
AGENCY rOR INTERNATIONAL DEVELOPMENT FOR AID USE ONLY 
WASHINGTON, D. C. 20523BIBLIOGRAPHIC INPUT SHEET 

A. PRIMARY 
1. SUBJECT Agriculture 

CAS B. SECONDARY
 
FICATION
 

Irrigation
 
2. TITLE AND SUBTITLE 

A theory of the Combined Mole-Tile Drain System
 

3. AUTHOR(S) 

Unhanand, Komain and Kadir, Tariq N.
 

4. DOCUMENT DATE S.NUMBER OF PAGES 6. ARC NUMBER 

February 1975 I 9P. ARC 3,) '> ') 
7. REFERENCE ORGANIZATION NAME AND ADDRESS 

Utah State University
 
Department of Agricultural and Irrigation Engineering
 
Logan, Utah 84322
 

8. SUPPLEMENTARY NOTES (Sponaoring Organization, Publishore, ivallabilfty) 

Published in Water Resources Research; Vol.ll,No.l,February,1975
 

9. ABSTRACT 

A theory of water movement in the combined mole-tile drain system based on the
 
transient state condition was developed. Two general equations were derived to
 
describe the height of the water table at any location in the system at any
 
elapsed time after the drainage process begins. One of the equations is applicable
 
for the stage in which the water table is above the mole drains, and the other
 
equation is for the stage in which the water table falls below the mole drains.
 
The two general equations were simplified for the point located at midpoint between
 
the tile drains and mole drains in the system. In the derivation, assumptions

regarding the flow condition of groundwater and shape of the water table profile
 
at certain boundaries were made. Field experiments were then conducted, and the
 
test data were used in verifying the equation for the first stage. A resonably
 
good agreement between the theoretical analysis and field data was obtained for this
 
type of research.
 

10. CONTROL NUMBER 11. PRICE OF DOCUMENT 

PN-AAB- 6 9' 
12. DESCRIPTORS 13. PROJECT NUMBER 

931-17-120-489
 
Water movement, water table, groundwater, field 14.COTAC UME
 

AIDta-C-II03
experiments, theoretical analysis 


15. TYPE OF DOCUMENT 

Research Study
 

AID 1590-1 (4-74) 



VOL. II. NO. I WATER RESOURCES RESEARCH FEBRUARY 1975 

A Theory of the Combined Mole-Tile Drain System 

KOMAIN UNHANAND AND TARIQ N. KADIR 

Department ofAgricultural and Irrigation Engineering, Utah State Universily, Logan, Utah 84322 

A theory or water movement in the combined mole-tile drain system based on the transient state
condition was developed. T%%o general equations %%erederived to describe the height of the water table at 
any location in the system at any elapsed time after the drainage process begins. One of the equations is
applicable for the stage in which the %satertable isabove the mole drains, and the other equation is for the 
stage in which the water table falls below the mole drains. The two general equations were simplified forthe point located at midpoint between the tile drains and mole drains in the system. In the derivation,
assumptions regarding the flow condition of groundwater and shape of the water table profile at certainboundaries were made. Field experiments were then -onductcd. and the test data %%ereused inverirying
the equation for the first stage. A reasonably good agreement betsscen the theoretical analysis and field 
data was obtained for this type of research. 

The drainage problems of heavy soils are more complicated 
than those of coarse-textured soils because the low infiltration 
rate necessitates an eflicient surface drainage and the low 
hydraulic conductivity of the soils makes a close spacing of tile 
drains necessary. In clay soils the water movement is almost 
entirely confined to the cracks and fissures. The wrater move-
ment is relatively fast through cracks and fissures but reduced 
to almost negligible flow when cracks and fissures are closed, 
Thus for tile drains in these soils to be effective for drainage 
they must be placed close together. The high initial cost of the 
drainage system resulting fron the close spacing. plus the fact 
that such soils are often not suitable for growving high-income 
crops, makes the economic feasibility difficult to obtain. 

