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ABSTRACT
L " A Field Evaluation of Comhined\ o
" Mole-Tile Drain Systems in Heavy Soils -
‘ . by A 1*1 ,:
‘Kovit Thuamsangiem, Master of Science

Utah State University, 1974

_Major Professor. Dr. Komain Unhanand

. Department: Agricultural and Irrigation Engineering

An investigation was’ conducted to evaluate the field performance

and to study the’ cost analysis of the combined mole—tile drain systems

6

in heavy soils by comparison with a similar tile drain system.‘ The;

.. tield performance studies included the recession rates of water table

in ‘the system, the deterioration of mole drains in the combined systems

" during the period of two years., The economic analysis was made by com-

4

’ 'paring the cost of the combined systems with that of an equivalent tile

drain system. The results of the experiments indicate that the com—

o

’bined systems were more. effective than the tile drain system in lower—

ing the water table. The difference in the effectiveness between the

v

combined systems using the single and double mole drains was not dis—*

tinctly apparent. There ‘was no conclusive indication of the deteriora—
. ,tlon of the mole channels during the period of twOXyears;‘ Also;,the$‘

" construction cost of a combined system is always lowér‘than that,oflan’

equivalent tile drain system.

(88 pages)
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from an open drain. Pipe outlets are always provided ‘to prevent the N

. INTRODUCTION ...

”1

T A mole drain system provides shallow subsurface drainage and . is .
most applicable to heavy soils. A mole drain is constructed by pulling :

"a torpedo—shaped iron plug- through the soil at. a depth of about 18 to

24 inches below the ground surface, to form a channel approximately the

. crogs-gsectional shape of the pulled object. The mole drain system may

" be installed easily at a relatively low construction cost. In'addition,

the construction of mole drain has a subsoiling effect which breaks up ;

compacted layers and improves air circulation through the soil. o
. There are two types of mole drains, single and double. A single

molc drain,’ commonly used in the mole drainage system, is constructed’

with a mole plow naving one torpedo attached to a sharp-edged blade -

(seo Figure 1). The moling process causes the soil in the vicinity of

. the drain to crack and the vertical blade also leaves & slit which

. forms the main way for water to enter the drain (Piper, 1958 Theobold,

1963). | L

A double mole. drain has been developed recently with an expectation

. of obtaining a more durable mole drain. The method of construction is oo

it
\

the same as for a single mole drain with the exception that the plow

«,pulls ‘two torpedoes spaced 12 inches apart instead of one as ‘for', a singlef

. mole plow (Unhanand 1972) (see Figure 1) Consequently, two channels

y R . . ll bt r’-“'nh
are formed per pass instead of one. . , ;* Lol

‘) Mole drains, if used alone, are normally drawn on a small slope e

. i X

exits of the mole channels from damage caused by the erosion of the ~,fm,;

i
1 a o
: . 5 1 o P I ‘

flowing drainage water. = .
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~followers--

.
)
.
.

torpedoes, -—~7_
3" diameter)

»» follower;,
- =
i “~torpedo, 3" diaﬁﬁu}_te‘r:‘-
Double Mole Plow ‘ Single Mole Plow

~* Figure 1. Single and double mole plowé.



Importance of the Problem

i The nse of'mole drains is limited to heavy soils'in which the molej‘
'channels’can retain the shape after being constructed. ﬁhile being’adf
'vantageous in having low cost and subsoiling effect, mole drains have a
4 relatively short life. Because of the short life, mole drains mustybe‘
redrawn as often as every two years. Although the installation cost of
the mole channels is low, the work on outlets ‘could be expensive and time
,consuming.l:

Tile drains, to be effective in heavy soils, require a close spacing
due to' the low hydraulic conductivity of the soils. Thus, even though
_ tile drains have advantages of having a long life and requiring little
maintenance, the high initial cost often offsets its economic feasibility.
A combined mole~tile drain system consists of mole drains, usually
5 to 12 feet apart, drawn across and at right angles: to a widely spaced-
network of tile drains laid underneath at some suitable depth (see Figure
' 2). The tile drains are covered‘with a very,permeable and durable mater-
ial which allows’water to flow<directly from\the'mole channels into the.’
}'tile’drains.:

“ In the combined system, the mole drains are intercepted and divided
by tile drains into many short portions., Each portion discharges the
drainage water directly through the gravel envelope into the tile diains
(see Figure 3) With this arrangement, - the length of each portion of “‘

"the mole drains between the tile drains is relatively short. Therefore;'
it clogging occurs in the mole channel, the effect of clogging on the ' |
capacity to carry drainage water per unit length of the line will be
much less than in the case where the same number of cloggings occur in

Az‘»

a single, long mole line.‘ In the combined‘system, new mole lines can
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:be redrawn rather easily and inexpensively, because the mole drains dis-
’ . < \k " 4 : N
charge water into the tile drain envelope instead of ‘an’ open ditch, and

‘no outlet construction is required., '

‘1'Need of Study

The combined mole-tile drain system has been used with the expecta-

“".< '
W

Etion that it may be possible to obtain the advantages of each of the
5 mole drains and tile draina with few of the disadvantages. Since no
research or information on the performance and cost analysis ot‘the
combined system is avaiiable; such information is needed for the,evaiua-‘

" tion of the system.

Objectives

i

1., To eomparexthe‘field berformance of a tile drainage system with
-—two eombinedﬁmole-tile drain systems, one using double mole drains and
"the other using single mole drains.

1 j»\2 To investigate the deterioration of the mole drains in the, com- .
bbined systems during the, period of ' two years. |

3. «To make an economic study of}feasibility.<



"REVIEW OF LITERATURE.

History of Mole Drainage’

According to Weaver (1964), there is evidence indicating that mole
-drains have been used in England since the beginning of the eighteenth
| century. During the early stages of development, the mole channel vas
'constructed by placing a plece of pipe horizontally in a trench of a few
f;et deep and packing clay around it. When the clay dried the pipe o
would be pulled ‘outy leaving a hole later known as ‘a ‘mole. ‘ |

Klippart (1867) reported that the mole drain was introduced in the
V:United Qtates as early as 1859. According to Clayton and Jones (1941),‘
wmole drains of 12 feet spacing and 30 inches ‘deep- were installed between
iopen ditches spaced from one-eighth to one—fourth mile apart in the
‘ Northern Everglades of Florida. Saveson (1946) reported that moling
was. practiced in heavy clay soila in Louisiana. He stated that the o
cane. planted in mole-drained areas produced greater yields than that . inti
\the unmoled areas. The Soil Conservation Service (National Engineering |
Handbook, 1971) atated that mole draining was limited in the United
i\Stutes due partly to the lack of extensive farmland suited for mole
’drain construction, partly to the past high cost of adequate power
equipnent to install the drains, but largely due to the lack of under- i
standing of their requirements and 1imitations which resulted. in many (
Jpast £ailures.

Mole systems can be connected in order to avoid a multiplicity of

outlet constructions and reduce maintenance works. Hopewell (1953) re-

ported that an experiment had been conducted to investigate some



methods ‘of connecting minor mole.drains to major mole drains at Maasey

.1 ‘\ 3

Agricultural College Farm in New Zealand since 1939. Four methods of T

7 connection were used in his research named 30 -40 method, McLeod method,

K P R N i,

‘ Cut-top method and Spearing method, as shown in Figure 4. The minor o

5 1

-, 3

‘ and major mole drains were constructed by pulling a ‘mole plow with a 3

>

inch plug. The depth of minor drains was about 18 to 19 inches’ while ,
; that of major drains depends on the method of construction. He con—‘
\ cluded that the McLeod method has shown to be the most satisfactory for .

general use if properly carried out because the failure, due to silting

. of major drains, was comparatively small.

1t is: believed that one of the major factors causing rapid dererior—

n

ation of the’ mole drain is the clogging. of the mole channel by sediments
deposited by water entering through the slit which is located directly

A above;the.mole;channel (see Figure 5),’ To avoid such‘undesirable condi- W

.
3
’

' tions, a double mole plow was developed such that; with‘the plow,‘theﬁ

I slit is located midway between mole channels (see Figure 5) Sukwiwat
(1970) used a model to study and compare the durability of mole channels;

i constructed in the laboratory with single and double mole plows at’ Utah
State University. From the study, he concluded that the double mole

channels were more durable than the single mole channels.
s '\ : St «r

' ‘:' According to Unhanand (1972), several double mole plows have been

e

: designed built, and tested at Utah State University in order to obtain

the most desirable design which produces the well-formed mole channel
and%requires small power to pull the plow. The research on a field

X( ! ‘1]». ,55‘“\,:,»‘
performance of double mole drains has been conducted at the University

’ drainage farm since'l970, but no conclusive results have been reported.

it A life of mole drains varies depending on the soil types, moisture

.ﬂ!: <
i (,\"*1

condition at moling time{*water table condition, etc. Many authoritles
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(uamhlyn, 1950,‘Piper, 1958 Theobald ‘1963) ‘agree: that the mole 1i£e v

nnges from 2 Lo 15 years with some mole drains found to ‘be: in service-‘*”

?'able condition after,25~years. Because of the short life of mole drains,‘

A,the>idea‘of(the combinedﬁmole-tile drain system was developed.

i
’

L bevelopment'of the Combined Mole-Tile Drain System

Duncan (1957) stated that the use of a combined mole-tile drain has*
t‘been practiced in Okoia, New Zealand in order to improve the drainage
area where tile lines have been existing. The method of joining mole \
drains to. the existing tile drains was done by using a drilling machine.<
- At each junction where the mole drain intercepted a tile line; small
~: hole was drilled down from the ground surface through the top of the : o
tile. By this procedure, the drainage water in the mole drains would
a;be allowed to enter the tiles. |

Piper (1958) recommended that where a combined'system is being used'
'the tile should always be laid deep enough to avoid the mole plow from .
~striking them. The method of joining the mole to the tiles was. done by ]

thrusting a spear down from the. ground surface to the side of the tile.;

F Depth and-Spacing of Drains in the’Combined Systemi

Theobald (1963) stated that the distance between mole” channels de-
, lpends upon many factors but usually is- from 6 to 15 feet, and the mole

”f?channel is about 20 inches deep. The depth of tile drain is about 30

»e

“inches with a maximum spacing of 328 feet in a normal condition, but

8

\this distance may have to be reduced to about 65 feet depending on - the 5
geographic and climatic conditions. W " o ) f{',f

P

Plamenac, Pusic and Vlahinic (1971) reported that the combined ik’*

‘ system functioned satisfactorily on flat and heavy hydromorphic y Euhi
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‘soi‘ls along the Drava and Sava river valleys in Yugoslavia. The system
consisted of mole drains which were drawn at a distance of 9 feet apart,
24 inches deep and collector drains laid in a ditch with filled gravel
to a depth of 8 inches below the ground surface. They also stated that
two alternative systems are being investigated in Posavina. The first
system is composed of a tile drain with no filter at 100 and 160 feet
tspacing and 2.6 feet deep. On the other system, tile drains with'gravel
lilter are located at a-distance of 125 to 160 feet apart and at a !
depth of 2. 6 feet. Mole drains in these systems were drawn at»a spacing
of 6 3 feet at a depth of 14 to 16 5 inches.

According to Trafford (1971), the use of a combined system has been
practiced in. almost all new mole drainage work in the United Kingdom.
'He reported that in the current use. the system consists of mole dreins

drawn at 20 to 28 inches depth with 8. to 10 feet spacing, and tile’ drains

were laid at'a distance of 65 to 328~feet apart.,

Cost of the Combined'System :

Baitch and Rieser (1971) stated that the cost of a combined system
in the Federal Republic of Germany varies largely depending on soil con-
ditions, morphology and type of arrangement., They reported that for one
hectare (2.471 acres) the construction cost varies from 1,900 to 3,500 '

3‘DM,with the annual addition of 97 to 195 DM. The spacings of pipe col-

. lectors are from 30 to.80 meters, and mole drains are drawn at 2 meters.
spacing. The above estimation was made on the basis of the life of'3d
years for tile drains and 10 years for mole drains, which means that
mole drains have to be redrawn three times during the assumed life,time "

, of the tile drain. The tile drain trench is backfilled with 2.5 cubic.
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meters of .filter material per meter. The interest.rate is 5%-and-.the

redemption 1is 3.5%.

