABSTRACT

RELATIONSHIP OF SOIL MOISTURE DIFFUSIVITY
TO DRAINAGE LATERAL SPACING FOR
NON-STEADY GROUND WATER FLOW

By

Ismael Obwoya Uma

The purpose of this investigation was to relate the
drainage lateral spacing to soil moisture diffusivity. The
assumption made in the study was that ground water flow was
a non-steady phenomenon. The investigation was conducted
on four plots with different drainage treatments as follows:
surface only, tiles only, both tiles and surface, and
plastic tiles only. The Toledo Silty Clay soil covered
85 percent of the plots. The Fulton Silty Clay soil
covered the remaining 15 percent.

The following measurements were taken from each
plot: Tile and surface flow, water table heights above
tile drains, soil moisture suctions at 6, 12, 18 and 24
inches soil depths, and the volumetric percentage soil
moisture content. The hydraulic conductivity was measured
by single auger hole method from plots B and E at 1, 2, 3,
4 and 5 feet soil depths.

From the work of Van De Leur (1958), a model was

derived relating drainage lateral spacing to soil moisture



Ismael Obwoya Uma

diffusivity for non-steady ground water flow. The measure-
ments were used to compute the drainage spacing for each
plot. The calculated values were within the range recom-
mended for the Toledo Silty Clay Soil. The study also
yielded the following information:

1. The hydraulic conductivity of the soil in the plow
layer was very high, but it dropped off rapidly after one
foot soil depth.

2. The rate of drop of the water table above the tile
drains was rapid within the first three days after precipi-
tation. Thereafter, the rate was small and almost constant.
3. The soil moisture suction varied with the position of

the water table from the tensiometer cup.
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CHAPTER I

INTRODUCTION

Drainage forms an essential part of the farming
practice in the humid areas of the world. In the United
States, these fall largely within the thirty-one Eastern
States. However, the installation of irrigation systems in
the drier Western States also calls for the installation of
adequate drainage network to handle the water flow and pre-
vent the build-up of salinity.

The Drainage Committee of the American Society of
Agricultural Engineers (1946), estimated that over one
hundred million acres of crop land were drained, but that
about thirty million of these needed additional drainage
before they could grow normal crops. Wooten (1953), con-
ducted a census which showed that drainage of agricultural
lands was continually increasing in the Unided States.

Growing plants need both air and moisture in the
root zones. However, excess water is detrimental to plant
growth as it restricts the aeration of the soil in the root
zones. In this condition, artificial subsurface drainage
is necessary to control the ground moisture to a level which

is suitable to maintain crop growth. Surface drainage



removes ponded water from the soil surface and reduces the

amount of water infiltrating into the soil profile. However,

it is not as efficient as subsurface drainage in lowering
the water table to create an aerated root zone.

The design of a drainage system for optimum plant
growth should therefore take into account the following
items:

1. The type of soil, which governs the movement of water
through the soil profile.

2. The type of crop, which indicates the rooting behavior,
tolerance to excess water and drought, and nutrient and
water requirements.

3. Climatic conditions, which indicate the type and
frequency of storms to be expected.

4, Soil and crop management practices.

Drainage requirement is generally based on a
drainage coefficient. This is usually selected without
regard to soil permeability, tile spacing and deep seepage,
but is based on field studies and experience. Schilick
(1918) , measured the discharge from tiles and made the
following recommendations for selecting drainage coeffi-
cients:

1. 5/16 to 3/8 inch for spacings more than 100 feet.

2. 1/2 inch or more for spacings of 50 feet.

3. Where surface water is to be removed, the drainage

coefficient should be increased by 1/8 inch or more.



Lynde (1921), conducted similar studies and made
the following recommendations for selecting drainage
coefficients:

1. 1/4 inch for spacings of 100 feet or more.

2. 3/8 inch for spacings closer than 100 feet.

The present methods for drainage design are based
on approximations. However, the results are sufficiently
accurate for practical purposes. The accuracy could be
improved if the design capacity of tiles were based on
the factors which affect the flow to be removed, such as
soil permeabilities, drainable porosities and water table
heights.

The benefits of drainage of an agricultural land
include the following:

1. Aeration of the soil which encourages extensive plant
root development and stimulates microbiological
activities.

2. Increase in soil temperature, and hence length of
growing season, since it makes earlier planting
possible.

3. Improvement in soil tilth due to reduced soil moisture
levels and facilitation of harvesting operations due
to drier conditions.

4. Removal of toxic substances such as salts which may

retard plant growth.



5. Reduction of surface run-off which helps to maintain a
low water table following rains.
6. Conservation of water and soil on farm lands.
Through these benefits, drainage enhances farm
productivity by:
1. Increasing arable areas without extension of farm
boundaries.
2. Improving crop yield and quality.
3. Assuring planting and harvesting at optimum dates.
4. Enhancing good soil management practices on the farm.
For proper soil moisture conditions and plant
growth, the plant roots must be maintained in the available
moisture range by lowering or raising the water table to an
appropriate depth. This necessitates proper control of the
rate of rise or drop of the water table in the soil by in-
stalling the tile drains at appropriate depth and spacing.
The main emphasis in drainage operation is to
maintain the water table at an appropriate depth for easy
extraction of moisture by plants. Thus, two limiting
depths of the water table may be considered: an upper
limit which permits sufficient diffusion of air to the
roots, and a lower limit dictated by the water needs of
the crops. In practice, however, it is not possible to
comply with both demands completely, so that a compromise
solution should be chosen when designing a drainage

scheme.



For optimum crop production, drain depth and
spacing should be based on the Potential Evapotranspiration
at a period of critical moisture deficiency so that plants
can receive an adequate supply of water throughout the
growing season. The possibility that surface run-off
reduces the amount of precipitation which may be useful to
agriculture may also be taken into account in designing
drain depth and spacing. However, no reliable formulae
have yet been developed which incorporate the above factors
as design parameters.

Luthin and Bianchi (1954), showed that a high water
table close to the soil surface depresses root growth, and
that roots do not generally penetrate deeper than to
approximately 30 cm. above the water table. They also
showed that the depression in yield due to too high water
table was much greater than that resulting from too low
water table. This was particularly true of clay soils
which were poorly drained.

It has also been observed that during the growing
season, under non-steady ground water flow, crops suffer
more on undrained than on drained land during a dry spell.
This is because in the spring, the water table is high on
undrained land so that plant roots are confined to the
surface layer of soil. Later on in the season, these roots
will not be able to follow a receding water table. The

rate of drop of the water table is very high in the spring



and the soil dries out quickly so that the development of

new roots is not possible, and stunted plant growth results.
Some additional harmful effects due to a high

water table include: weed infestation, disease and diffi-

culty in working the land.