Mole drains, constructed by ptlling a bullet-shaped probe 
through tile soil to form urlined channels, have been used to 
overcome the problem of the high initial cost of tile drains. But 
mole drains also are disadvantageous for being short-lived and 
requiring reconstruction every few years. Although the con-
struction of mole drains is relatively simple, inexpensive, and 
requires little time, the repeated installation of their outlets 
could be time consuming and costly. 

The problems of outlet construction may be eliminated by
the use of the so-called 'combined mole-tile drain system.' In 
this system a set of tile drains is laid at a suitable depth, nor-
mally about 91.4 cm, and a set of mole drains is drawn about 
30.5 cm . bove the tile drains in the direction perpendicular to 

the tile lines. The gravel envelope of the tile drain, being ex-

tended to approximately 30.5 cm from the groand surface, 

enables the mole drains that intersect the envelope to discharge 

the drainage water directly into the tile drains. With this type
of construction the cost of the drainage system is reduced 
because the tile drain spacing could be made wider, and the 
mole drain outlet construction is eliminated, 

The combined mole-tile drain system has been used in many 
countries in Europe [Food and Agriculture Organization, 197 1j
and Japan. To the author's knowledge, no infortmttion re-
garding its field performance is available. Tonita [1971] re-
ported a theoretical analysis of the combined system in 
stratified soils based on the three-dimensional steady state 
equation (i.e., the Laplace equation). The authors presented
the results in three-dimensional diagrams showing the equi-
potential lines and surface potential in the entire system for 
different arrangements of the hydraulic conductivity of the 
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layers. The results were also presented in graphs from which 
the discharge in the collector tile drain may be computed if 
the tile drain spacing, the hydraulic conductivity of soil, and 
the mole drain spacing are given. In their study, mole drains 
having 7-cm diameter were drawn at the depth of 45 cm below 
ground surface, and the tile drains were laid at 75-cm depth. 

Since no theoretical analysis of die water movement in the 
combined system based on the transient conditions could be 
found anywhere, and it appears that this system could be most 
practical for drainage of heavy soils, aItheoretical analysis that 
may be used in the evaluation or design of the system is 
necessary. 

The objectives of this paper are to present the following: a 
mathematical model for the combined mole-tile drainage 
system under a transient state condition, solutions for the 
above model for particular initial and boundary conditions, 
and the correlation of the solutions obtained with the data 
from a field experiment. 

DESCRtPTION OF THE STUDY MODEL 
A study model was chosen from an area bounded by a pair 

of mole drains and a pair of tile drains in a field in which a 
combined system was laid out indefinitely in all directions in 
order to eliminate the effect of tile boundary conditions at the 
edge of the field (Figure I). Since the theoretical analysis can­
not be carried out unless certain conditions of water table and 
water movement in the study model are known and because no 
such information isavailable, a logical description of the water 
movement that will be used in the analysis is presented as 
follows. 

At the beginning, all the drain outlets were closed, and the 
water table was a horizontal surface at a certain depth above 
the mole drains. As soon as the drain outlets wvere opened, the 
water table dropped quickly along the boundaries (i.e., the 
drains) and assumed the curved form shown in Figure I. 
Curves bac and dae represent the water surface profiles at the 
sections midway between the mole drains and the tile drains, 
respectively. Point a, located at the intersection of the two 
curves, is the highest point on the water table jn the system, 
since it is least affected by the drains. 

The curves bac and dae divide the water table into four 
symmetrical regions 1-4. Because the flow issymmetrical in all 
regions, only one region, say region I, will be used to describe 
the water movement. The direction of flow at any point on tile 
curve ba, for example, at point I in Figure 2, is along the curve 
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Fig. I. Symmetric regions of the water tabh., 

toward the tile drains because at any point on the curve bac the 
hydraulic gradient is zero in the direction parallel to the tile 
drain. Similarly, the flow at any point on the curve ae is along 
ae toward the mole drains. At any point on the surface within 
the region and not on the curves ba and ae or the bound-
aries the direction of flow will be affected by the hydraulic 
gradient components directed parallel to th- tile drains and 
the mole drains (e.g., point 3 in Figure 2). 