4



, .
‘v! ‘K

2 YN
PRCT A

METHOD AND PROCEDURES

) Description of Experimental Plots -

The general layout of the experimental plots located at‘the Utah
\State University drainage farm, Logan, Utah, is presented in Figure 6
with details of all test installations. Soils in the area are classi-
fied as heavy, as reported by Perez (1969). The records of soil borings
‘nre shown in Appendix A. Before the test, the ground .water table was
lobserved to be at a depth of about 4 feet below the ground surface.

The area was covered with weeds and alfalfa during the experiment. The
" water supply for‘building the water table for the experiment was from
‘an artesisn)well and‘eonveyed to the area in a pipe line. Water was
>'applied by four sprinkler 1lines laid relatively close to one another to
_assure a reasonable applieation uniformity.

The experimental area, approximately 460 feet by 240 feet, was:
divided into three plots and constructed with four lines of tile drainsl
spaced at 120 feet (Figure 6). The tile drains, located in the east-
west direction and with the outlets at east ends, were numbered conse— .
‘cutively from north to south starting with No. 1. 1Im Plot I 10 lines
of double mole drains were drawn above and orthogonal to tile drains in
the north-south direction at the spacing of 6 feet., Plot II was‘con- .
structed in the same way as Plot I except that eingle noie drains were‘ |
used instead of double mole drains. Plot III was used as the control
area, and no mole drain was constructed in the plot. Five manholes rdr
measuring the discharges from drain outlets, numbered from 1 to 5, were:

located on Tile-line No. 3, as shown in Figure 6. A system of
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ohservation wells, of which the locations and designations are shown in . -
’Figure 6, were installed for measuring the elevations of the water table
during the experiment. Three batteries of pilezometers were built at the
locations approrimately 73 feet apart on the centerline between Tile—line
No. 2Xand No. 3 to observe ihe ground water movement. ° Each‘battery»of
piezometers consists of three 1/2 inch diameter pipes sunk one foot apart

[

‘to- the depths of. 2 4 and 6 feet from the ground surface.,

- Method of‘Construction

dfter the centerline of each line of- the tile drains*was located
the trench was excavated by a backhoe to the depth of 3 2 feet, and a 4-
inch diameter perforated plastic pipe was laid horizontally in the trench
on a gravel bed about 4 inches thick.‘ No attempt was made to lay the
tile drain on grade because the ground surface is practically horizontal
throughout the area. The trench was then backfilled with a well graded
gravel to about one foot below the ground surface. An,aluminum pipe,

+

sS«inch diameter and 8. feet 1ong, was used as an outlet.for each tile
line to discharge the drainage water into an existing open drain.

After the completion of the tile drain construction, the area was
sprinkled in order to create a soil moisture suitable for moling The
;soil moisture within the moling depth in.the area was checked with the'
aid of a soil auger, and the mole drains were pulled when the average
moisture content of the soil was about 22 percent. The average depth
’uas about 19 inches for the double mole drains and 20 inches for‘thei
single mole drains. All mole drains were pulled at a spacing of 61feetf‘

Five manholes, 4 feet in diameter and 4 feet deep, were constructed7‘

along Tile~line No. 3 at the junctions of the mole drains and the tilef‘

I
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]

;o

drain.‘ Outlets were provided at the exits of all the drains in the man-‘

holes to enable the measurements of the flow rate in each drain line.'
The details of the manholes are given in Figure 7.
j An observation well was built by augering a hole with about d .

inch diameter to a depth of. 6 feet, and a small quantity of gravel was

t

, placed at the bottom of the hole. Then a perforated aluminum pipe 3

‘ inches in diameter and 7 feet long, was centered in the hole, and gravel

5

was placed in the space outside the pipe. The wells were numbered and

‘covered with cans to prevent entry of foreign material.

The three batteries of piezometers (details have been mentioned
earlier) were constructed by driving the precut length of 1/2-inch pipes
to the required depth with a hammer while a marble was used to prevent

the soil from entering the pipe. When the desired depth was reached

. the marble was pushed down and the pipe was flushed so that a cavity was

formed at the low end of the pipe.

" Experimental Procedures and Data Collection

The ground water table ‘was built up by four sprinkler lines and by

the seepage from open ditches along the east and west boundaries of the

{

. experimental area while all outlets were closed. When the water table

i sy

. was just below the ground surface and almost horizontal throughout thea

area, the sprinklers were shut off and the water table was allowed to

\\,‘ f

. adjust itself for 24 hours before the initial measurement of the’ waterf

) table elevations in the observation wells was taken.

3j Then all outlets were opened simultaneously allowing the area to

1

drain.‘ The discharge measurements were done at various time intervalsf{

‘ ‘,“ i

by the direct method 1. e., noting the -time required for the flow to ]ﬁ‘

fill a container of known volume.
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Readings of water table elevations in the observation wells were ;:
‘Ntaken at 3, 6 and 12 hours after the ‘outlets were opened and thereafter
"at every 12 hours until the water level dropped to approximately the ”,
“elevation‘of the mole drains. The water table elevation was measured tc
the nearest one—hundredth of a foot by using a graduated measuring,tape.,ﬁ‘
‘During the experiment, the water levels in the piezometers were measured .
daily. o | B M
ﬁimilar procedures just(described were repeated in the test in
1973, except that the outlets were not closed during the water table
build-up period. . This is because it was believed that, by leaving the
‘ﬁdrain outlets open, the{water in the‘drains was in motion and was -thus
~capab1e of transporting sediments out of the drain instead of depositing

s

and clogging the drains as in the case when the outlets were closed.

Hydraulic Conductivity Measurements

. Tests to determine the field hydraulic conductivity of the soil in .

‘the evperimental area were conducted using the single-auger-hole method.
Several holes were tested in order to determine the average values of
the hydraulic conductivity. The tests were made in three stages in each"

‘hole'to find an impermeable‘layer. The first stage test was made with

the depth of the hole 3 feet below the ground surface.  In the second

lstage, the hole was deepened to the depth of 6 feet, and the water table )

, +

“in the hole was allowed to reach equilibrium before the test. - The thirxd !3
:stage test was conducted in the hole which was 9 feet deep. The hydrau-'\
Jlic conductivityxwaslcalculated by using the formula developed by Maas-
1and and Maskew (1957) for finding the hydraulic conductivity of the

"saturated soil below the water table.
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K = hydraulic conductivity, feet per day

' ‘é ‘= a dimensionless variable from Ernst's chart
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AY = Y1 Y2 where Yl = distance from the normal water table to~

the water level at the beginning of the test and Yz = distance

. it ‘
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'RESULTS , AND DISC}JSSlON |

Results of the investigation and the pertaining discussion will be

presented under three separate types of studies, the field performances '

#

~of»the systems, the deterioration of mole drains, and the economic study’

E of the combined system.

[ N
N

Field Performances of the Systems

‘_’A:field‘performance of the combined system was investigated by
"studying the recession rate of the water table at midpoint the accumu-'

. lative drop .of the water table ‘at midpoint, the shapes of water-table '

profiles and the discharge rates in the tile lines. ' The performances

jof the combined systemswere evaluated by comparison with the performance

¢
o ov

;of the tile drain system, 1, e., the check plot.

I
a
. 2}

?Recession rates at. midpoints

<

An adequate drainage system should be able to remove excess water
so ‘that the water table at the midpoints between drains ‘18 kept suffi-
iciently low to provide the best condition for root growth.’ Therefore,
nthe information regarding the recession rates at midpoints is very im- -
I\portant in the design of a drainage system.

Data obtained from the experiments in. 1972 and 1973 are shown in
‘,Appendix B. The water-table elevations at midpoints of ‘the three types
.of drainage systems were plotted against the corresponding elapsed timestn
xas shown in Figures 8 and 9. The water-table elevations shown . are thsl
‘average values ‘measured at the three midpoints between tile drains in

4,

areas N, c and S (see Figure 6)



Elcvation # of water table at midpoint - feet

100.50 l I
al - ~ " Combined (single mole) system -
**\’\ " Curve C )
100.00 \'\
) - ___...Combined (doublc mole) system -
/)\’\Curve B
99.50 e ——
..
. ‘\'i\.,,«"'Tile drain system -
~ . w?ve A
- N ~h—
; N

99.00 : \\ -

;" Double mole ¢ : R . T

y - - .

y~ Single mole ¢ - - o : ) A U I SR
98.30 3 1 2. - 3 5 * 6 7

i Elapéed time - days
* Based on an assumed reference
Figure 8. Relationship between t:he elevation of water table at midpoint between tile drains

and the elapsed time after the drainage process began, 1972.



<. Depth of rainfall - inches.

Elevation * of water table at midpoint - fee

1.50

1.00

0.50

0.00

100.50‘

v I . oy . s [N - :
- 3 P D ! e v s 3oy ’ 1 i v »”
W, ped v . . -t N * < + . S s i
- \ > - : s g
.. vy O te RS e \ ER ‘o . ‘ K ] . . ; . -
ke 1 AP [ o ¢ + " ’ N -ty N "1a t B L ] »
PR coe ey 4 ‘ 5 7 [ i 4 B B N ¢ ' . B
[ZN AR T e - PR . : - ¢ )
ta cor b, - * o ' Yo N « [ .
o [ J - ot N 0 v 4 4 1
1 ~ B v . -
. ' s o } \
« ' N 4
e 5 “a ot SRS ‘ . N ,
. Lo i o . N
v 4 + 1 N 3 ’
« <
. R ‘ -
P s N . ' 1, ‘; e v i
. - e oo [ B e b Pk P I -
B s Y - . . 1 g
. © o, v s * N
> . A 4 | W ot o
' . v [ P A o '
' . ~ i [
: '
. R ~ Y 1 Vo . N
» * <.
v . Lo
N . N
3 )
[ L . 4 ’ -
t, . b e s
, P .
. < v 7d
s . . -y '
; v s
N )
N PR ¢ ! y'- i ]
JI 4
. i
‘ .
v
'
5 * - ' - .
P
MRS s 1 \
' f 1
! 1 ¢ . }
" ' ! '
. X ,
L (Combined (doubl le) t
t
‘ Y
t )
i
h

100.00

99.50

S~

-Combined

(single mole) system

e
™ e

‘1\\.§Tile drain system
SN

99.00

Double mole &
p-Single mole &

98.50 - = ,
98.00 \ * -
‘ .: 0 1- 2 3 4 5 ) 1, .8 -9 10 ;
*(*{thure‘?. Relationship batween the elevat tor of water table] N
'ﬂ{ -iat midpoint between tile drains and the elapsed time aftef\the o
N 'drainage pProcess hegan. 1973.l \ o .



- \ N
. N ‘ :
i 4 ' 2o
o 4 § o
) s ! o
v
\ B
rr - 4
f
’ oo B 1 .
i B .
. * -~ '
N .
" « . > f
. H
v‘l ’ ’
' . - i
- ? [} 1
. |
— -
" . ' »
[ . . N i N
+ - -
! .
' . 1 4 + !
% » ¢ '
A ‘
|
B >
i N te ’
1 . % ‘
'
. N
i
’ (A4 ) +
4
.
.
t
! Ll
- '
. '
. ;
—t— | :
. e, 74AAN '
i lf /_/‘\.
1 .
: t
i ' *
' . ’
’

*-—

11

2

[ﬁﬂféed time - days . N
' . [*_Based on an’'assumed_reference’

‘16

17-

18

o

>l



22

The curves in Figures 8 and 9 1n51cate that the water tables in the
areas using the combined systems dropped faster than that in the tile
drain area. The figures also show that the combined system employing
single moles is slightly more effective than the combined (double mole)
system in lowering the water table.

It should be noted that the initial water table for each curve in
Figures 8 and 9 is not at the same elevation. In order to obtain a
better comparison, a correction has been attempted to adjust the initial
water table to be at the same elevation when the drainage process began.
Referring to Figure 8, the correction procedure is as follows:

1. Draw a horizontal line from point a to intersect curves B and
C at points b and c, respectively.

2. In Figure 10, curve A was drawn in thelsaﬁe mgg@ep as iﬁ‘FngQel
8, curve B was drawn by taking the elapsed time aé poiné@§ aékzer6,<gﬂd
curve C was drawn by using the zero elapsed time pé péintvé.}yfhé hQQ:\ 
cussion on the validity of the correction proceduré’;illyseYﬁg§g §§‘tﬁe
end of this section. S /

By the same correction procedure used in preparing Figure lq;’ﬁigﬁgg
11 was plotted to show the comparison of the water-table elévafibné 6@; ‘
tained from the experiment in 1973. Since there are many cycles of water-
table fluctuations resulting from the precipitations which occurred dur-
ing the test, as shown in Figure 9, the longest periéd of no rainfall
between the elapsed times of 5 and 10 days in Figure 9 was chosen to be
corrected and drawn in Figure 11.