1.1 Objectives

1. To investigate the reservoir--coefficient concept of
non-steady ground water flow under an actual, practical
drainage situation.

2. To relate the lateral drainage spacing to the reservoir--

coefficient and soil moisture diffusivity.



CHAPTER II

REVIEW OF LITERATURE

In installing drainage systems in agricultural
lands, the main emphasis is to control the water tables
and movement of water through the soil so that an appro-
priate relationship is maintained between the crops and the
water tables.

Land drainage for agricultural purposes has been
practised since the Roman Empire and probably earlier. The
Romans also used soils information to design their drainage
schemes. They knew that deep and covered drains were
superior to shallow and uncovered drains under certain
conditions, Schwab (1957). Their methods of land drainage
remained almost unimproved until the origin of present day
tile drainage on the estate of Sir James Graham in England
in 1810. Tiles were, however, used as early as 1620 in the
Convent Garden at Maubeuge in France, but the practice did
not become widespread, Schwab (1957).

Although the practice of land drainage dates from
antiquity, its theoretical development started about 100
years ago with the work of Henry Darcy in France. He con-

ducted an experiment in 1856 to investigate the potential



gradient and the consequent water movement in saturated
beds of sand. He confined his experiment to the case of

vertical flow, and enunciated a law which still bears his

name.
V = -ki (1)
where:
V = flux of water.
k = hydraulic conductivity of the soil.
i = hydraulic gradient.

This work was again not followed up vigorously
until the past two decades when information began to appear
in various scientific journals on the subject.

Interest in land drainage is keyed to the economic
tenor of the times. In periods of low agricultural prices,
little drainage work is accomplished. When the prices
become high, the interest in drainage is rekindled and
farmers install several miles of drains each year. Present
day drainage techniques are an outgrowth of the trial and
error methods used in the past. The use of approximations
simplify the solutions to drainage design. The two assump-
tions made are that ground water flow occur under steady

state and non-steady state conditions.



2.1 Steady State Flow

Two approximate solutions have been developed for
designing drainage schemes under steady state conditions,
based on the following assumptions:

1. Horizontal Flow.
2, Radial Flow.

The Horizontal Flow solution is based on the two
assumptions proposed by Dupuit (1863):

1. That all streamlines in a system of gravity--
flow towards a shallow sink are horizontal.

2. That the velocity along these streamlines is
proportional to the slope of the free water surface, but
independent of the depth.

Colding (1872), developed the ellipse equation
which describes the shape of the water table above tile
drains. Since then, Rothe (1924) and Kozeny (1932) devel-
oped it independently.

Forchheimer (1930), derived a general equation of
continuity from the Dupuit assumptions to describe the free

water surface:

9°h + 3" h™ =0 (2)
=
X oy

where: h = height of water table above impermeable layer.

Russel (1934), reviewed Rothe's work and published

it in English. Hooghoudt (1937), used the Dupuit assumptions
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to develop the ellipse equation which describes the height
of the water table between two parallel drains:
y?-n2 = Z—Ql—}i o (3)
o] LK
where:
y = height of water table above impermeable layer
at any point.
h = height of water table in drain above the
impermeable layer.
Q1= half of total discharge from each drain per
unit of length.
L = drain spacing.
K = hydraulic conductivity of the soil.

X = horizontal distance from the drain.

Drain spacing is given by:

2 .2
(H h.)

L = 2K
Q

(4)

where:
HO = water table height midpoint between the
drains.
The ellipse equation is used in homogeneous soils
to design ditches which penetrate to the impervous layer
and those which do not. It is also reasonably accurate

for spacing tile drains. It has been proved that the
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radial flow assumption yields satisfactory results when
used to design ditches or tile drains with an impermeable
layer at an infinite depth. Hooghoudt (1937), showed that
the horizontal and radial flow assumptions yield satisfac-
tory results when combined together. He prepared a set of
tables for wvalues of de for various values of Yo L, and

d for use in equation (4), where:

de = equivalent soil depth to impermeable layer.
d = drain depth above impermeable layer.

L = drain spacing.

Yo = drain radius.

de replaces hO in equation (4) and HO is measured from a
fictitious impermeable layer.

Aronovici and Donnan (1946), not aware of the
European work, gave the first derivation of the ellipse
equation in American literature.

Muskat (1946), showed that the Dupuit--Forchheimer
theory yields accurate results when used to determine the
flux through a dam or towards a well. But, he argued that
the shape of the free water surface and the velocity dis-
tribution are wrong when compared with more exact
theoretical solutions. He rejected the theory entirely
and credited its success to fortuitous coincidence rather

than to reasonable approximations.
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Van Deemter (1950) and Luthin and Gaskel (1950),
developed the relaxation method for drainage design.
Luthin and Gaskell's paper applies only to cases where the
soil is flooded to the surface. They found the error in
using the method was less than 4 percent. Van Deemter
(1950), on the other hand, considered the water table as
a curved flow boundary in developing the method.

Engelund (1951), verified that the Dupuit--
Forchheimer theory was sifficiently accurate if its appli-
cation was restricted to conditions in which the horizontal
flow region was large relative to its depth.

Visser (1954), reported that Ernst and Boumans
used the relaxation method to construct a monographic
solution of the general problem of the rise of the water
table height above tile drains when the rate of rainfall
was constant and the impervous layer was found at any depth.
The method gave similar results to those obtained by using
Hooghoudt's tables. Luthin and Day (1955), showed that
the relaxation method could also be used under non-
saturated conditions of flow if the soil water tension
and unsaturated hydraulic conductivity were known.

Van Schilfgaarde, Kirkham and Frevert (1956),
showed that the drainage spacing obtained by using
Hooghoudt's tables was similar to that given by equation
(4) , and that the error was less than 10 percent.

Hooghoudt's work constituted one of the most comprehensive
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analysis of drainage problems to be found in the literature.
The approximations were reasonably accurate for the condi-
tions where the assumptions were applicable.

Van Schilfgaarde (1957), demonstrated that the
Dupuit assumptions implied that there would be no fluid

flow. He defined water potential in terms of vector

velocity:
V = -KV¢ (5)
where:
V = velocity of flow.
K = hydraulic conductivity of soil.

¢ = soil water potential.

Also,

AY oV oV LAY ,
X z Z

=z = % ad 5% = oy
where x, y and z are rectangular cartesian coordinates
representing length, breadth and thickness, respectively.

If the velocity was independent of the depth, then:

This showed that the vertical velocity was constant
in a horizontal plane. He argued that since the velocity
was zero along a vertical surface, it would also be zero
everywhere, implying there was no vertical flow, and the

slope of the free water surface was zero.
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2.2 Non-Steady State Flow

Non-steady ground water flow problems are more dif-
ficult to solve than the steady state flow. They are also
of greater interest than the steady state flow since most
ground water flow is a non-steady phenomenon. However, no
acceptable general solution has been found for water flow
problems with a changing water table. The ellipse equation
has been extended to the solution of the drainage flow
problems with a changing water table.