Along the boundary formed by the tile drain the water level 
is constant at the drain center line: if one assumes that the drain 
is always half full of water. The condition along the mole drain 
is more complicated. It was found during a field experiment 
that during water table recession the discharge from the mole 
drain was initially very small and quickly dimninished with 
time, whereas the general water table was still higher than the 
mole drain elevation. This characteristic seems to indicate that 
the water enters and flows in the mole channel, but most of it 

a 
-

/1 

Nola 
/, draiile 

seeps out from the channel before reaching the tile drain. The 
water surface may leave the mole channel at some point g a 
distance x0 from the tile drain, as shown in Figure 2. It should 
be noted here that the distance x0, isnot constant but increases 
with time during water table recession. 

After the drainage has progressed for a cL.:tain period, a 
situation will be reached in %hich the water velocity compo­
nent toward the mole drains is very small in comparison with 
the component toward the tile drain, and the flow toward tile 
drain predominates. In this situation the mole drain almost 
ceases to function, and the water surface along the mole drain 
begins to drop below the mole channel. The water table will 
gradually flatten out until the water velocity is completely in
the direction toward the tile drain, a movement causing the 
flow to be two dimensional, the condition upon which the or­
dinary tile drain theories are based (Figure 3). 

STAGES OF VATER MOVEMENT IN TIlE SYSTEM 

The study model. sho%%n in three dimensions in Figure 4, 
consists of tile drains spaced at S, overlain orthogonally by 
mole drains spaced at S,,,. The vertical distance between the 
mole drains and tile drains is d,. The impermeable layer lies at 
a distance d, below the tile drains. *rhe three Cartesian axes u, 
x, and y are also shown in the figure. 

The stages of water movement in the combined system,
which %%ill be assumed in th: theoretical analyses later, are 
described as follows. 

Stage I-water table above the mole drains. During this 
stage, both the mole drains and the tile drains function 
together in a combined fashion resulting in a two-dimensional 
flow pattern of which one component flows toward a mole 
drain and the other toward a tile drain. 

At time t = 0 with all drain outlets closed, the %%atertable is 
flat at a distance d above the mole drains. Then it will be 
assumed that immediately after all drain outlets are opened 
simultaneously, the water table reorients itself into a curved 
surface as shown in Fifure I. Furthermore, the water table 
profile along an' boundary will be assumed to be independent 
of time. Along the tile drains the water level isconstant at the 
center line of the drain or u = 0. Along the mole drains the 
water table profile takes on aconstant shape, which will be dis­
cussed later. 

Stage I ends when the water table at every point in the study 
model is at or below the elevation of the mole drains (i.e., max 
u = d2, see Figure 4). 

,' ' -" Mole drain 

"' 
 bet.we
 
drin 

F 

f . 11. drain u0'1t1Ile drain 

Fig. 2, Flow of groundwater, stage 1. Fig. 3. Flow of groundwater, stage 2. 
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Fig. 4. Water table profile ina combined mole-til drain system.
 

Stage 2- soater t ris the i ctable between ny Stage tablettileabove the drains.drains. During this stage, which starts with i h tater Tie tolebasic two­the condition of dimensional continuity equation governing the flow of water 

water table at the end of stage ,only the tile through the soil may be expressed as follows [ pandrins are inac. 
 Schilfgaarde

tion. At any point o, the water table the hydraulic gradient is et al,1956: 
steepest in the direction toward the tiledrains, a situation

resulting ina two-dimensional flow pattern as occurs inan or- is t vrc a tht1 i mc lre 
dinarMtile
drain syste (See Figure 3). than 