The results shown in Figures 10 and 11 indicate more clearly that

the combined systems are more effective than the tile drain system in

lowering the water table. For the combined systems themselves, the water
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i AN ! ‘ - ’ Cer g
table drops faster in the single mole ‘area than in the double mole area. "

, ’

bThis could be" attributed to the fact that the single mole channels are’ ‘:1

lower than the double mole channels. L ,'“’ N ”;N

L,
e
D

* The performance of the three types of drainage systems for a 1ong

'eperiod during which rainfall occurred many times, as shown in Figure 9,

18 of special interest. . Even without an attempt to correct for the,effect

DT

??of,the'initial water table, the curves indicate that the combined‘systems 2
xlowered the water table much more rapidly than the tile'drain system.
T“The curves also showlthat the water level in the tile drain area was al- |
‘:ways approximately 9 inches above the water level in the areas. using the
:}combined system during the three consecutive rainfalls which occurred at
jabout,a 4 to.6 day intervals. This characteristic of the performancetinfﬁx

,tdicatesfthat'in the hunid area where soil is heavy and rainfall is fre-

s \
B

,,¢quent, ‘the.- combined system can provide a better condition of root zone 1
‘than a tile drain system alone. .

The following is the discussion on the validity of ‘the method of
ﬂlcorrection:used in preparing Figures 10 and 11l.
>‘:in:Figure,12, let D be the actual initial water-table elevation of
. the.recession rate curve‘of a certain drainage system which shows the'

water-table elevation F at the elapsed time Tj.

1

Now, it is desired to know if the initial wster table elevation of
: the.same system is at E, whether it'will requirevthe elapsed time,of T2*

.j‘such that T T3 1 for the water table to drop to ‘Fy where Tl is the

vR
- ;time required for the initial water table D in the system to drop to E.

\If ;.'r‘2 )=?'r3'-.'r1,' . W

: ’ P Tals
;

the method used in prepa ing Figures ll and 12 is valid. @he prqofjwill}f'

n;‘

be given below.-

N
N 4 ’:‘ .

t\\'- ‘
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‘ Dylla s equation (1966) states.

LI ‘l
K 1
,

'{Substitutinglho and ht in Equation (2) by by and,hz} -

i

oo h, (h + 2a)
T=EE I g ]
.~ " 8ak | h (h + 2a)

.in which

"L -'spacing of tile drains in feet
L a ‘Qfdepth of drains to impermeable layer in feet
‘ k. = hydraulic conductivity in feet per day

- f ~= gpecific yield .

h‘_é heightgof water table above drains.at time T

2£ ~ h (hl + 2a)
Bak | 10 [h ® YL

o L
‘T 8

Lot
s

2 - [hl(h +2a)] o
k Ry F20) L

f

L
.Ts

2 v

Substituting h and h in. Equation (2) by h and h2
T . zf 1o [ho (h2 + 2'a) -

3] Bak ( h2 (‘+ 2a)
Subtracting’Equation (5) by Equation (3),
sz n (h +28) b (b + 2a)

3,%0 " Bk akc 1“ [h &, =37 sy

,
Lo

. h =jinitiai height of water table midway between drains °

\§uhstitutiﬁg~ho and‘hé in Eqsationw(Z) by hj and”hi; ",l

ot T
NS
AN
kN - - .’
x 3 i
S

T ;‘time required for a wuter table to drop from h to h in days


http:drains,.at

DA 125 h; (h, + 2a) L
T3=T) = gax * In [ (h ¥ 2a)) .'(6)

Since Equation (4) is equal to Equation (6), then T, = TB(L,Ti,ﬂ

(same as Equation (1)). o j‘\: i

'
B

Hammad's equation (1962), given bciqw; may be'ubeq_iﬁ;q’éiuiiér;ﬁhﬁﬂ

to prove:
LEf . -, .
T= iif ln ( ) ln ( —) y ,gil

L \ oo ad v
’ ig which

N

d = diameter of tile drain

Accumulative drop of water table at midpoints

The accumulative drop of water table as related;tclelhpcéd>timésf
is plotted in Figures 13 and 14. The accumulative drop for each type
of drainage system is the average of the drops of water tables at mid-
points in areas N, C and S (Figure 6). The data»used in this analysis
cte given in Appendix B. |
A :‘ Figures 13 and 14 indicate that at any elapsed time the accumulative
'drop in the combined system is always greater than that in the tile drain‘
‘system. It may appear that the combined system lowers the water table TK
only slightly faster than the tile drain system, which seems to be of #d{~
practical advantage. For example, it takes about five to six days fot
the tile drain system to lower one foot of water table at midpoint, as
compared to about three days by the combined systems. The ability of
the combined sy;tems Just described may not be very significant for

drainage of arid land, but it is quite useful and important for the

humid areas where rainfall is frequent and the soil is heavy. Let us
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consider the frequency of rainfall for five days. The water table in'

-\t‘

”Y;dthe tile drain area will never drop more than one foot from the initial

1eve1 but it will drop more than one and one-half feet in the combined‘
~“mole-tile area. This characteristic permits the drainage system of heavy

'soils in humid 'areas to employ widely spaced tile drains overlain with

‘(an inexpensive system of mole drains. More discussion on the economics

’@of the combined system in comparison with the tile drain system will be

presented later in the thesis.

Drawdown curves

' The recession of the water table at midpoints presented earlier

»1shows the characteristics of | the water table at the midpoints between j

‘tile’drains.‘ In order to understand the characteristic of the water

J’table at other locatians in the experimental plot, drawdown ‘curves’
ﬂ"plotted at various elapsed ‘times are needed. These drawdown curves will

‘;,also provide data for use in the future for verifying the theory of the

combined mole-tile drain system.

[

Drawdown curves were obtained by plotting the water table elevations

J‘at various elapsed times after the drain outlets were opened. Since all
‘theoretical analyses indicate that the drawdown curves are symmetrical 'l

_about the centerline between tile drains, only one-half of the curves '

Coy, 4

iare ‘shown in Figures 15 to 28, The elevation of the water.table at any

i

‘;felapsed time at points located 2 feet (3 feet in 1973) and 20 feet from
”“the’tile drain is»the average of the elcvations at that point and its

ﬂ corresponding point on the opposite side of the certerline. The eleva-

tion of water table at centerline between the tile drains or midpoint is

the average elevations measured at the centerlines in the areas N, C and

S (sece TFigure 6).
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K

Figures 15 to ‘17 show the drawdown curves obtained from the experi-

o [

‘m*:., )
IR

ment in 1972 and Figures 18 to 20 show the drawdown curves from the ex-
periment in 1973. . The 1973 experiment was conducted for a period of

»“ ,x

three weeks, during which time there were three rainfalls. The drawdown
. cirves in Figures 18 to'20 and 25 to 28 were drawn from the data taken
t‘during the longest period of no rainfall in the experiment in 1973, which
X;is between the fifth to tenth day of the experiment.
I should be pointed out’ once again that the initial condition of
'lthe water table for the experiment in 1972 differed slightly from that
; of 1973. In the 1972 experiment, all drain outlets were closed while
:the water table in the area was built up with a sprinkler system and"
.the seepage from ditches. When the water table was just below the ground ]
surface, the sprinkler system was turned off. The water table was per-
;\mitted to spread out more uniformly for 24 hours before the data on.the
initial water ‘table were taken. As soon as the measurements were fin71‘
»ished, all drain outlets were opened almost simultaneously. Watermtable
elevations at warious elapsed times were then measured. With the pro-
\cedure just outlined, the initial’ water table was almost horizontal.

In the 1973 experiment, the. initial water table was built up with-
fthe drain outlets open. The procedure used in 1972 was not applied in |
the 1973 experiment, because it was found that by closing the drain cut-
lets the mole channels were submerged under stagnant water for a pro-
longed period of time, which caused part of the mole channels to collapse
and block the flow passage. Building a water table with outlets open,
even though the mole channels were submerged, water was flowing in the

channels and, therefore, was able to move awvay sediments to provide a

through passage. With this procedure, the initial water table was not
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as horizontal as in the 1972 experiment, but curved slightly with the
highest point at the centerline between tile drains, as shown in Figures
19 and 20. In the investigation of the comparative performance of the
three types of drainage systems under study, no attempt will be made to
correct the effect of the difference in the initial condition of éhe
water table. This is not necessary because the study is based on the
data from each year.
In order to compare che rate of drawdown of water ﬁebles in the
egtire,&rainage systems, the drawdown profiles at a selected elapsed
"timeﬁfor the three drainage systems were drawn in the same figuré (Fig-
Jgfee’ZI'to 28). Again, because the initial water table of each system
fwas\pof at the same elevation, the simi;af edjusement as used earlier
“in éhe study of the recession rate at midpoint was made. Figures 21,
22, 23 and 24 drawn with adjustments made, show drawdown .profiles for’
f}the three types of drainage systems at the elapsed times of one, two,A
three and four days, respectively, for the 1972 experiment.‘ Similar
cprves for the experiment in 1973 were drawn in Figures 25 to 28.-
" 'The drawdown curves shown in Figures 21 to 28 indicate that thew
combined (single mole) system is most effective in lowering water table
: in the whole area, and the combined (double mole) system is more effec-
tive than the tile drain system. In the four-day period, the water
table in the area installed with the combined (single mole) system could
be as much as one foot lower than the water table in the tile drained
area. The curves also show that at the same elapsed time the water feble
in most of the combined systems is lower than that in the tile drain sys-
tem, except in the regions approximately 10 to 15 feet of the tile drains

where the water table in the tile drain system is lower than in the com-

bined systems.
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A very interesting characteristic of the combined mole-tile drain
‘system is the flatness of the water table when compared to those of the:
’;tile drain system. A, logicsl explanat.\m of the characteristic may be’
that in the combined systems the water entered the mole drains, which ;
'are spaced more closely than the tile drains, and therefore, caused the
'water table in the location near the midpoint to drop faster than at the
,similar location in the tile drained area. The water is then carried |
along the mole channel, but most of the water seeps out before reaching

‘the tile drain and probably attributes to the flatness of the water table

“in that vicinity.

\‘Discharge rates

‘The discharge rat's were. measured at various time intervals at the -
: outlet of thewtile drain which carried the drainage water out from each
'area using n different type of drainage method. These measurements were
l‘made in manholes Nos. 1 3 and 5 for the discharge rates from the com-
»bined (double]mole) system, combined (single mole) system and tile
:»drainksystem;:respectively. The data of the measurements is shown’in‘

‘Table l and the results are plotted in Figure 29, which shows the dis-

charge rate in cubic feet per day, per foot.

In Figure 29, the high rate of discharge at the beginning of the
Nexperiment which diminished rapidly could be attributed to the fact that
‘a large quantity of water was accumulated in the trench before the drain-
:age process wat started. As soon as the outlets were opened, the water
in the trench flowed quickly through the outlets. The figures also show
‘the discharge rate for the comhined (double mole) system to be less than
:that of the combined (single mole) and tile drain systems. The much

smaller discharge rate from, the combined (double mole) area than from
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Table 1. Data of discharge rates measured during the experiment in 1972.

Combined Combined
(Double Mole) Area (Single Mole) Area Tile-Drain Area

' Elapsed Discharge FElapsed Discharge Elapsed Discharge
~  Date Time Rate Time Rate Time Rate
- Days cfd/ft, - Days cfd/ft. - Days cfd/ft.

 Sept. 21 0.04 3.49 0.04 8.57 0.03 4,62
| 0.19 2.12 0.09 4.96 0.10 1.93

0.20  1.66. 0.19 4.54 0.19 1.70

036 U0:83 0,36 3.92 0.36-  L.4h

Sept: 22.- " 0l6L . . 0670 0.62. . 330 0062 " 1.25
" 099~ 0.86. .- 0,98 2.60. . (0,98 .. 1,20
oz e nazsco2,08 0 1470 100
143607035 L LiLi36 . 1417 137 0 0.96

e
§

sept.23. 7 1i93. | 0isL: . 1,937 0,600 Li94T ' 0.75
- U238 . 003707 . 2,38 . 0.4 2,38 0,26

L

CSept. 26 2,96 -0 01370 2097 . 028 0. -3.08° 025
© 336 .0,08°7 3,35 170,20 | 3:35. 0,16
. e T oo
. Sept. 25 4,04 .. 0.07. " 4.03 '0.10 4.4 - 0,14
T 4,32 . 0,06 4,31 0.09 4,29 - 0,12 .
Sept. 26 5,05 ..  0.05 5.06 0.06  5.05 0,12

.l
o
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the combined (single mole) area was believed to be due to the effect of

boundary condition in the combined (double mole) area. The east boun—
dary of the combined (double mole) system is adjacent to an open drain
ditch. When the drainage process started, the water table in the com-
bined (double mole) system was much higher than the water level in the
ditch, and a large amount of ground water in the doublé mole area could
seep into the ditch, and thus reduce the amount of water which flowed
into the mole and tile drains in the system.