Neal (1934), made a statistical analysis of field
data from soils in Minnesota and presented the following

empirical formula for spacing drains in flat land:

L = 12,000 ) (6)
Me. Rd.
where:
L = drain spacing in feet.
M, = average moisture equivalent in percent.
Rd = rate of drop of water table mid-way between

tiles in feet per day.

Roe and Ayres (1954), reported that Neal's formula,
when modified, could be applicable to humid areas of the
Pacific Northwest. Kano (1940), derived equations for rate
of drop of water table from a known height for soils with
known drain spacing, porosity and hydraulic conductivity.

Kirkham and Gaskell (1951), used the relaxation method for
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the solution of non-steady ground water flow. They con-
sidered the falling water tables as a series of successive
steady states so that the relaxation method could be
applicable. The results obtained were satisfactory.

Visser (1954), considered storms of shorter dura-
tion and higher intensities than the average, constant rate

of rainfall, and established that:

e (#2-n2)
where:

Ne = equilibrium rate of discharge per unit area.

K, Ho' ho and L are as defined earlier.

Donnan, Bradshaw and Blaney (1954), developed an
equation based on earlier European work for use in the
Imperial Valley, California by the Soil Conservation
Service for the design of tile drains:

, 4K (b-a%)

L” = 3 (7)

where:
b, = depth of impermeable layer below water table
at midpoint between tile drains.
a = distance from impermeable layer to center of
tile lines.
g = rainfall rate or infiltration rate under

ponded conditions.
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Dumm (1954), reported the equation derived by Glover
from the heat flow equation which relates tile drain spacing
to the rate of drop of the water table at a given height
above the drains for a homogeneous soil with equally spaced
drains and an impermeable layer underlying the soil.

Glover's equation was:

r' = 1/2

Kt (d+y0/2;
4y

R °/HYL/2)

(8)

where:

L = drain spacing.

t = time

K = soil hydraulic conductivity.

d = distance between impermeable layer and tile
drains.

Y, = initial height of water table from drain axes.

yL/2 = height of water table at mid-point between
the drains.

U = drainable porosity.

Most tile spacing formulae apply only to homogeneous
soils where the impermeable layers are at considerable
depths below the tile. However, Visser (1954), developed
methods of drain spacing for each of the depths to the
impermeable layer. Where the impermeable layer is at the
same depth as the bottom of the tile, the appropriate

formula is:
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K 1/2
m
where:
L = tile spacing in meters.
y, = height of water table above the center of the
tile, in cm.
K = s0il hydraulic conductivity in meters per day.

DCm = drainage coefficient in mm. per day.
In the second case, the impermeable layer may be at
100yl or more below the tiles and the spacing formula is:

. 1/2
8K10yl

L = | —o'1 (10)
DCm

where:
io = an index number based on the spacing and is
obtained from tables given by Visser (1954).

The third case applies to soils where the imper-
meable layer is lOOyl or less below the tile. The spacing
can be obtained from the nomographs prepared by Visser (1954).

Van De Leur (1958), developed two methods of com-
puting non-steady ground water flow for a deep, homogenous
soil, using:

1. A reservoir coefficient.

j = B (11)
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where:
j = reservoir--coefficient
L = distance between outflow channels.
K = soil hydraulic conductivity.
p = drainable porosity.

D = depth to impermeable layer below water table.

2. A dimensionless diagram showing the increase of

ground water outflow during a steady vertical percolation.



CHAPTER III

THEORY

3.1 Model Development

According to Van De Leur (1958), the rate of ground
water flow into an outflow channel, and the height of the
ground water table above a constant level in the channel,
for a non-steady ground water flow, are given by the

following equations:

b/. -t /.
q, = 8 PL (e J—l)e /3 , (equation 39, appendix) (12)
Il
. b/. -t/.
Yt = % B% (e J-l)e J , (equation 41, appendix) (13)
where:
b = duration of steady percolation.
j = reservoir--coefficient.
L = spacing between outflow channels.

P = rate of percolation to the saturated zone.
t = time.
q; = rate of ground water flow from two sides into
a unit length of channel at time, t.

drainable porosity.

=
|

19
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Ye = ground water table height above a constant

water level in the outflow channels at time, t.

b/ -t/ b/, -t .
ZE = [f Pj(e T-De /J]-e[%__PL(e /J-l)e /J]
U

¢ T n?
. 2
= 4P] T
ST u X BRL
- L
T 2uL
. 2uL Y
j == x — (14)
II q4
By Van De Leur (1958),
1 uL2 . .
j = = X5 ! (equation 37, appendix) (15)
I
where:
D = mean depth of impermeable layer below ground
water table.
K = hydraulic conductivity of the soil.

From (14) and (15),

apn o Ye o opr?
I e 12KD
Ye
L = 20KD x (16)

t
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KD is in square units per unit time. This defines soil

moisture diffusivity.

Hence D KD (17)
where:
De = s0il moisture diffusivity.

From (16) and (17),

L = 21D x — (18)
e

By Rose (1966), soil moisture diffusivity is given

by:
D, = 76%—— (equation 36 appendix) (19)
vol

where:

De = s0il moisture diffusivity.

K = soil hydraulic conductivity.

g = acceleration due to gravity

Y = density of water

Cvol - A% , Rose (1966), (equation 35 appendix) (20)
where:

6 = percentage soil moisture content (dimensionless).

T = soil moisture suction.

From (19) and (20),

_  K.AT

De = Yg.48 (21
- K . .
= 1= (equation 31 appendix) (22)

/L
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= 5;— (equation 32 appendix) (23)
T
K, Yt
T t
Y
or L = 2IKT7t (25)

e.qt



CHAPTER IV

EXPERIMENTAL SET-UP

4.1 Field Layout

The experiment area was laid out in four rectangular
plots, each 120 by 200 feet as shown in Figure 1. Each plot
represented a drainage area of 0.55 acre, and was surrounded
with about 6 inch earth-dike borders to prevent surface flow
of water into, or from the plot. Lateral movement of soil
moisture between the plots and grass roadways was prevented
by installing a vertical 8-mil polyethylene plastic barrier
four feet deep in trenches dug along the perimeters of the
plots.

The plots were subjected to four different drainage
treatments as follows:

l. Plot 3B contained surface drainage only with a
0.2 percent slope. The entire surface of the plot also
falls uniformly towards this drainage outlet at a slope of
0.2 percent as shown in Figure 22(b) (appendix B).