AltThough the shape of the water table at any vertical section 

parallel to the mole drains at
tie outset of this stage isassumed 
to be identical to the constant water table profile along themole drains in stage I (Figure 3). the shape during stage 2 %%ill 

be time dependent 


MATuH EMATICAL MODEL 

Assumptions. In setting tip the mathematical model for the 
water movement in the combined mole-tile drain system under 
a transient state condition the following assumptions were 
used. (1) Soil is homogeneous and isotropic: (2) specific yield 
and hydrauilic conductivity of the soil are constant, (3) Dupuit-

Forchheimcr assumptions are valid; (4) Darcy's law is 
applicable; (5) flow is under a transient state condition; (6)
flow is completely gravitational. (7) land slope is small such 
that it has no effect on water movement: (8) height of the water 
table above the tile drains is very small in comparison with the 
vertical distance between the pipe drains and the impermeable
layer: (9) tile drains are parallel, and mole drains are parallel 
and orthogonal to the tile drains; (10) spacing of mole drains is 
small in comparison with that of the tile drains such that 
[(I/S. 2) + (I/Sr)] = I/SM2; (11)first term of the infinite 
Fourier series is sufficient for convergence: and (12) horizonial 
water table is an initial condition. Mathematical modeis %%ere 
set up for stage I and stage 2. 

a,
 

inwhich uisthe height of the 
 ater table abov the tile drains 
at any time and a =fokdowhereis theaverage specific yield 
of the soil (by volume),k isthe ansrage hydraulic conductivityof the soil. and d, is the vertical distance bet%%cen the tile drains 

and the impermeable laer.Itisassumed that is
much larger
 
than u. 0 
The boundary conditions and the initial
conditions are as
follows: 

Boundary conditions 

uf(,0, t) = 1(.) 
uUx, S,.. t) = K(V) 

Initial conditions 
u(x,y-,0) = d, + dz 

u(0, y, t) = 0 

u(St, Y, t) = 0 

horizontal water table 

where fix) represents the constant shape of the water table 
prolile along the mole drain boundary. 

Eluation (I) is identical in form to the two-dimensional heat 
flow equation [Carslaw and Jaeger, 1959], and therefore its 
solution for the nonhomogeneous boundary conditions may 
be applied in solving (1)as follows. 
The solution u(x. .', t) of (I) may be expressed as the sum of 

two solu,tions C(x. y) and w(x. jy,t): 
u(x, j,,t) = V(x. y')+ w(x, y,t) (2) 
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.where'v(xy) isithe steady state solution of the Laplace equa- and noting that AR = 0,,, 
lion -,in rectangular regions, 

v(x, y) = . ,,sin 
r V + 0+r = (3), -$ +y- 1y 1) 

with boundary conditions 	 .[inh (,,, y) 

v(x, 0) = (x) v(, y) = 0 where A, is expressed in (9). 

V(X, s.) = A~X) VCS, A) =-o By using the trigonometrical identity 
(a + b) (a -. b) 

.and:w (x, y, t) is the transient state solution of sinh a + sinh b = 2 sinh 2 cosh 
2 2 

0+ -- "(4) equation (12) may be written as 
t0t 

with boundary conditions v(x, y) 2- A. sin
 

w(x, , ) = 0 w(O, y, t) =
 

= w(S,, y, = 	 2sinh 2S, (S= - (13)w(x, S., t) 0 ) 0 	 2 2y) 

and an initial condition 	 By solving (4)for w(x, y, I) according to the work orKrelder 
et al. [1966], 

w(x, y, 0) = (d, + d,) - v(x, y) nax sl 

where v(x. y) is the solution obtained from (3). w(x, y, 1) = A,, sin in, 
Furthermore, according to Powers [1972], v(x, y) is the sum 

of two solutions •exp [-r (42 "1- ] (14) 

V(x, y) = V(x, y) + v1(x, y) (), 

where vo(x, y) is the solution of 	 where
' 4" ,jfs. f narx .my 

Ox + 	 6 A., - g(x y) sin -,sin uX fy 

With boundary conditions 	 g(x, y) = [d, + d2] - v(x, y) (16) 