Along the west boundary of the tile drain area, the teﬁer;e condi-
tion may exist. The water table along the west side of the tile-drain
plot, as observed from observation wells, was higher than the water level
inside the plot and, therefore, the ground water could flow from outside
into the tile-drain area and increase the flow rate in the. tile-drain
area. For these reasons, the flow hydrograph presented should be re- .
garded as containing some errors. For future experiments, an effgcqtvé ’
' barrier along the boundaries of the experimental plot must be pro§i&ed’ ,

-to avoid the undesirable boundary conditions which existed in this study.

Investigation of the Deterioration of Mole Drains

| The investigation on the deterioration of mole drains is important
for the evaluation of the combined system because the longevity of the
mole channels is a major factor involved in the determination of the
feasibility of the combined system.

The deterioration of mole drains during the period of two years may
be investigated by comparing the performance of the combined system as
found from the experiments in 1972 and 1973. Because the life of tile

drain is quite long, as accepted by drainage authorities, the
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deterioration of the tile drains in two years may be considered to: be
negligible. Therefore, any degradation in the performance during the~

kY L
two years could be taken as a- result of the deterioration of the mole :
» drains in the systems.

. A direct comparison of the performances may lead to an error, be-

cause the initial conditions of the water table in the experiments in
'x1972 and 1973 were not identical. As mentioned earlier, the. intial water

‘ table in the 1972 experiment was flat, while in the 1973 experiment the
;initial water table was slightly curved. In order to obtain a true com-
« parison, the correction was attempted to adjust the initial water tables
‘to be approximately in the same condition before comparing the perfor-
mances of the systems.

‘,n*‘fahing‘thé correction for the combined (single'mole) system as an
.example, the'procédure is as follows:, L

o 1. ihe water table'versus elapsed times for'the\197é and11973,,

experiments were plotted as shown in Figure 30.

N '42. By examining Figure 30, the drawdown. curve at t = 3 hours, re-
(sembles most- closely the drawdown curve at t = 0 of the 1973 experiment.

A new curve showing the recession rate at midpoint}for the 1972 experi-
-‘ment was drawn using the water table elevation at t = 3 hours as the initial
‘ water table elevation. The similar curve‘for the 1973 experiment was also
drawn on the same figure (Figure 31).

3. The same correction method as described and applied under the
heading "Recession Rates at Midpoints" was then applied in order to adjust
the initial water table of the 1972 and 1973 experiments to the same ele- -
vation.

The recession rate curves at midpoint for the 1972 and 1973 experi-

' ments already corrected by the method just described are shown in Figure
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532. Using the same method Figure 33 was drawn for the combined (double
‘mole) system. r
. In these experiments, in order to avoid the effect of the boundary
conditions on the recession rates, the water table elevation along the B
boundaries of the experimental plots was observed. It was found that the
boundary conditions in the 1972 experiment resembled closely with those
of the 1973 experiment.

By comparing‘the recession rate curves of the combined systems
: shoun inHFigures 32’and 33, both combined systems.appeared to perform
iequally efficient in 'the 1972 experiment as in the 1973 experiment. It

3

'may be concluded that the deterioration of the mole drains in the com~

:bined systems during the two-year period is not apparent in the result

) of the investigation just presented.

' Economic Analysis

The evaluation of the conbined system would not be complete without
“a cost analysis of the system. A most desirable drainage system should .
function effectively in removing water from the problem area, requirex
[minimum maintenance and be simple to construct and inexpensive.

The results of the experiments in 1972 and 1973 indicate that tae
combined systems functioned more effectively than the tile drain system.
The operation and maintenance of both systems appear to be identical as
‘far as the tile drain is concerned. The difference in the cost will de-
pend on the life of the mole drains which is normally shorter than that
of the tile drains and requires remoling at some intervals.

Because of the difference in the overall life of thé;two systems,

a direct comparison of their initial costs will not represent the actual
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economic characteristic of the systems. Many methods of comparison are
possible. In this study, the cost analysis will be made by comparing
the annual costs of the systems.

In this section, the annual cost of the combined system, having the -
game construction details and performance as obtained in the experiments,
presented in the early part of the thesis, will be computed. Then the
spacing of a tile drain system which can function as effectively as the
combined system will be determined. This tile drain system,willioe re%
ferred to as the equivalent tile drain system. |

The cost study has to be based on the combined system used in the!
‘experiments because its performance is l:uown, which makes the determina-
jtion for the details of the equivalent tile drain possible. If the other

tcombined system is used in the analysis, the problem will arise regarding
the details of the equivalent tile drain system since the performance

of the other combined system is not known.

' General equations for cost analysis
The following equations, derived for the aﬁaiyéié;by the author,

will be used to determine the annual costs of both systems:

At =Lt « Ct « [ iN, + ii ' - (8),
. L+1) - ‘
Ac(n) - Ltc . th o [ iﬁ , ‘+ i]fifLm imeJ:
(1 + 1)
i )
+1)y -

‘in-which

At 1is an annual cost of an equivalent tile drain system.

‘

Ac is an annual cost of a combined system
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e Lt is a total length of tile drains required for the equivalent
system ,‘ Il

15Ltc is a total length of tile drains required for the combined

| system '

,_Lm is a total length of mole drains in the combined system

XCt is a coet per unit 1ength of the tile drain

'Vth is a cost . per unit length of tile drain in the combined system |
Cm is a cost per unit length of the mole drain

UN,\ is the life of tile drain in years

‘. is the life of mole drain in years

,if is an interest raterer year -

*****

i
Q-+ i)

Lm Cm
¢ 1] - =& ~Gt

—LZ (Lt-C'Lﬂtc)[

ey ‘ oy

‘(l'f i)n_- S

- dn. v}hich

S(n) -‘At; Ac(n) |
Cae annual savinggif the combined system is, usﬂd instead of the
.,jﬂ equivalent tile drain L

¢ - th/Ct
iﬁividing‘chuationi(IO) by equation (8) and multiplying by 100,

. A
[
I

\ 3¢?;;?.;:‘: ‘ ST R N ” N
SR "'"J.QO'{I,-Q-'EI"-EE,-‘F? ' Cm - [(1 + 1) ‘ 1} N-n}
PR S Lot [A+D)R-1] @+ VR

TR
. o

s

1, '
v \11“‘
< :
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in which

. .SP(n) = » 100

At - Ac(n
At
{ ‘= annual saving in percent of the annual cost of the equiva-

lent tile drain if a combined system is used instead of

an equivalent tile drain .

‘ Apﬁlication of the equations

) The equations, as shown in the prior section, will be appliéd, and
) the information obtained from the experiment will be used.

Data used in the determination of the spacing of the equivalent tile .
/:drain system are as follows: ‘

1. The water table is to be lowered by 1 foot in 2.7 days, and the
Tinitial water table is 2.75 feet above tile drains.

.2, The average hydraulic coaductivity of the soil is 0 74 feet per
nday, as obtained from the field measurement (the resutls of the measure-
‘ment are shown in Appendix C).

3. The specific yield is 5.5%, as read‘frﬁm'fié&gé.}o;io (Lufbin;
-~ 1966). | R |

‘,4; The depth of the tile drain is 2.77 feet.

5. The impermeable layer is 6 feet below the ground surface.

The spacing of the equivalent tile drain computed by the USBR
method (1964) and Jenab's method (1967) using the data given above was
found to be 52 and 49 feet, respectively (calculation is gshown in Appen-
dix D). The spacing of 50 feet will be used for the cost analysis of
the equivalent tile drain in this study.

For the combined system, the actual spacings and details as con-

structed for the experment will be used in the analysis.
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In this study, the equivalent tile drain requires 871 feet of tile
drains, and the combined system uses 363 feet of tile drains and 7, 260
feet of mole drains per acre.‘ To further investigate the saving which
"results from the use of the combined system in place of the equivalent ,
tile drain, assume 1 = 10% per year, N =30 years and c = 1. 10.

Substituting ‘the above values of. the variables in Equations 10 and
11, ct/Cm, S(n)/Ct and SP(n) are computed for the values of .-n from 1 toll

10. .The results are showm in1Tab1e 2 and drawn‘in‘Figure 34{

Discussion of results

Many, reports (Hamblyn, 1950; Piper,\1958r Theobald, 1963; and
Trafford 1971) stated that the 1ife of mole drain ranges from 2 to 15
years. The ratio of costs per foot of tile drain and mole drain (Ct/Cm),
as reported by Trafford (1971), Baitch and Rieser (1971), varies approxi—
:mately from 200 to 800. With ranges of n and Ct/Cm above, Figure 34
~shows that the annual saving could be from 31% to 53% of the ‘cost of the (
equivalent tile drain. In order to demonstrate numerically the actual
‘1annua1 saving, let us consider the case where the life of the mole drain
is 3 years, , the costs per foot of mole and tile drain are 0.2 cents and '
one dollar, respectively. The annual ~saving will be 44 dollars per acre'
,or 48% of the cost of the equivalent tile drain system.

& Figure 34 indicates that the saving is always obtained if Ct/Cm is
; greater ‘than 160, even if the mole drain has to be redrawn every year.“
q;All curves are flat in the region of small Ct/Cm and become very steep
fivhen this ratio 1s greater than 200, This could be interpreted that
‘the ratio of the unit cost of tile drain and mole drain needs not be too
high in order to gain an appreciable amount of saving by using the com~

bined system instead of a tile drain system, even when the life of the



Tabiz 2. Saving per acre and saving in percent of the cost of an equivalent tile drain.
Liﬁe of Mole Drain in Years
1 2 3 4 6 8 10
%& S(A) SP(1) S(2) SP(2) S(3) .SP(3) S(4) SP(4) S(6) SP(6) S(8) SP(8) $(10) sP(10)
Ct % Ct % Ct 4 Ct y 4 t YA t % Ct y 4

50 -33.7 =-36.4 -8.4 -9.1 4.2 4,6 16.7 18.1 22.8 24.7 26.4 28.4
100 8.2 8.9 20.8 22,5 27.1 29.4 33.3 36.1 36.4 39.4 38.2 41.2
150 -3.2 -3.4 22.1 24.0 30.5 33.1 34.7 37.6 38.9 42.1 40.9 44.3 42,1 45.6
200 10,1 10.9 29.1 31.5 35.4 38.3 °38.6 41.8 " 41.7 45.1 43.2 46.8 44,1 47.8
250 18.3 19.8 33.3 36.0 38.3 ,j41;5 w.:'49.8 44,2 43.3 46.9 44{§ 48.2 45.3 49.0
300 23.4 25.3 36.1 39.1 - 40{3 f:43f6;f 42.4 45.9 -44.5- 48.1 “45.5 49.2 46.1  49.9
350 27.2 29.4 38.1 41.2 41,7 - 45.1 .43.5 . 46.1 ° 45.2 49.0 -46.1 49.9 6.6 50.5
400 30.0 32.5 39.6 42.8 '42.7 M 46‘2 ) 44.3 4709 '45.8 49.6 46.6 50.5 47.2 51.1 N
500 34.0 36.9 41.6 45.1- 44.2 47.8 45.4 49.2 46.7 50.5 47.3 51.2 47.6 51.6
6G0 36.7 39.7 43.0° 46.6 -45.1- ?48{9« 46,2 50.0- 47.2 51.1 47.7 51.7 48.0 52.0
700 38.6 41.8 44.0 47.7 - 45.8 - 49.6 4@,7 - 50.6 . 47.6- " 51.6 48.1 52.1 48.3 52.3 .
800 40.0 43.3 44.8 48.5 " 46.4 50.2 47.2 - 51.0 47.9. :31.9 -48.3 - 52.3 48.5 52.5 .
900 41.1 44.5 45.4 49.1 " 46.8 50.6 47.5- 51.4 48.2 52.1 48,5 52.5 48.7 52.7 '
1000  42.0 45.5 45.8 49.6 47.1 51.0 47.7 51.7 .48.3 52.3 48.7 .52.7 48.8 52,9
Notes: Ct = cost of tile érain per foot S = savigg obtained per ébﬁé

Cm = cost of mole drain,pe:;fbot -

 SP = saving obtained in per cent

e
s )
8.