2. Plot 3C contains tile drainage only with a
level surface as shown in Figure 20(a) (appendix B).

3. Plot 3D contains both tile and surface drainage.

It has a surface drainage outlet with a slope of 0.2

23
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Toledo. The B horizon contains about 62 percent clay and
the soil is generally less permeable than the Toledo Silty
clay. Both soil types are found extensively in the lake
bed region of North Central United States.

Plots 3B, 3D and parts of 3C and 3E contain Toledo
Silty clay soil. Parts of 3C and 3E contain Fulton Silty

clay soil as shown in Figure 1.

4.3 Equipment

1. Description

(a) 30°V-Weir

The Weir consists of a V-entrance with sides
inclined at 30° to the vertical. The entrance leads into
a cast iron container where the water level is recorded by
an FW-1 recorder.

The FW-1 recorder consists of a clock-work mechanism
mounted at the bottom of a cylindrical drum of diameter and
length 3.75 and 6 inches, respectively. The drum is driven
continuously by the clock-work. A 192-hour chart is wound
around the drum and water levels are recorded on it auto-
matically by an inked pen. The whole ensemblage is as

shown in Figure 2 (a) for measuring tile flow.
(b) 1.25 Feet H-Flume

The H-Flume is a concrete structure 1.25 feet high

and 2.50 feet wide at the entrance as shown in Figure 2 (b).



- '-iﬂu..':._ 4'4
A

Figure 2(a). The 30° V-weir and FW-1 Recorder.

Figure 2(b). The H-Flume.
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A screen is installed at the entrance of the flume to keep
out grass clippings which might plug the drainage pump.
The entrance of the flume leads to a manhole with a cast
iron container where the surface flow collects and is

automatically recorded by an FW-1 recorder.
(c) Water Table Pipes

Each of the twenty 1/2 inch water table cast iron
pipes were 3-1/2 feet long. They were perforated with 1/4
inch holes spaced at 6 inch intervals along 3 feet lengths,
starting from the bottom. These lengths of pipes were then
wrapped with muslin cloth to prevent the pipes from being

blocked by soil particles when installed into the soil.
(d) Mercury Tensiometers

Sixteen tensiometers were used in units of four,
corresponding to four different soil depths of installation,
as shown in Figure 3(a). Each tensiometer had a porous
filter cylinder of diameter 0.95 inch and was connected
to a mercury manometer.

Each mercury manometer was a glass tube of fine
capillary bore. The glass tube was bent to lengths of
33 inches to form a manometer which was then mounted on a
wooden board 4 inches wide and 3 feet long. The manometer
was filled with 13 inches length of mercury in each limb
and connected to the tensiometer with tygon tubing, which

ensured vacuum connection. The tensiometer, tygon tubing
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Figure 3(a). The Tensiometers with Mercury Manometers
and Water Table Pipe (Red Cap).

Figure 3(b). Arrangement of Tensiometers in the Plots.
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and the portion of the manometer tube not filled with
mercury had previously been filled with distilled water.
The filling was conducted to eliminate all air bubbles from

the apparatus.
(e) Blow Tubing

The blow tubing was of flexible tygon tubing of
diameter 0.375 inch and length 5 feet. The tubing was
calibrated at one inch intervals and readings could be

taken to the nearest 0.02 inch.
(f) Other Equipment

Other equipment used consisted of: Two 3-inch core
samplers, two 3-inch augers, one hand pump, three meter
sticks, 4-inch concrete tiles installed in plots 3C and 3D

and 3-inch plastic tiles installed in plot 3E.

2. Installation
(a) Tile Drains

Tile drains were installed in plots 3C, 3D and 3E.
In plots 3C and 3D, 4-inch concrete tiles were installed
at a depth and spacing of 3 and 40 feet, respectively, with
spacers at one end so as to give a .uniform crack width of
about 1/8 inch. The arrangement of the tiles in the two
plots and the earth dikes at the ends of the plots are

shown in Figures 20 (a) and 20 (b) (appendix B).
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In plot 3E, which was formerly plot 3A and undrained,
3-inch plastic tiles were installed at a depth and spacing
of 2 and 20 feet, respectively. The installation was done
4 months prior to this experiment. The arrangement of the
drains and earth dikes in the plot are as shown in

Figure 21 (a) (appendix B).
(b) Surface Drains

Surface drains were installed in plots 3B and 3D.
The soil in the plots were ploughed to a depth of about
10 inches prior to earth moving and land smoothing opera-
tions. The plots were graded with a small tractor scraper.
The maximum cut or fill in the plots was about 0.5 foot.
Most of the soil fill was obtained from or near the surface
drain.

The surface channels were built to shallow depths
with a motor grader to side slope of 0.2 percent. The
arrangement of the surface drains and earth dikes in the
plots are as shown in Figures 20 (b) and 21 (b) (appendix B).

A drainage pump installed near plot 3B provided an
adequate outlet for the surface and tile drains by pumping
the water collected in the sump (Figure 22) to an irriga-
tion canal about 400 yards away. The plot runoff were
collected and fed into the sump by concrete tile mains
consisting of concrete bell and spigot tiles sealed with

rubber gaskets. The mains were installed at a depth of
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4 feet, one foot deeper than the concrete tiles in plots
3C and 3D and two feet deeper than the plastic tiles in

plot 3E.
(c) Water Table Pipes

The water table pipes were installed in 3/4 inch
holes drilled to depths of 3 feet and 6 inches. The first
6 inches of the holes were filled with sand and the pipes
centrally inserted. The remaining spaces between the
pipes and the holes were also filled with sand so that the
pipe walls and the holes were in contact with sand, but
not with the silty clay soil which might coat the pipes and
interrupt free entry of water into the pipes.

The pipes were installed with 6 inches above the
ground and 3 feet below the ground. The top 3 inches of
pipes above the ground were painted red for easy identifi-
cation. Figure 3 (a) illustrates one of such pipes midway
between the tensiometers. The pipes were installed at
20 feet intervals, as in Figure 22 (appendix B). For plots
3C, 3D and 3E the third pipe in each plot was installed
over the tile drain. Five water table pipes were installed
in each plot three weeks before the first irrigation to
enable the water levels in the pipes to come into equilib-

rium with those in the soil.
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(d) Tensiometers

Four tensiometers of lengths 6, 12, 18 and 24 inches
were installed in each plot at depths corresponding to their
lengths. Figure 3 (a) shows.a typical arrangement of the
tensiometers in one plot and Figure 3 (b) shows the arrange-
ment of the tensiometers in the four plots.

The tensiometers were installed in holes formed by
driving a steel shaft of diameter 1-1/4 inches into the
soil. They were placed centrally into the holes and the
cups pushed firmly into the soil to ensure good contact so
that approach to equilibrium was not hindered by contact
impedance. The empty spaces between the tensiometers and
the walls of the holes were also carefully filled with soil
to promote good contact between tensiometer and soil.