.t
R
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'

SP(n) =, Annual saving in percen* of cne coat of an equivalent
tile drain SN . ) ) ) R

. 1000[

- 800"

600

400}

Cost of tile drain per. foot.-
Cost of mole drain per foot

.+ 200

0 10 20 30 40 . 50

S(n) - Annual saving per acre
Ct Cost of tile drain per foot

Note: n = Life of mole drain in years

‘ figﬁre 34. Curves showing the saving in construction cost obtained
o if a combined mole tile drain system is usea instead of

{ i

, an equivalent tile drain system. S A A

A
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mole drains is short. For example, for the life of mole drain of two
years, with the increase of Ct/Cm from 85 to 200, the annual saving in-
creases from 0 to 32%Z. In other words, it might be suggested that the
1life and cost of the mole drain does not influence significantly the
percent of saving as long as the mole channels last two years or more
and the ratio of Ct/Cm is greater than 200.

In addition to the saving in construction cost discussed above,f
mole drains also give subsoiling effect which allows a better aif c;rgﬁ;
lation through the soil and increases its water holding capacify;“ﬁolew
drains haye'been found to make leaching in heavy soilfmorg effectivé~;

(Rapp, 1968).
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SRy AND ‘cdhcrusrons :

An investigation was conducted to evaluate the field performance
and economic feasibility of the combined mole—tile drain system in heavy
soils in comparison with a similar tile drain system. Two combined

I

aystema were constructed the double mole and single mole. The mole
drains, drawn at a depth of about 19 inches and with a’ spacing of 6 feet,:
. were constructed above and orthogonal to the tile drains 2. 77 feet
deep spaced at 120 feet. The field performances were investigated by
| comparing the rate of recession of water table at midpoints between tile
drains, the accumulative drops, the drawdown curves and the discharge.
- rates of the three systems. The inveatigation on. the deterioration of
- mole drains during the period of two years was done by comparing the
rate of recession of the water table at midpoints obtained in the 1972
and 1973 experiments. |
f The economic analysis was conducted by comparing the cost of*the‘¥
' combined systems to that of an equivalent tile drain based on- the rotal
and annual costs. The results of the experiments may be concluded as |
’follows:
1. The combined systems were more effective than ‘the: tile drain :
‘}system in lowering the water table. |
2. The difference in the effectiveness between the combined systems
using the single and double mole drains in lowering the water table was
not distinctly apparent.
3. There was no conclusive indication of the deterioration of the

mole channels during the period of two years.
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4. The construction cost of a combined system 1s alyays lower than

(B,

that of an equivalent tile drain system even if the mole drains in the

combined system have to be redrawn every year.
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_sucsssrroﬁsfson'Funrusa,sfunrﬂ1

The following laboratory and field investigations should be con-

'
‘, 5
‘ 2o . s ) ¢ Vo
4 ot ) R L , < R ;

sidered. '”‘, RN

i
.

i

B

: 12 Model studies may be used to investigate the performance of

i A

' the combined system as affected by different variable parameters, such
as hydraulic conductivity, depth to the impermeable layer, spacing of

, mole drains, depth of mole drains,and spacing and depth of tile drains.

1

From the studies, empirical formulas for the combined systems may be

developed by means of the method of the dimensional analysis. Also, a-

r

verifitation of ‘the results from the studies above, by field experiment

EE

o may be conducted.\\

l"}(Z Further investigation on the effective life of mole drains in.

| various types of soils should be made., The information from this inves-’,
tigation are useful for the economic analysis of the combined system.
' 3 An extensive study should be conducted by using the combined
;system and ‘an equivalent tile drain system in the areas where crops ere
to be grown.‘ A comparison of crop yields from esch area should be made "

in order to investigate the subsoiling effect of mole drains..,’w' .

'4‘, "&- N ‘ ~
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étaﬁion #‘17

"0"- 1' ‘“dark gray moist silty clay loam

l - 3 1/2' gray moist clay loam ‘

3 1/2 -‘S‘i’t *gleyed light gray, clay, moist

3

5.7 1/2' gray clay, brown, some green mottles,- moist clay

7 1/2° 7(103: brown mottled, moist clay

lf’ io*; 12' stratified clay loam. clay and sandy 13Yer3

: Couldn t determine free watet :

étation # 18

'6ﬂ; 2'1/2' dark gray moist clay loam L

2 1/2 - 4 1/2' gray gleyed clay, moist

l 4 '1/2 _,9 1/2' stratified clay loam and sandy layers

F:ee water 10°1/2*

'Note:

This data was taken from Perez, Mario, 1969. Unpublished
- M.S.. Report, Utah State University,. Logan,, ‘Utah. :
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Appendix B

Data of the Water Table Elevations Measured

During the Experiments in 1972 and 1973
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Observa- , .
tion Sept. 21, 72 Sept. 21, 72 Sept. 21, 72 Sept. 21, 72
Well No. KM, (fc.) A M. (ft.) P.M. (ft.) P.M.  (FE.)
R 09:00 100.37 11:30 100.28 02:42 100.18 06:35 100.10
: 09:24 100.47P 12:03 100,45P 03:17 100.45P 07:05 100.42PP
6 . 09:24 100.44 12:02 100,42 03:16 100.36 07:05 100.30
11° . 09:23 100,32F 12:01 100,32P 03:15 100.31P 07:04 100.30P
5 08:55 100,23- 12:05 100,24P 03:19 100.21 07:07 100.17
10 ©  08:55-100.36P 12:06 100,36 03:20 100,35PP 07:08 100.34PP
15..  08:57 100.26P 12:07 100,25 03:21 100.24P 07:09 100.23P
*sD1 09:03 100,29 ' 11:33 100,11 02:44 99.81 ' 06:39  99.67
’ 109:06 100.45P 11:36 100,45 02:45 100,43P 06:40- 100.41P
09:05 100.42  11:39 100,41 02:48 100.31 06:42 100.16 -
& ¢ 09:06 100,38 11:42 100,02 02:51 99,73  06:45  99.62
NDL - 09:08,100.34 11:43 100.06 02:54 99.61 06:48  99.37
'SD2° . 09:14 100.37 11:53 99.75 03:04 (99.58 06:57 99.47
-7 - 09:13 100,46P 11:50 100.44P 03:02 100,43P 06:55 100.39PP
' 09:12' 100.43 11:48 100,42 02:59 100,39 06:51 100.35
9 09:11 100,44P 11:46 100,43P 02:57 100.42P 06:49 100.39P
ND2 09:10 100,38 11:44 99,87 02:56 99.56 06:49  99.43
D3 09:16 100.30P 11:55 100.29P 03:07 100.28P 06:58 100.27P
12 09:17. 100.28P 11:56 100.27P 03:07 100.26P 06:59 100,25P
13 09:17 100,287 11:56 100,27P 03:08 100.26P 07:00 100.24P -
14 09:18 100.27P 11:57 100,26P 03:09 100,24p 07:01 100.22P
' ND3 09:18 100.29 11:57 99.64 03:10 99,28  07:02 99,11
16 09:21 100.14 12:00 100,12 03:13 100.04 °07:03 100.02
'17.  09:20 100,10 11:59 100,06 03:12 100.03 07:03 100,03
18 100,20 11:58 100,17 03:12 100.07 07:02

109:19

100.04

. Note: B'-fpopding; PP = partially ponding-
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Observa-
tion Sept. 22, 72 Sept. 22, 72 Sept. 22, 72 Sept. 22, 72
Well No.  AM.  (f£.)  AM.  (ft.)  P.M. (ft.)  P.M.  (ft.)
R 00:35 100.03 10:41 99,91 02:00 99.84 06:26 99.75
1 01:15 100.42PP 11:15 100.39PP 02:30 100.32 06:57 100.19
.6 01:13 100,29 11:15 100.21 02:29 100.10 06:56 99.88
1 01:12 100,297 11:14 100,27 02:28 100.27P 06:55 100.26P
'S 01:17 100,12 11:19 100,06 02:31 100.03 06:59  99.99
10 01:18 100,32 11:20 100.28PP 02:32 100.23PP 07:00 100.16
15 01:19 100.22P 11:21 100,20P 02:32 100.19P 07:00 100.17P
‘sp1 00:39 99.57 10:47 99,50 02:02 99.50 06:27  99.44
| 00:40 100,399 10:46 100.37P 02:02 100.35P 06:28 100.33P
00:44 100,03 10:50 99,85 02:05 99.76 06:31  99.61
, 00:46 99.56 10:56 99.47 02:07 99.41 06:34  99.34
‘D1 00:50 99.25. 10:55 99,16 02:10 99.14 06:3F 99.12
SD2 . 01:02 99.34  11:04 99,21 02:19 99.20  06:47 ' 99.15
7 00:59 100,19 11:01 100,02 02:16 99.90 06:45  99.64
8 00:55 100,35 - 10:50 100,32 02:16 100.22  06:42 ~100.07
00:52 100.37 10:56 100,22 02:12 100.09 06:39  99.89
ND2 00:51 99.29 10:55 99,17 02:11 99.15 06:38 - 99.07
. §D3 01:04 100.25P 11:05 100,05 02:21 100,22PP 06:48 100.20PP
12 01:05 100,25 11:06 100.22P 02:22 100.20P 06:48 100.19P
13 01:06 100.23P 11:07 100,22P 02:22 100.20P 06:49 100.18P
14 01:07 100.20p 11:08 100.18P 02:23 100.14 06:50  99.89
. ND3 01:08 98.91 11:08 98.87 02:24 98.86 06:51 98.60
.16 0l:11 100,02 11:12 99,98 02:27 . 99.94 06:54 99,93
17 01:10 100.04 11:11 100.02 02:26 100,00 06:54 100.00
18 01:09 100.05 11:10 100.0L 02:25 99,95 06:52 .99.9%
Note: P = ponding; PP = partially ponding
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.Observa~

‘tion . Sept, 23, 72 Sept. 23, 72 _ Sept. 24, 72. _ Sept. 24, 72 .
Vel Moo gM. (fr) R (Ft)  AM.  (fr) P (fr.).
R 108:26  99.56 07:06 99,38 09:06 99,24 06:16 99.12

1. 08:55 100,04 07:34 99.61 09:26 99.41 06:46 99.18

6 08:54 99.63 07:33 99,17 09:25 99.03 06:46 98.93
A1 ... 08:53 100.24P 07:33 100.20P 09:26 100,18P 06:45 100.15P
'S0 0B:55  99.87 07:35 99.78  09:28 99.64 06:48 99,55
10 08:56- 99.99  07:36 © 99.46 09:29 99,28  06:49 99,04
15 . 08:56 100.16P 07:37 100.01PP 09:30 99.84  06:50  99.57
s 108:27 | 99.30 07:07 99.27 09:06 99,21 06:18 99,18
.2 08:27- 99.83). 07:08 99.43  09:07 99,31 06:22 99.16
©08:30° 99,54 07:11 99,27 09:08 99,21 06:22  99.09

L4 08:34 '99:31° 07:13  99.07. 09:09° 98.98 06:25 98,87
MOL . 08:35 99.04 07:17 98.98 09:10 98.89 06:20 98,84
'$D2 . 08:45 99,03 07:26 98.96 09:.7 98.83 06:38 98.78
77 (0842 99.48  07:24 99,07 . 09:16 99.00 06:35 98:86
'8 08:40° 99,91 07:21 9940 09:15 99.26 06:32  99.07
790 L08:37  99.65 07:18 99,22 09:14 99,12 06:30 98.93
ND2 .. 08:37 98.97 O7:17 99.88 09:14 98,77 06:29 98.72
SDI 08:46  99.33 07:27 99,02 09:18 98.84 06:39  98.79
12 .- 08:47 100.07 07:28 99.62 09:19 99,26 06:40 99.01
13 . 08:47 100.15P 07:29 100,08 09:20 99,50 06:40 99,12
14 .08:48  99.55 07:29 99,12 09:21 98,95 06:41  98.80

N3 . 08:49 98.57 07:30° 98.56 09:22 98.55 06:42  98.54

'fiib-“ 08352 99.87 07:32  99.70 09:24 99,57 06:44 j99;;6'
170 08:51 99.98 . 07:31 - 99.92° 09:23 99.84 06:43 . 99.63
;18 . 08:50 - 99,90  07:30 99.73 '09:23 99,52 06:43 99,41

\ .
.o b
, Yo b !