The mercury manometer boards were supported verti-
cally by wooden rods driven 6 inches into the soil and
standing 3 feet above the ground. The whole ensemblage for
each plot is as shown in Figure 3 (a).

The tensiometers and readings were examined care-
fully to detect any leakages in the apparatus. The locations
of the tensiometers in the four plots are as shown in

Figure 22 (appendix B).
(e) Auger Holes

Single auger holes each of diameter 3 inches were

formed by drilling 3-inch augers at depths of 1, 2, 3, 4
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and 5 feet into the soil. Hydraulic conductivity measure-
ments were done in plots 3B and 3E. The locations of the

holes are as shown in Figure 22 (appendix B).
(f) Sprinkler Irrigation Layout

The irrigation sprinklers were placed at a spacing
of 40' x 40' as shown in Figure 23. The irrigation water
was obtained from a canal fed by artesian wells and tile
drains. The water was pumped through an underground 8-inch
asbestos cement pipe to the experimental area. The
sprinkler irrigation system consisted of 70 sprinklers

which applied water to the four plots.



CHAPTER 5

EXPERIMENTAL PROCEDURE

5.1 Irrigation

Water was applied to the plots by sprinkling as
shown in Figure 4(a). The application rate was approxi-
mately 0.23 inches per hour. The irrigation period was
13 hours so that the net rainfall was about 3 inches,
after allowing for the losses within the irrigation system
and evaporation. This precipitation was equivalent to a
10 to 15 year frequency storm. Water was applied so that
overlap between sprinklers was nearly 100 percent. The
plots were irrigated during the night and early morning
so that most of the measurements could be taken during the
daylight hours.

At the end of the irrigation period, water was
ponding on the surface of the plots. However, plots 3B
and 3D with surface drainage had ponding only in small
depressions across the field. Field 3C with tiles at 3
feet depth had more ponding than field 3E with tiles at a

depth of 2 feet.

35
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Figure 4(a). Irrigation of the Plots.

Figure 4(b). Measuring the Water Table with a Blow-
Tubing.
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The plots were irrigated twice; the first when
the corn plants were 6 inches high, and the second when

the plants were 18 inches high.

5.2 Water Table Measurement

1. Principle

The principle involved in the measurement of the
water table is that water moves into, or out of the per-
forated pipe until the water levels in the pipe and the
soil reach equilibrium. The water level in the pipe de-
fines a surface of zero hydrostatic pressure. This is
also the definition of the water table--"The surface of
zero hydrostatic pressure." Hence, the water level in
the pipe gives an approximate soil depth at which a water

table exists.

2. Measurement

Water tables were measured in the 1/2 inch per-
forated pipes by blowing into the calibrated tygon tubing
as it was lowered into the pipes, as shown in Figure 4 (b).
When bubblings were first heard, the tube had just
reached the water level. The length of tubing from the
top of the pipe which entered into the pipe was noted (xl).
The length of the pipe projecting above the ground surface

was also noted (x2).
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Hence, the depth to the water table from the soil
surface = (xl - xz). If the depth of tile below ground

level is x then the height of the water table above the

37
tile drain = [x3 - (x1 - xz)].

Measurements were taken immediately following the
first and second irrigations, and also every two hours
for the first day after irrigations; every six hours for
the next two days and every twenty-four hours for the
following six days. Five water table pipes were installed
in each plot and the average of these values for a particu-
lar time was taken as the water table in the plot at that
moment. The water table was measured to the nearest 0.01
foot.

The water table heights above tile drains at dif-
ferent times after irrigation are shown in Tables 3 and 4
(Appendix A) for the plots investigated. Figures 5 and 6

show curves of water table heights above the tile drains

against time after irrigation.

5.3 Flow Measurement

1. Tile

Tile flow was recorded automatically and continu-
ously throughout the experimental stage with a 30° V-weir
and an FW-1 water level recorder as shown in Figure 2(a).
The flow was recorded by an inked pen on a 192-hour chart

wound around a cylindrical drum. The chart was changed
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every 192 hours. The recorded flow on the chart was con-
verted to depth of tile flow in inches per day using a
calibrated chart at the Research Station.

Rainfall was recorded on a 9-inch-24-hour chart
with a Universal Rain Gauge throughout the experimental

period.
2. Surface

Surface flow was recorded automatically and con-
tinuously throughout the experimental period with a 1.25
feet H-Flume and an FW-1 water level recorder as shown in
Figure 2(b). The flow was also recorded on a 192-hour
chart. A screen installed at the entrance to the flume
prevented grass clippings from plugging the drainage pump.

The chart was changed every 192 hours and the re-
corded flow converted to depth of run-off in inches per
day using a calibration table at the Research Station.

Table 5 (Appendix A) gives the tile and surface
flows at various times for the two irrigations. Table 6
gives the average values of the corresponding flows for
a particular time for the two irrigations.

Figure 7 shows the graph of Tile or Surface flow
against time after irrigation for the readings in Table 6.
Figures 8(a) and 8(b) and Figure 9 show graphs of Tile
flow against water table heights above tile drains for

the readings in Table 6.



42

*0L6T ‘LT @unp :uoT3jebTIiaI puodag
*0L6T ‘v 2unp :uoT3HTIAT ISATI *sbuTpesy uoTlebTIII PuUOOSS pue
3satd 3O °obeasay -uoT3lebHTIAI I93FE SWTL °*SA MOTJ (90®FING) STTL L °2InbTa

(sfeq@) pe3ae3s uor3iebTIAT I93JE SDUWTL
AN 1T 6

ST A

utey woxg

uot3yebraar
woIxJ

(ATuo =113
ot3setrd) € 3IOTd
(90®3INS q¢ q01g— — — —
pue o1T3)

(ATuo arT3)d¢ 3IOTd

(ATuo —
mommHvamm 1014

N
(Aep asd sayoul) MOTd (30eFINS) STTL



43

*I suTexq STTL 2A0dqe s3UYBTISH STqe3I93eM °*SA MOTJ STTIL °8 92Inb1a

(*33) suteaq oTTL (*33) suteaq
saoqe s3ybTSH STqe3lIaieM ®1TL @a0qe s3ybTeH oTqe3IaleM
00°€ m.o.".m 0S'T  SL™0 Dotz . 00, € 53¢ omm.a SL°0 PorTa
] \J ]
T 2C°0 TSv°0
1
Tv
- |
o b-
=
Hy 0]
<4 eq F . * o
i34 om =06 om..
—~ o) e 3
agc 3o1d (q) H O¢ 3ot (=) ~
n [
S @
o N
+ 99°0% 150 1Y
N
+ 88°0 To8°T




44

*II sutexg STTJL @A0qe S3IYHTSH oTqel I93BM *SA MOTJ OTTIL

(*3d) suTexg STTIL 9Aoge S3UBTOH oTqel Ia3eM

‘6 2anbtyg

Partr

0,¢C ST 0°T S°0
3 '

] L]

Jag 3Io1d

od
o
(Aeq/sur) moTd STIL




45

5.4 Soil Moisture Content Measurement

1. Sampling

The percentage moisture contents were determined
gravimetrically on volumetric basis. Soil samples were
taken at field capacity from each of the plots after each
irrigation. The samples were taken with a cylindrical
core sampler of diameter and length 3 inches, weighed,
dried in an oven at 107°F and weighed again to determine
the loss in weight and volume of moisture in the original
samples. The volume of the soil samples equals the volume
of the sampler.

Two soil samples were taken from each plot at a

depth of 6 inches.
2. Volume of Sampler

Sampler dimension: 3" diameter, 3" height
2

s Volume of sampler = EQZE

where 4 = diameter of sampler,

h = height of sampler.
2
s Volume of sampler = “(3)4(3) = ZZ" cu. ins.
1l inch = 2.5 cm.
3
.'.Volume of Sampler = %_11’_(2-5) c.c. = 338 c.c.

S.Volume of Soil Sample = 338 c.c.



46

The percentage moisture contents obtained for the

plots are as shown in Table 7 (Appendix A).

5.5 Hydraulic Conductivity

l. Measurement

The hydraulic conductivity of the soil was mea-
sured by the single auger hole method. The auger holes
were three inches in diameter, formed by driving a 3-inch
auger into the soil at depths of 1, 2, 3, 4 and 5 feet.
The holes were dug immediately after irrigation stopped,
and allowed to fill overnight to allow the water tables
in the holesand the soil to reach equilibrium. Hydraulic
conductivity measurements were taken the following day,
from plots 3B and 3E. Figure 22 (Appendix B) shows the
locations of the auger holes in the plots.

The depth to water table from the soil surface
was taken for each hole for equilibrium condition. The
water was then pumped out of the hole to a new level with
a hand-pump and the depth to this level from the soil
surface measured with a meter stick. Time was noted and
the rate of rise of water in the hole was taken with a

meter stick and a stop watch.

2. Calculation

The hydraulic conductivity was calculated by using

Hooghoudt's method for homogeneous soil (Figure 24, Appen-

dix C).
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By Hooghoudt (1937),
!
a,s ln m—

22 + a)t (26)

alZ
S = 5,19 (27)

where a; radius of auger hole

=
]

hydraulic conductivity

initial water level in hole below water table

3
=
"

final water level in hole below water table

o
(V]
i

t = time for water to rise from nl to n,.

Z = auger hole depth below water table

Tables 1 and 8 show the values of the hydraulic
conductivity at various soil depths for the two plots.
Figure 10 shows the graph of hydraulic conduc-

tivity against soil depths for the two plots.

5.6 Soil Moisture Suction

1. Tensiometer Principle

The tensiometer consists of a porous filter cup.
It is filled with distilled water before installation
into the soil. The water in the soil and tensiometer
cup eventually come into equilibrium. But, as the soil
dries up, more water from the tensiometer cup enters
into the soil and the tensiometer reading increases. This
indicates the soil moisture suction or soil moisture

stress.
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Table 1. Values of Soil Hydraulic Conductivity I.

_—

Depth of K Plot

Flot (£t)  |reter/pay  1ins./vay treatment
0.5 0.741 29.000
1 0.114 4.450

18 2 0.038 1.480 Irriégizon
3 0.015 1.170
4 0.026 1.010
5 0.016 0.650
0.5 0.700 27.200
1 0.096 3.725
2 0.034 1.370

3E 3 0.026 1.110 Iriggzzgon
4 0.021 0.831
5 0.011 0.413

As the soil gets wet due to irrigation or
rainfall, less water enters the soil from the tensiometer
cup. The tensiometer reading correspondingly decreases,
shéwing a smaller soil moisture stress. This indicates

that the soil moisture suction goes through a series of
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hysteresis loop as the soil moisture varies with time.
This has made the tensiometer a useful instrument for
scheduling irrigations without actual reference to the
soil moisture content. But, it has the following limita-
tions in its range of applications:

1. It has a small working range. The highest
reading is about 0.8 of an atmosphere.

2. Approach to equilibrium may be hindered by
contact impedance if good contact is not established
between the soil and tensiometer cup.

3. The diffusional equilibrium depends on the
permeability of the cup and the surrounding soil. The
tensiometer cup-pores should be small enough to eliminate
air from penetrating the cup walls during the experiment.

4. It is difficult to ensure airtight and leak-
proof connections.

5. Tensiometers are temperature sensitive. The
caps should be securely closed to eliminate the thermo-
meter effect.

6. The Mercury manometer should have fine capil-

lary bore.

2. Measurement

The soil moisture suctions were measured with
porous cup tensiometers at soil depths of 6, 12, 18 and

24 inches as shown in Figure 3(a). Four tensiometers
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with mercury manometers were installed in each plot at
the four different soil depths shown above. The differ-
ence in elevation of mercury in the manometer U-tube and
the distance from the porous cup of tensiometer to the
Mercury/Water interface were recorded. Measurements were
taken immediately after each irrigation, and every 24

hours for the following eleven days.

3. Calculation

By Marshall (1959),

T = (thw - hmDmL eq. 42, Appendix C
where:
T = hydrostatic pressure within porous cup
hw = distance from cup to Mercury/Water interface

(Figure 25, Appendix C).

o
n

density of water

w

hm = difference in elevation of mercury in the
U-tube (Figure 25, Appendix C).

D, = density of mercury

The results of the soil moisture suctions for
plots 3C, 3D and 3E are shown in Tables 9, 10 and 11,
respectively in Appendix A. The curves for soil moisture
suctions vs. time after irrigation, and for water table
heights above tile drains vs. soil moisture suctions for
plot 3C are shown in Figures 11, 12 and 13. The curves
for plot 3D are contained in Figures 14, 15 and 16; and

for plot 3E in Figures 17, 18 and 19.
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CHAPTER VI

DRAIN SPACING FORMULA

6.1 Drainage Equation Parameters

From (25), . 2mktY ¢
-dy
where:
L = drain spacing.
K = soil hydraulic conductivity.
T = soil moisture suction at which the water

table height above tile drains approach the
same constant value for the different suction
depths.

Ye = water table height (at peak flow) above tile
drains.

8 = volumetric percentage soil moisture content.

q, = peak tile flow.

1. Hydraulic Conductivity

Figure 10 shows the curves for the hydraulic con-
ductivity against soil depths for plots 3B and 3E. The
figure shows that the hydraulic conductivity decreases

rapidly from high values in the Ap horizon to infinitely
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low values below this layer. For this type of soil, the
hydraulic conductivity of major importance in drainage
design occurs in the plow layer. The transition from high
to low values occurs at about one foot soil depth. The
curves are nearly rectangular hyperbolas with foci at 0.75
and 0.95 feet soil depths for plots 3B and 3E, respectively.