Note: P = ponding; PP = partially ponding
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-Observa-

tion Sept. 25, 72 Sept, 25, 72 Sept. 26, 72 Sept. 26, 72
Nell Moo A, (f6.)  BM.  (E£)  AM.  (f£.)  PM.  (E.)
10:57 98.99 06:44 98,93 11:07 98.88 06:04 98.83

1 11:21  99.04 07:12 98,93 11:37 98.88 06:36 093,82

6 11:21 98.80 07:11 93,74 11:36 98.68 06:36 98,65
o 11:20 100.09P 07:10 100.06P 11:36. 99.86PP 06:35 99,60
s 10:54  99.40 07:12 99,32 11:40 99.19 06:00 99.15
210 10:54 98,92 07:13  98.80 11:40 98.77 06:00 98,74
15 10:55 99.49 07:14 99,47 11:41 99.44 06:01 ©99.43°
”‘Sblt 10:58  99.13  06:45 99,10 11:09 99.06 06:05 99,04
-2 10:59 98.98 06:45 98,91 11:10 98.83 06:06 98.79
37 '11:01 99,00 06:46 98,89 11:12 98.87 ~ 06:10 9B.81
G0 TU11:04 9875 06:49 98.72 11:15 98.65 06:10 9,63
DL 11:06. 98.74  06:53 98,70 11:19 98.63 06:14 98,60
D2 1114 98.67 07:02 98,63 11:20 98.57  06:27 98.55
ST 11:12 98,74 06:59 98,69 . 11:25 98.65 06:26  98.64
'8 11:10 98,96 06:56 98.85 11:23 98.83 06:20 98.77
o9 -11:08 . 98.84 06:54 98,74 11:21 98.70 06:16 98.67
W2 . 11:07 98,60 ' 06:54 98.56 11:20 98.51  06:15 98.48
SD3 . 11:15 98,69 07:03 98.65 11:29 98.59 06:24 98.56
120 1145 98.86  07:04 98,73 11:30 98.68 06:29 9.6
n i%?',}j;:ii1:16 98.96 07:05 98.83 11:30 98.78 06:30 98,72
14 - 11116 98,68 07:05 98.58 11:31  98.54 06:31 98,49
.r§D3 : ‘f}ii:17 98.52 07:05 98.52 11:31 98.51 06:32 98.51
C160 0 11:19 99.05  07:08  98.94 11:34  98.81  06:34 98,74
17 1119 99.33 07:07 99,20 11:33 99.00 06:33 98,92
18 11:18 99.14 07:06 99,00 11:32 98,87 06:33 98,80

Note: P = ponding; PP = partially ponding



. Obser-
vation'

" Sept. 27, 72

Sept, 28, 72

0.

Sept. 29, .72

" Oct. 4y 72

Ty

ot 5.

Well No. . pw, (fr.) BM. (ft.) | AMi (fr)) PM. (£E.) -
R 05:08 98.78 04:45 98.75 06:0L 98.63 03:17 dry
1 ¢ 05:31 98.89 0S:1l 98.94 06:20 98.69 - 03:49 ' 98.29
6 . 05:30 98.63 05:10 98,78 06:19 98.65 03:48 98.27
11 05:28 99,45 05:09 99,28 06:18 99.0L 03:47  98.59
5. ' 05:05 99.00 04:40 98,85 06:22 98.73 03:11 98.39
10 . . 05:06 98.83 04:40 98.85 06:23 98,61 03:12 98.29
15 05:06. 99.39 044l  99.35 06:24 . 99.30 03:13  98.99
sp1 05:09 98.99 04:46 98,95 06:02 98.28 03:19 98,11
2 .05:10 98.81 04:50 98,94 06:03 98,69 03:22 98.22
3. 05:1 98.90 O4:51 98.88  06:04 98.66 03:24  98.32
4 05:12 © 98.56 04:52 98.64 06:05 98.45 03;26 98,09
NDL | 05:14  98.52 04:53 98.48 06:06 98.40 03:27 = 98.14

SD2 . . 05:20 98.49 04:57  98.52 06:10 98.49 03:34 98.26
7. . 05:19 98.60 04:56 98,75 06:09 98,55 03:32 98.16
8 '05:18 98.87 04:55 98,88 06:08 98.62 03:31 98.21
9. . 05:17 98,77 O4:54 98,79 06:07 98.56 03:30 98.21
ND2 05:15  98.44 04:53 98,54 -06:07 98.47 03:28 98,08
" s03 05:0 98.54 05:00 98.54 06:11 98,47 03:35  98.40(dry)
012 .05:21 - 98:73 05:0L 98,74 06:12 ~ 98.47 03:37 98,07
13 05:22 98.82 05:02 98.82 ' 06:13 98.54 . 03:38 98.09
b 05323 98.54 05:03  98.53 06:14 - 18.32 .03:39 98,01
-ND3  -05:23 9B.49 05:04 98.48 06:15 98,37 03:40 dry. .
S ‘ , Loy
“16° ' 05:26 98,70 05:08 98.67 06:18  98.48 . 03:45. 97,93
17 05:26 98.94 05:07 98,89 06:17 98.65 . 03:43 ' 98.23
180 05:25 98,81 .05:06- 98.76 06:16' (98.54 03:42 98.13, -




7
1973
Observa~-

tion Aug. 28, 73 Aug. 28, 73 Aug. 28, 73 ' Aug. 28, 73
Wel]. NO. A.Mn (fto) A.Mo (fto) P.Mc (fto) PoMt (ft.)

R 07:40 100.67 10:40 100,46 O0L:40 100.32 07:40 100.14
07:43 100.46P 10:43 100.44P 01:43 100.43PP 07:43 100.41PP
6 07:44 100.45PP 10:44 100.44PP OL:44 100.42PP 07:44 100,31
1 07:45 100.34P 10:45 100,32P 01:45 100.31P 07:45 100.28P
5 08:07 100.57P 11:08 100.55° 02:08 100.53PP 08:07 100.28
10 08:08 100,34 11:09 100,32P 02:09 100.30P 08:08 100.29P -
15 08:10 140.20p 11:10 100,19 02:10 100.17P 08:10 100.147
'SDL 07:47 100.27 10:47 100,02 OL:47  99.89 0747 99,76

07:48 100.48P 10:48 100.45P O01:48 100.44P 07:48 ' 100.41P
07:49 100,52P 10:49 100,48PP 01:49 100.42 07:49 100.29

4 07:50 100.22 10:50. 99.99  0L:50 . 99.88 '07:50 99,71,
SNDL 07:51 99.78 10:51 : 99.63 . OL:51 99.44 07:51 99.17
'8D2 07:56 100.39 10:56 100,16 01:56. '99.77 -07:56 99.46

7 07:55 100,46P 10:55 100,42 0L:55 100,35 07:55 100.20
'8 07:54 100,48 1054 100,43 OL:54 100.38 07:54 100.25
9. 07:53 100,43 10:53 100,39PP 01i53 100.33 07:53' 100.18
ND2. 07:52 100.35° 10:52 100,28 01:52 99,80 07:52  99.49
“sD3° . 07:57 100,30P 10:57 100.287 0L:57 100.258 07:57 100.21P
,,lif‘ 07:58 100,32P 10:58 100.29P 01:58 100.27P 07:58 100.23P
13 07:59 100.30P 10:59 100.27P 01:59 100.24P 07:59 100,20P
14 . 08:00 100,29P 11:00 100.26P 02:00 100.23P 08:00 100.19PP
ND3 0. 08:01 100.30P 11:01 100.28P 02:01 100.09PP 08:01  98.73.
. 16 08:02 100.12 11:02 100,01 02:02 99.95 08:02 99.90
,17. 08:03 100,04 11:03 99.98 02:03 99.95 08:03 99.91

118 08:04 100.11 11:04 99,98 02:04 99.91 08:04 99.86.

Note: P = ponding; PP = partially ponding



72

. Observa- ) o, : o
tion Aug. 29, 73 Aug. 29, 73 Aug..30, 73 " Aug. 30, 73
Nell Moo gy (e6.)  PaM, (£ AM. (E£)) | BM. (ft.)

R . 07:40 99,97 07:40 - 99.72 - '07:40 . 99.57 07:40 .99.35

1 . ‘07:43 100.39PP 07:43 .100.22 . 07:43 100.09 07:43 ' 99.50.
6 . . 07:44 100.28° 07:44 99,96 07:44 99.86 07:44 99.29
A1 07:45 100.24P 07:45 100.20P 07:45 . 100,18P 07:45 100,15P
5770 08:07° 100,13 08:07 99,68 08:07 - 99,57 08:07 99,26
10 .-08:08 100.27 08:08 100,18 08:08 100.10 08:08 ' 99.65,

+

15" 08:10 100,09 08:10 99,98 .08:10 - 99.97 08:10 '99.73

SDL.  07:47  99.69  07:47 99.43 O7:47  99:36 O7:47 99,22
2 07:48 100.36P 07:48 100.12 07:48 99.99 07:48  99.59
703 - '.07:49 100.07 07:49 99.70  07:49 99.61 07:49 99.31

C 47 .07:50 99,54 07350 99.33 07:50 99,30 07:50 99.05

UNDL . 07:51 98.97 07:51 98.84 07:51 98.75 O7:51  98.66

SD2 - | . 07:56 99.33 07:56 99,13 07:56 99,10 07:56  98.90

7 |07:55 100,10 07:55 99.79° 07:55 99.67 07:55 99.17
B, '07:54 '100.12° 07:54 99.67 07:54 99.57 .07:54 99,20
‘9., .07:53 99,92 07:53 99,48 07:53 99,36 07:53 99.02

w2 | 07:52 99,22~ 07:52 98,93 07:52 98.88 07:52 98.69

'SD3 ;.. 07:57 99.36 97:57 99,00 07:57 98,91 07:57 98.74
12 . .07:58 100.16PP 07:58 99.88 07:58 99.59 07:58 99,21
13 ”97:59, 100.16P 07:59 100.08 07:59 . 99.92 07:59  99.44
14 - 08:00 99.76 08:00 99.28 08:00 99,14 08:00 98.87
ND3 ' 08:01 . 98.37 08:0L 98.20 08:01 98.12 08:0L 97,99

16 08:02 99.65 08:02 99.2 08:02 99,02 08:02 9873,
17 7 08:03 99,82 08:03 99.45- 08:03 99,19 - 08:03 - 98,82

'
N

187 0BY0N 99,74, 08:04 99,20 08:04 * 98.95 /. 08:04 . 9@;65

1 i v i LN A
P T

':j.(’th:e‘X: . ’«i’;»-‘s;iiomiihg; PP. = partially pqnding‘



73

*%

* After 1/4" rainfall
*% After 6/8" rainfall

kObserva- *
tion Aug. 31, 73 Aug. 31, 73 Sept. 1, 73 Sept., 1, 73
Well No- s M. (Ft.)  P.M. (fr.)  Aum, (ft.)  P.M. (ft.)
R 07:40  99.25 07:40 99,09 07:40 99,20 07:40 100.00
1 07:43  99.33  07:43 98.9 07:43 99.39 07:43 100.42PP
6 07:44  99.12  07:44 98.85 07:44 99.21 07:44 100.44
i 07:45 100.13P 07:45 100.09P 07:45 100.09P 07:45 100.25P
.5 08:07 99.17 08:07 99,02 08:07 99.34 08:07 100.57P
10 08:08 99.45 08:08 98.95 08:08 99.48 08:08 100.30P
V150 -08:10  99.70 08:10 99.27 08:10 99.66 08:10 100.09F
SDL . 07:47. 99.12  07:47 199,04 L7:47  99.07  07:47 100.06
20 07:48° '99.43 07348 99.14  O7:48 .99.55 07:48 100.42
3. 07497 99.27. 07:49. 99.09° 07:49 9939 07:49 100.43
470 07507 -98.98° 07:50 9875 ° 07450° 99.11 07:50 99.85
ML 07:51 98,56 07:51 98.48 07:51  9B.4L  O7:5L  99.15
P S I A ‘ ' :
2 . 07:56 98.82° '07:56 98.71 /07:56 98.90  07:56 99.81
70, 07155 99,10 07:55 98,837 07i55 99.22  O7:55 100.40
8. _07:54. 99,16 07:54 98.95"- 07:54 99,33  07:56 100.44
U9 07:53  98.97 07:53 98.75 ° 07:53 .99.15 ' 07:53 100.34
ND2' ', .07:F2 98.62 07:52 98.51 07:52° 98.67 07:52 '99.67
~‘81}3“";; 07:57  98.69 o7=57.3u9§.5§ 07:57 98,80 07157 100,15PP
12, - 07:58  99:11. 07:58 98,90 07:58 99,25, 07:58 100,19P
13-° 07:59. 99.27 . 07:59 . 99.0L. '07:59 99.38 ' 07:59 100.i7p.
14: " - 08100 ' 98.81 08:00 '98.63 O0B:00 98.88 08:00 100,05
W03 . o8:0L 97,96 08:0L 97.88 08:01 97.99 08:0L  98.44 .
16 08:02 98.63 08:02 98.42 08:02 9B.55 08:02 99,48
177 08:03 98.72 08:03 98.50 08:03 98.76 08:03  99:84
18 08:04 98.53 08:04 98.32° 08:04 98.49  08:04 99.47
Note: P = ponding; PP = partially ponding



©

7%

v 18~ 08:04

i

" 08:04

?9;74

"~N§£e§f P = ponding; PP = partially ponding
© . 'k After 6/8" rainfall ‘ ‘

\
h

Observa- Lk o S
tion Sept. 2, 73 Sept. 2, 73 Sept. 3, 73 Sept. 3, 73 -
" Well No.  AM. (FE.)  P.M. (EE.) AL (£.)  P.M. (Et.)
R 07:40 100,40 07:40 100.15 07:40 99.99 07:40 99.77
. '07:43 100,44PP 07:43 100.42PP 07:43 100.39PP 07:43 100,28
6 .. 07:44 100.44PP 07:44- 100,30 07:44 100,28 ° 07:44 100.05.
| 11 © 07:45 100.32P 07:45 100.28P 07:45 100.25P 07:45. 100,21F
5. 7 08:07 100.56P 08:07 100.33 08:07 100.21 08:07 . 99.81
'10' - 08:08 100.32P 08:08 100,29P 08:08 100.27P .08:08  100.20
15 08:10. 100.18P 08:10 100.14P 08:10 100.09PP 08:10 . 100.00PP
SDL . 07:47 99.89. 07:47 99,70 07:47 99,63 07:47  99.43
| 2 07:48' 100.44P 07:48 100.40P. 07:48 100.35P 07:48 100.10
" 07:49 100.45PP 07:49 .100,18 07:49 99.99 07:49  99.67
" 4 07:50 '99.88. 07:50 99.61 07:50 - 99.50 07:50 99,33
¢¢2un; ©" 07351 99.41 . .07:51 99,05 07:51 98,94 07:51 98.84
|o8D2 . . 07:56. 99,86  07:56- 99.41 07:56 99.34 07:56 99.17
7 . 07:55 100,39 ' 07:55 100.19 07:55 100,11 07:55 - 99.84
'8 07:54 100,45 07:54 100,27 O07:54 100,16 07:54. 99.78
‘9. 07:53 100,35 .07:53 100.16 07:53 99.90 07:53 . 99.53
CUND2 07:52 - 99.79° 07:52 99.43 07:52 99,22 - 07:52  98.98
SD3 07:57 100.26P 07:57 100,20p 07:57 99.33. 07:57 . 99.00
t12 © +07:58 100,29 07:58 100.22P 07:58 100,16PP 07:58 99,90
13, 07:59 100.27P 07:59 100.19P 07:59 100.16P. 07:59 '100.09PP
U140 .08:00. 100.26P 08:00 100,13 08:00 99.70 08:00 99.28
(D" 08:01 “100,27P 08:0L 98,79 08:01 - 98.37 . 0B:0L 98:19
16, ," 08:02 100,00 08:02 99,88 . 08:02 . 9964 ~08:02 99.26
17 08:03 99.98 08:03 99,90 08:03 99,83 08:03 - 99.53
- 99.97 08:04 99,86 ) 08:04 . 99.27



75

' nggfvn-,' e R o o e R g

tion, ' Sept. 4, 73 Sept. 4 73 -Sept. 5,73 'Sept. 5,73,
 Well No. ‘A;.. e ) PO (Ft.) A, x(fé.) SURM, (ft: )’
'R o7 40 99.63 07:40 99,42 . 07:40 - 99,32 07:46 99,17
07:43 100,21 07:43  99.78  07:43 99.64 07:43 - 99.20

60 07:4 99,96 07:44 - 99.49 O7:44  99.36  07:44  99.04
11 - 07345 100.19P" 07:45 100:16P 07:45 100,158 07:45 100.11P
©U5 . 7 .08:07  99.70 08:07 99.40 08:07 49,34 08:07 99.14
R 'og,qs‘ 100.15 08:08 99.86 08:08 99.71 - 08:08 99.20
15 .08:10 - 99.99PP 08:10 99.83 08:10  99.82  08:10 99.43.
DL 07:47 99:37 07:47 99.23 07:47 99.15 07:47 99.06

. 07:48 99,98 07:48  99.63 07:48 99.50 07:48 99.19

07:49 99,60 . 07: :49 99,35  07:49) 99.32  07:49  99.13

. 07:50 99,30 07:50 99.10 07:50 99.07 07:50 98.85
NDL  07:51 98,76 07:51 98.68 07:51° 98.61 07:51 98.54
SD2. ' 07:56  99.12  07:56 68.95 07:56 ' 98.89 07:56 98.75
7 07:55 99,71 07:55 99.30 07:55 99,21 07:55 98.93
07:54 99,67 07:54 99.33 - 07:54 99,29 07:54  99.04

9 07:53 99,41 .07:53 99,11. 07:53 99.07 07:53 98.82
©OND2. .. 07:52 98,93 - 07:52 . 98.75 07:52 98.74 07:52 98.55.
SD3 . . 07:57.  98.92 07:57 98.77 07:57. 98.72 07:57 98.60
12 07:58 99,62 ..07:58 99.27 07:58 99,18  07:58  98.95
130 07:59 99,96 07:59° 199,54 07:59 99.36  07:59  99.09
' 08:00 '99.14 08:00 98,90 08:00 98,83  08:00 98.63
w3, o 01 98,11 08:0L' 97.99 08:01 97.97 08:0L 97.88

. R - ‘

16 - o802 199,05 08502 98.78 . 08:02° 98.69 - 08:02 98.47
V) [08:03 '99.29 08:03 . 98.95 - 08:03  98.85 08:03 9.6
18 08:04 §sios 08:04 98.76 0B:047 98,66 08:04 98.44

the:“P'-}ﬁonding; PP -ﬁpérfially ponding



76

18- '08:04

Oﬁégrva-" C ot A o
tion Sept. 6, 73 - Sept, 6, 73 Sept. 7, 73 Sept. 7, 73
Well No. iy’ (f)). - P.M. - (£t)  AM. (fr)) © BM.  (£r)
it 07:40 99,10 07:40 98.95 07:40 98,92 ' O7:40 '98.78
o 07:43 99.10 07:43 98.87 07:43 98.78 O7:43  98.56
6 . O7:44 98,93 0744 98.74 O07:44 98.65 07:44  98.51
11 ' 07:45 100,08P 07:45 100.04P 07:45 99.99  07:45 "99.80 .
5 . .08:07 99.08 08:07 98.98 08:07 98.91 08:07 98.83
10 08:08 99,09 08:08 98.82 08:08 98.77 08:08 98.53
15 . 08:10 99,24 08:10 99.08 08:10 99.00 08:10 98.93
sl 07:47 98,98 07:47 98:91 07:47 98.86 07:47  98.80
2 . 07:48 99,11 07:48 98.95 07:48 98.87 07:48 98,71
3 ' 07:49  99.10 07:49 98,94 07:49 98,92 07:49  98.74
4 07:50 .98.79 07:50 98.68 07:50 98,53 07:50 98.42
NDL 07:51  98.46 07:51 98.38  07:51 98,32 07:51  98.26
' 8D2 07:56 98.68 07:56 98,58 07:56 98.52 07:56 98.45
7 07:55 98.89 07:55 98.7u 07:55 98.68 07:55 98.58
8" 07:54 99,01 07:54 98,84 07:54 98.83 07:54 98,62
9 - 07:53 98,81 07:53 98,71 07:53 98.65 07:53 98.48
ND2, - 07:52 98,49 07:52 98.41 07:52 98.34 07:52 98.27
SD3 . 07:57 98,56 07:57 98.46 07:57 98.42 07:57 98.32
12, 07:58 98,92 07:58 98,76 07:58 98.75 07:58 98.56
13 07:59 99,04 07:59 98.88 07:59 98.85  07:59 98.67
14 08:00 98.62 08:00 98.49 08:00 98.46 08:00 98.30
ND3 08:01 97.86 08:0L 97.80 08:0L 97.79 08:0L 97.72
16 08:02 98.41 08:02 98,24 08:02 98.2L 08:02 98.06
17 08:03 98,58 08:03 98.39 08:03 98,37 08:i03 98,18
98,39 08:04 98.22 08:04 98.20 08:04  98.03

Jﬂo;e:r P = ponding; PP = partially ponding



77

* Observa~ * I Kk

“tion . Sept. 8,73 Sept, 8, 73 sept. 9, 73 Sept. 9,73
Ml Nool A (et M. (Gt am (ft.)  PM.  (fe.) -
SRV 07407 99,59 07:40 100,10 07:40 100.05 07:40 99.81
Sl 07:43 100.42P 07:43 100,447 07:43 100.44P 07.43 100.41PP
6 7 07:44 100.40PP 07:44 100.42PP 07:44 100.42PP 07:44 100.23
1 © . 07:45 100.26P 07:45, 100,299 07:45 100.27p 07:45 100.23P
"5 0Bi07 100.57P 08:07 100.56P 08:07 100.54P 08:07 100.29
1o - -08:08° 100.28P 08:08 100.30P 08:08 100.30P 08:08 100.28p
15 08:10 100,10PP 08:10 100.09P 08:10 100,09P 08:10 100.02
DL . 07:47  99.77  07:47  99.89  07:47 99.85 07:47 99.58
| 07:48 100,41 07:48 100.42P 07:48 100.40P 07:48 100.29PF
3 07:49 100.46PP 07:49 100.33 07:49 100.19 07:49 99,80
40 07:50 99.97 07:50 99.74 07:50 99,66 07:50 99.41
ND1 07:51 . 98.45 07:51 99.28 07:51 99,08 07:51 98.93
SD2  07:56 99.60 07:56 99.70 07:56 99.54 07:56 99.30
A 07:55° 100,41  07:55 100.35 07:55 100.30 07:55 100.04
07:54 - 100.46 (07:54 100,41  07:54 100.39 07:54 100.10
» 07:53 100.36 07:53 100.31 07:53 100.22 07:53 99.82
D2 07:52 98.82 07:52 99.61 07:52 99,42 07:52 99,12
sD3 07:57 . 99.89 07:57 100.20p 07:57 100.16P 07:57 99,26
12 07:58 100.17 07:58 100.22P 07:58 100.19P 07:58° 100,10
13 07:59 100.16P 07:59 100.20P 07:59 100.17p 07:59 100.14P
14 108:00  99.77 08:00 100.12PP 08:00 99.91 0800 99.43
ND3 '08:01  98.36 08:01 98.40 08:01L 98.34 08:01 98.16
16 08:02 99,02 08:02 99.65 08:02 '99.60 08:02 99.27
17 08:03  99.69 08:03 99.91 08:03 99.90 08:03 99,65
18 08:04 99.26 08:04 99,82 08:04 . 99,78 08:04 99,34

Note: P = ponding; PP = partially ponding
. * After 1" rainfall
** After 1/2" rainfall
k%% After 3/16" rainfall