From Figure 10, B, is the focal point for the curve

1
of plot 3B and E1 is the focal point for plot 3E. The
hydraulic conductivities at B, and E, are 1.6 and 1.4
inches per day, respectively. These values represent the
hydraulic conductivities in transition from very high
values in the plow layer to very low values in the lower
horizons. The hydraulic conductivity at the transitional
point seems more appropriate to use in drainage design
formula for this soil because of the following reasons:

1. It incorporates both the hydraulic conductivity
of the plow layer and the lower horizons.

2, The hydraulic conductivity of the plow layer
is too high because the porosity of the soil has been
modified markedly by cultivations and microbilogical
activities. Its use in a drainage design formula would
result in too wide drain spacing which would be insufficient
to lower the water table to promote active plant growth.

3. The hydraulic conductivity of the horizons

below the plow layer is too low because the soil porosity

must have been affected by deposition of clay particles
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from the upper horizons. Its use in a drainage formula
would result in too narrow drain spacing which would lower
the water table too rapidly and cause drought conditions
for plant growth.

From Figure 10, the average hydraulic conductivity
for soil depths B, and E, is 1.5 inches per day. This
value will be used for K in the Drain Spacing Formula

(equation 25).

2. Soil Moisture Suction

Figures 13, 16 and 19, show curves of Water Table
Heights Above Tile Drains vs. Soil Moisture Suctions at
four different soil depths for the plots 3C, 3D and 3E,
respectively. They show that at a certain suction, for
each plot, the water table heights above the tile drains
approach the same constant value, irrespective of the
tensiometer soil depths. The values of the soil moisture
suctions at which the water table heights approach the
same constant value above the tile drains are as tabulated

below:

1.96 feet for plot 3C, Figure 13

T = 60 cm

T = 60 cm 1.96 feet for plot 3D, Figure 16

T = 45 cm 1.64 feet for plot 3E, Figure 19
These values are appropriate for use in the drain

spacing formula.
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3. Peak Tile Flow

Ponding of water at the soil surface is injurous to
plant growth. Drains should be spaced in the fields to
eliminate ponding by removing water from the fields rapidly
after a heavy rainfall or irrigation. In the drainage
formula, qy corresponds to the peak tile flow, and Y to the
water table height above the tile drains at peak tile flow.
Figures 8 (a), 8 (b) and 9 show curves of Tile Flow vs.
Water Table Heights Above Tile Drains for plots 3C, 3D and
3E, respectively.

From Figure 8 (a), g, = 1.6 inches per day, y, = 1.90 ft.
t t

for plot 3C

From Figure 8 (b), q, = 0.95 inch per day, Yy = 1.02 ft.
for plot 3D

From Figure 9, qp = 1.3 inches per day, Yy = 1.25 ft.

for plot 3E

4, Volumetric Percentage Soil
Moisture Content

From Table 7, the average value of 6 = 49 percent.

6.2 Calculated Drain Spacing

2IIKTyt

L = —m————
G.qt
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Table 2. Calculated vs. Actual Drain Spacing

lot| K T 9% | Yt 6 |Tile | Tile Spacing |
(ins/ | (cm) (ins/ | (ft.) | (%) | Depth|Actual]Calculated
day) day) (ft.) | (ft.) (ft.)

3C 1.5 60 l.6 1.9 49 3 40 47

3D 1.5 60 0.95 1.02 49 3 40 42

3E 1.5 45 1.3 1.25 49 2 20 27




CHAPTER VII

RESULTS AND DISCUSSIONS

7.1 Water Table Time Curves

Tables 3 and 4 (appendix A) show the variations of
the water table heights above the tile drains with time
for the four plots under different drainage treatments,
following the first and second irrigations. The first and
second measurements extended over 10 and 8 days, respectively.

The water table height-time relationships are shown
graphically in Figures 5 and 6, for the first and second
irrigations, respectively. There was a striking similarity
in the water table variations with time for the plots and
the two irrigation replications. The rate of drop of the
water table was rapid over the first three days following
irrigations. Thereafter, the rate dropped to a low, nearly
constant value.

The high rate of drop of the water table within the
first three days after irrigation could be attributed to
the high hydraulic head over the tile drains, which re-
sulted in large tile flow. As the head decreased, the tile
flow tapered off because the hydraulic head was not large

enough to overcome the entrance resistance to the tile
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drains rapidly to produce large flow. The water table
heights were maintained at nearly constant heights of 0.7,
0.4 and 0.1 foot above tile drains for plots 3C, 3D and
3E, respectively. This was because the tiles in plot 3E
were installed at a shallower depth than those in plots

3C and 3D. Plot 3D, with both tile and surface drains,

was better drained than plots 3C and 3E with tiles only.

7.2 Flow--Time Curve

Tile and surface flow from the plots were measured
over a 14 day period following each irrigation. The
results are shown in Table 5 and the average flow for the
two irrigations is shown in Table 6, appendix A. The
Flow--Time curve is shown in Figure 7. It shows that, for
each plot, the flow reached a peak value on the second day
after irrigation. This was probably due to the slow
infiltration and percolation rates of the silty clay loam
soil below the plow layer.

The relationships of Tile Flow to Water Table
Heights Above Tile Drains are shown in Figures 8 (a), 8 (b)
and 9 for plots 3C, 3D and 3E, respectively. Plot 3C,
with drains at 3 feet soil depth and no surface drains,
had more ponding than plots 3D and 3E. The water table
was also higher than in 3D or 3E.

Plot 3D had both tile and surface drains. It had

no ponding and had the highest rate of drop of the water
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table. Similarly, plot 3E, with plastic tiles installed

at 2 feet depth, had no ponding. 1Its rate of drop of the
water table was similar to plot 3C. Maximum tile discharge
occurred at a water table height of 1.90 feet above the
tile drains in plot 3C. 1In plots 3D and 3E, maximum flows
occurred at water table heights of 1.02 and 1.25 feet,

respectively, above tile drains.

7.3 Soil Depth--Hydraulic Conductivity Curve

The hydraulic conductivities of the soil, measured
at five different soil depths, are shown in Table 1. The
detailed results are shown in Table 8, appendix A. The
Hydraulic Conductivity--Soil Depth relationship is shown in
Figure 10. The figure shows that the hydraulic conductivity
of the silty clay loam soil decreases from a high value in
the plow layer to an infinitestimal value at a soil depth
of five feet. This shows that the hydraulic conductivity
of interest for this particular soil type lies in the plow
layer.

Many formulae for drainage spacing . incorporates the
soil hydraulic conductivity as one of the design parameters.
However, in practice, drainage spacing is done on the basis
of the drainage coefficient. The formula presently derived
utilizes the hydraulic conductivity of the soil as one of
the design parameters. The hydraulic conductivity at a

soil depth when the value was changing from high to low
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values was used in the design formula, Figure 10. This
value represented both the conductivity of the plow layer
and the lower horizon. The computed spacing was within

the recommended values for the Toledo Silty Clay Soil.

7.4 Soil Moisture Suction--Time Curve

The soil moisture suctions measured at four dif-
ferent soil depths in plot 3C are shown in Table 9,
appendix A. The Soil Moisture Suction--Time curves for
the first and second irrigations are shown in Figures 11
and 12, respectively. The Water Table--Soil Moisture Suction
curve is illustrated in Figure 13.

The corresponding results for plots 3D and 3E are
shown in Tables 10 and 11, appendix A. The curves for
plot 3D are shown in Figures 14, 15 and 16; for plot 3E are
shown in Figures 17, 18 and 19. The Soil Moisture Suction--
Time curves illustrate that soil moisture suction is a
non-steady process and varies with the position of the
water table in the soil. The Water Table Height--Soil
Moisture Suction relationships show that at a certain
suction, the water table heights above the tile drains
approach the same, nearly constant value, irrespective of
the suction soil depth, for each plot (Figures 13, 16 and

19), cf. 6.1, 2.



CHAPTER VIII

CONCLUSIONS

The following conclusions are based on the investi-
gations conducted on drained plots containing Toledo Silty
Clay Soil, in North Central Ohio.

1. A formula was derived for spacing tile drains which
utilizes the hydraulic conductivity of the soil, soil
moisture suctions, peak tile flow, water table height
at peak tile flow and volumetric percentage soil
moisture content.

2, The computed tile drain spacing shows close agreement
with the actual spacing and falls within the range of
recommended spacing for the Toledo Silty Clay Soil.

3. The data are insufficient to warrant far-reaching

conclusions covering other soil types.
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CHAPTER IX

RECOMMENDATIONS FOR FURTHER STUDIES

In an undrained land, the main difficulty is in the

accurate estimation of the quantity of water to be removed

from the field, when the flow cannot be measured directly.

The results of this research suggest the need for additional

studies in the following areas:

1.

An investigation to determine the expected tile flow in
an undrained field. Two tile lines may be installed in
the field at a known spacing, and flow measured from
each of them over a four year period.

Water table pipes and tensiometers should be installed
between the tile lines to record the fluctuations of
the ground water tables and soil moisture suctions.

The hydraulic conductivities of many soils vary with
the soil depth. Measurements should be conducted, for
each soil type, to determine the accurate value of the
soil hydraulic conductivity for use in the drain
spacing formula.

From the data collected, determine:
a. The desired tile flow rate.
b. The maximum permissible water table.

c. The correct drain spacing and depth.
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Table 5. Tile and Surface Flow. First Irrigation.
Starting Time: June 4, 1970. Second Irriga-
tion. Starting Time: June 17, 1970.
agtgi Tile Flow (Ins/Day) S?;i:igagiow Plot
Irrigation Treat-
f;:;:?d Plot 3C Plot 3D Plot 3E Plot 3B Plot 3D reit
1 0.111 0.138 0.056 0.010 0.094 First
2 1.470 0.781 1.224 1.821 1.202 tig;?a‘
3 0.351 0.046 0.002 0.000 0.000 Corn
4 0.044 0.010 0.000 0.000 0.000 CIops
5 0.000 0.000 0.000 0.000 0.000 S gigts
6 0.000 0.000 0.000 0.000 0.000
7 0.000 0.000 0.000 0.000 0.000
8 0.000 0.000 0.000 0.000 0.000
9 0.000 0.000 0.000 0.000 0.000
10 0.000 0.000 0.000 0.000 0.000
11 0.000 0.000 0.000 0.000 0.000
12 0.044 0.038 0.001 0.000 0.000 0.092"
13 0.000 0.000 0.000 0.000 0.000 ?:i?
14 0.000 0.000 0.000 0.000 0.000
15 0.000 0.000 0.000 0.000 0.000
1 0.491 0.372 0.731 0.830 0.360 Second
2 1.768 1.126 1.426 1.275 1.330 iig;?a'
3 0.314 0.041 0.002 0.000 0.000 Corn
4 0.080 0.005 0.000 0.000 0.000 fgﬁpﬁigh
5 0.266 0.153 0.214 0.251 0.090 on plots
6 0.156 0.047 0.021 0.000 0.000 r:231"
7 0.041 0.018 0.000 0.000 0.000 fell
8 0.006 0.001 0.000 0.000 0.000
9 0.000 0.000 0.000 0.000 0.000
10 0.000 0.000 0.000 0.000 0.000
11 0.433 0.268 0.431 0.679 0.462 1.37"
12 0.114 0.043 0.025 0.060 0.000 rain
13 0.065 0.013 0.000 0.030 o0.000 ‘et!
14 0.028 0.000 0.000 0.000 0.000
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APPENDIX B

DETAILS OF EXPERIMENTAL SET-UP
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APPENDIX C

FORMULAE
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Figure 24. Calculation of Hydraulic Conductivity by
Hooghoudt's Method of Single Auger Hole.

From: "Drainage of Agricultural Lands." Agronomy, Vol. 7.
American Soc. of Agronomy, page 420-424, by James
N. Luthin (ed.).
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Figure 25. Longitudinal Section of Mercury Tensiometer.
Marshall (1959).

Note: 1 = (thw - hmDm) units of length. (42)
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EQUATIONS

DIMENSIONAL VERIFICATION OF DIFFUSIVITY

2
_ A® _ l _ LT
From (20), C, 1 = k¢ = "Mi— = W (28)
LT
where
L = Lenght
M = Mass
T = Time L M 5
_K.At _ 7T ITZ _ L
L3 T
K
From (19), D = ———r0
e chvol
Multiply and divide the denominator of the above
equation by yg.
2
M, L LT M, L
Y9%y01 Ej ;7 M Ej 2
5w

fraction or percentage per unit length.

From (19) and (30), D_ = II/‘—L (31)

K
Percentage moisture per unit length

k
a3 (32)



From

vol

A
|

100

Ye

(18), L = 27 () =
t

2mKTY ¢
oqt

- %% , Rose (1966)

K
chvol
1 ur?
m2 K
n
asln g
m ’ Luthin (1957)

, Rose (1966)

, Van De Leur (1958)

-2_pL (eb/j—l)e_t/J, Van De Leur

me (1958)

az

m ’ Luthin (1957)

P. . .
% T% (eb/J-l)e t/J, Van De Leur (1958)

(thw-hmDm), Marshall (1959)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)