78

Observa- x TR T

tion ¢ Seﬁt.ild.:73‘ Sepé. 10, .73~ Sept. 11, 75~ + Sept,-11, 73
L oeAM. (e£) PMS (ft) AML  (fR) R (Ee.)
R:© - 07:40 99.68 07:40 . "99.51 07:40 99.58 * 07:40 99.45
;1 ' 07:43 . 100.39PP 07:43 100,33  07:43 100.41PP 07:43 100.36
6  07:44 100.21 07:46 99,96 ' 07:44 100,35 07:44 100,10
11 - 07:45 100.22P 07:45 100.20P 07:45 100.21P 07:45 100.19 .
5 08:07 100.19 08:07 99.85 08:07 100.38 08:07 100.01
10 08:08 100,27PP 08:08 100.20 08:08 100.27PP 08:08 100.22
.15 08:10 100.00 08:10 99,84 08:10 100.05 08:10 99.93
SD1 07:47 99.50 07:47 99.38 07:47 99.57 07:47 99.43
2 07:48 100.12 07:48 99.84 07:48 “100.19 07:48  99.85
3 07:49 99,71 07:49 99.53 07:49 99.90 07:49  99.52
4 07:50 99.39 07:50 99.23 07:50 99.55 07:50 99.29
NDL 07:51 98.84 07:5L 98.76 07:51 98,83 07:51 98.77
sb2 - 07:56 99,25 07:56 99.09 07:56 99.35 07:56 99,12
7 07:55. 99.97 07:55 99.63 07:55 100.15 07:55 99.67
07:54 99.98 07:54 99.67 07:54 100.21 07:54 99.76
9 07:53 99,67 07:53 99.38 07:53 99,89 07:53  99.42
ND2 07:52 99.05 07:52 98.89 07:52 99.06 07:52 98.9
SD3 07:57 99.09 07:57 98,95 07:57 99.17 07:57 98.92
12 07:58 99.95 07:58 99.63 07:58 100.00 07:58 99.63
13 07:59 100,10PP 07:59 99.94 07:59 100.07 07:59 99,96
14 08:00 99.26 08:00 99.05 08:00 99.35 08:00 99.03
ND3 08:01 98,10 08:01 98,01 08:01 98,11 08:01 98.00
16 . 08:02 igg;gé[;figibz» 98.87 08:02 98,99 08:02 98.82
17 .08:03 295,46 08:03 99,17 08:03 99.46 08:03 99,15

18 08:04 99.17 08:04 98.90 08:04 99.10 08:04 98.86

N&te;' P = ponding; PP = partially ponding
'* After unmeasurable rainfall
% After 1/4" rainfall
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;" Observa=

. tiom - -Sept. 12, 73  Sept. 12, 73" Sepr. 13, 73 . Sept’ 13,.73
oWellNort . (fe) PML (e) 0 AL (EE) Y RM. (B
R . 07:40 99.36 07:40 99.20° 07:40 ,95:12 07:40: 98,98
JL 0 07:43 100,31 07:43. 99.98° 07:43 © 99.76 07:43. 99.30 .
6 O7:44  99.96 . 07:46 99.48  07:44 99.28° 07:44 98,96
11 . 07:45 100.18P 07:45 100.16P 07:45 100,14 07:45 100.11P
50. 7 08:07 99.81 08:07 99.48 08:07 99.36 08:07 99.17
10 -°  08:08 100,18 08:08 99.95 08:08 99.77 08:08 99.28
15 08:10 99.88 08:10 99.56 08:10 99,38 08:10 99.14
DL 07:47 99.3L 07:47 99.17 07:47 99,07 ' 07:47  98.98
| |07:48 99,68 07:48 99.34 07:48 . 99,24 07:48  99.03
3 07:49 99.44 07:49 99.22 07:49 99,19 07:49 99,00
4 07:50 99,25 07:50 99,01 07:50 98.96 07:50 98,75
DL 07:51 98,72 07:51 98,65 07:51 98.57 07:51 98.49
D2 07:56 99.04 07:56 98.87 07:56 98.80 07:56 98,66
7 07:55 99.51 07:55 99.13 07:55 99.05 07:55 98.82
| 07:54 99,61 07:5 99.26 07:54 99.21 07:54 98,96
9 1 07:53  99.30 07:53 99,02 07:53 98,97 07:53 98.75
ND2: 07:52 98.86 07:52 98,68 07:52 98.62 07:52 98,48
sD3 | 07:57 98.85 07:57 98.71 07:57 98.67 07:57 98,55
12 07:58 99,47 -07:58 99,19 07:58 99.10 07:58 98,90
13, 07:59 99,73 07:59 99.36 07:59 99,22 07:59 99,00
‘14 '08:00 98.93 08:00 98,75 08:00 98,68 08:00 98.52
D3 . 08:0L .97.96 08:0L 97.89 08:0L 97.86 08:01L 97.79
16 08:02 98.72 08:02 98.55 O0R:02 98.48 08:02 98,33
17 08:03 99.01 08:03 98.76 08:03 98,69 08:03 98.51

18 0B:04' _ 98,74 08:04 98.53 08:04 98.47 0B:04 98,29

Note: P = ponding; PP = partially ponding,
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18 - 08:04

A

. 08304

Observa- . L | > o
- tion , Sept. 14, 73 Sept, 14,.73 Sept. 15,.73
Well MNo. AM. . (Et.) PM. . (t.) AM,  (Et.)
R '07:40-  98.94  07:40  98.82 07:40  98.79
g . 07:43 99,15 07:43  98.83  07:43 98.76
.6 © 07344, - 198,86 07:44 98,67 07:44 98,57
1 ~ 07:45 100.09P  07:45 100.05>  07:45  99,99P
5° . " 08:07 99,08 08:07  98.98 08:07 98,90
10 © 5 '08:08  99.13 08:08  98.80 08:08  98.75
15 -08:10 99,03 08:10  98.94 08:10 98,88
spl  07:47 98,91 07:47  98.85 07:47  98.79
2 . 07:48 98,96 07:48  98.81 07:48  98.74
: L 07:49  98.98  07:49  98.82  07:49  98.79
07:50  98.63 07:50  98.50 07:50  98.37
“NDL o7:51  98.41 07:51  98.34 07:51 98,27
sb2 07:56  98.60 07:56  98.51 07:56  98.44
7 . 07:55 98,79 07:55  98.63 07:55 98,59
| 07:54  98.95 07:54  98.76 07:54  98.75.
L9 07:53  98.75 07:53  98.59 07:53 98,57
ND2 07:52  98.42 07:52 98,33 07:52  98.26
SD3. 07:57 98,52 07:57  98.42 07:57 98,37
12 07:58  98.87 07:58  98.72 07:58  98.69
13 . -07:59 98,97 07:59  98.82 07:59  98.78
14 ©08:00  98.49 08:00  98.36 08:00 98,33
N3 - 08:01  97.78 08:01  97.73 08:01  97.72
16 08:02 98,28 08:02  98.15 08:02 98,09
- 17 08:03  98.47  08:03  98.31  08:03  98.26
98.25 98.11 08:04 98,08

Note: P = ponding; PP = partially ponding -
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. 05:40

08:04

OﬂégrvaJ L
tion Sept. 15, 73 Sept, 16, ‘73 Sept. 16,-73 Sept. 17, 73
Well No.  p . (fr.) AM,  (ft.)  PM.  (f£.) - AM.  (Et)
R. . 05:16 98.70 O7:40 98.67 07:40 98.60 07:40 98.60
1 05:19 98.63 07:43 98,61 07:43 ' 98.41 07:43 98.36
6 05:20 98.50 O07:44 98,40 07:44 98,32 07:44 98.27
11 . © -05:21 99.93PP 07:45 99.41 07:45 98,91 07:45 98.75
"5 05:42 98.86 08:07 98,79 08:07 - 98,75 08:07 & 98.71
10 05:43 98.57 08:08 98.53 08:08. .98.39 08:08 98,38
15 05:45 98.83 08:10 8.78 08:10 98,76 08:10 98.73
SOl -05:23 98,75 O7:47 98,70 07:47 98.66 07:47 98.61
2 05:24 98.67 07:48 98,59 07:48 98,50 07:48  98.45
3 .05:25 98,68 O7:49 98.66 07:49 98,54 07:49 98.53
& 05:26 98.29 - 07:50 98,19 07:50 98,12 07:50 98.03
oL '05:27 98.21 07:51 98,13 07:51 98.07 07:51 98.00
'sD2 (0532 98.40 07:56 98,32 07:56 98.26 07:56 98.21
o 05:31 98.55 07:55 98,50 07:55 98,43 07:55 98.39
8 05:30 98.62 07:54 98.58 07:54 98,45 07:54 98,39
9 05:29 98.47 07:53 98.44 07:53 98,33 07:53 98,32
N2 05:28 98.21 07:52 98,16 07:52 98,11 07:52 98,07
D3, 05:33 ,98.31 07:57 98,22 07:57 98,16 07:57 98.11
127 05:3 98.57 07:58 98,52 07:58 98,41 07:58 98.39
"13 05:35 98.66 07:59 98,61 07:59 98,50 07:59 98.47
14 .05:36 '98.23 08:00 98,20 08:00 98,11 08:00 98.09
- W3 05:37 97.68 0B:0L 97.67 08:0L 97.62 08:0L 97.62
16 - - 05:38 98,01 08:02 97,93 08:02 97.85 08:02 97.79
‘17 . 05:39 98.16 08:03 98,15 08:03 98.0L. 08:03 . 97,98
97.98 97.91 08:04 97.82 08:04 97.79




82,

08:04

Observa- T , ‘ ’
. tion " .__Sept. 18, 73 Sept. 19, 73 Sept. 20, 73
Well No. AM. () AM,  (Ft.) AM. (fe.)
"R 07:40° 98,53 07:40  98.44 07:40  98.36
1 07:43 98,22 07:43  98.12 07:43  98.01
.6 07:44 98,18 07:44  98.13 07:46  98.07
1 07:45  98.46  07:45 98,24 07:45  98.16
5 08:07 98,64 08:07 98,57 08:07  98.49
10 08:08 98,28 08:08  98.16 08:08 98,07 .
15. 08:10  98.68 08:10 98,64 08:10  98.59
SD1. 07:47  98.54 07:47  98.48 07:47  98.42
2 07:48 98,35 07:48 98,28 07:48 98,21
3 07:49 98,44 07:49  98.33 07:49 98,23
4. - 07:50 97,92 07:50  97.84 07:50  97.77
“ND1 07:51  97.90 07:51  97.81 07:51  97.73
SD2 . 07:56  98.13 07:56  98.07 . 07:56  98.01
7 07:55  98.31 07:55  98.24 07:55 98,17
8 07:54 98,28 07:56  98.19 07:56  98.12
9 07:53  98.21 07:53  98.11 07:53 98,03
ND2 07:52  98.01 07:52 97,95 07:52 97,89
sb3 07:57 98,02 07:57  97.94 07:57  97.87
12 07:58  98.29 07:58  98.20 07:58  98.13
13 07:59  98.37 07:59  98.26 07:59  98.19
14 08:00  98.00 08:00  97.90 08:00  97.83
ND3 08:01  97.58 08:01  97.54 08:01  97.50.
16 08:02  97.65 08:02  97.54 08:02  97.41
Y 08:03  97.86 08:03 97,75 108:03  97.66
18 08:04  97.67  08:04 97,57

97.46




Appendix C

Results of the Field Hydraulic Conductivity Measurements

183
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Deﬁths'frdm Ground Surface Hydraulic Conductivity

Hole'NB., L (feet) (feet per day)
1 | 3 2.36
6 0.64
9 0.24
2. 3 1.80
6 0.57
9 -—
3 3 3.40
6 0.93
9 0.37
4 3 2.55
6 0.82

9 0.35




Appendix D

Design of au Equivalent Tile Drain System

. 85
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‘The data obtained in this research is used to determine the spacing ‘
'of an equivalent tile drain. ~The data were- shown previously in the pre-*[
sentation of cost analysis. The following is the proceduree ahowing the

calculation of tile spacing from two methods, USBR and Jenab's. C

USBR Method

IMPERVIOUS LAYER

L4

Figure 35. Design of an equivalent tile drain system.

From Figure 10-2 (Luthin, 1966), the equivalent depth (d') is equal
to 3.23 feet.

Average flow depth (D) = d' + Y6/2

= 4,61 feet
From Figure 35
' 1.75
Y/Yb =575 = 0,636

From Figure 10~8 (Luthin, 1966), when Y/Ys = 0,636 it was found
that

@-5-0062

SL
-Substituting K, D, t and s, we have

" 0,74 x 4.61 x 2.7

0.055 x L2

= 0,062
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‘or:

L'= 52 feet = ﬁiie\apﬁcing

;;Jenab's Method

From the data availablé; it,may be fdﬁﬁd fﬁ#;
transmissivity (T) = 4 61 ft. x 0.74 Et. /day
= 3, 94 * 1072 ft.i/sec. |
since Bpecific yield (s) = 0.055
T
o= v

394x105

0.055

-3

- 0.716 x'107° £t.2/sec.

From Figure 35, we have

.-.075 '
Y/Yo -2—-7-5- =-0, 636 l(un)

From Fiéure 6 (Jenab,:1967); when Dl(un).- 0.636, it_ﬁhsAfound that
- VAgE L g.525

Substituting o and t,

\fxonaxloTxuszxseoo
0,525 ~

= 49.2 feet = tile spacing
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