* 0) = AX) VIA A =OEquation 	 (13) contains the infinite Fourier series, and (14) 

v,(x, S.) = 0 vI(M,, y) =0 	 involves the integration of an infinite series. Including more 
than one term of the infinite series generally involves extensive 

and v(x, y) is the solution of 	 mathematical calculations that are not suitable for practical 

2V, a2V2 	 application. An analysis conducted to determine the effect of 
0-- + "-l = 0 (7) truncating of the infinite series of (13) indicates that an
 

overestimation of about 30% of the value of v(x, ),) may exist.
 
wth boundary conditions For the sake of simplicity of mathematical calculations,
 

a 

V(x, 0) = 0 V2(0, Y) = 0 however, all other terms in the series except the first will be 
neglected, and (13) may be reduced to 

v2(x, S.) = 1(x) v(S,, y) = 0 

Solving (6) for vl(x, y) results in the following infinite v(x, Y) S,() )(A) sin cosh ,(S - 2y) (17) 
Fourier series [Kreider ei al., 1966]: 

mrx 	 where 

V,(x, y) = A,sin sinh (S.,-y) 	 (8)
"I A =J I(x) sin -rxdx (18), 

S,where 

2 as i nax .	 = (sinh t/2)/sinh t (19) 
- S, sinh (nrS/S). tx) s a 9S./S, (20) 

Similarly, by solving (7) for v,(x, y), ..If only the first term of the infinite series isused, (14) reduces 

v2(x,y)= , B. sin 1 sinh y. (10) 	 to 

where 	 W(xi t) sin S=y, t)= 4)(B)sin -r, 

B, =x) 2, 	 i dx (11) - ex [ + 
S, sinh (mrS./S,) s dxp 	 * - s t 

By substituting v,(x, y) from (8)and v2(x, ) from (10) in (5) where 
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y)sin sin dx dy 22) 

By substituting v(x, y) from (17) and ii(x,y,t)from (21) in (2). 
u(x, y, 1) during stage I may be expressed as 

u(x' y, 4) ( 	 ) A) sin EX cosh T (S. - 2y) 

+ (B) sin rx sin M exp -- + )t]
(23) 

where .A, B.Sm, Sj, a, and tare as defined previously 
Stage 2-water table between the mole drains and the tile 

drains. During this stage, mole drains no longer take part in 
the drainage, and the water movement can be described by the 
equation of continuity for ordinary tile drains: 

Ott Ott 	 (24) 
OX tpolynomial 

with boundary conditions 

1(0. t) =0 tiCS,, t) 0 

and an initial condition 

u(x, 0) = W(x) 

where t is the time measured from the beginning of stage 2, 
and f(x) represents the water table profile at t= 0 (see Figure 
5). 

Equation (24) may be solved by a method similar to that 
used by R. E. Glover [Dumnn, 1954, 1964]. From the work of 
Kreider et al. [1966], 

u(x, t)= ~ A sin I nIr2 ' 

S
 

4. x 0 St-2x-u -1p 

-

randraind otile 

Fig. 5. Water table profile along the mole drains at time t = 0, 
stage 2. 

where f1(x) and A(x) describe the curves og and o'g' in Figure 
4,respectively. Six cases off(x) were investigated: case 1,zero. 
degree polynomial: case 2. first.degree polynomial; case 3, 
second-degree polynomial: case 4. third-degree pol)nomial; 
case 5. fourth-degree polynomial: and case 6, sine wave equa­
tion.

Poltnomial equations. The general form of the nth degree 
equation may be expressed as 

u = Co + C'x + Cx 2 + ... + Cx" (31) 

The constants C0, C,, 	C2, -•-,C,, raay be evaluated from the 

following boundary conditions: 

u(O) = 

u'(x0) = u"(x,) 
=
u(S,) 0 

u'(S, - x0) = u"(S, ­

0 u(x,) =d, 

..... d", (x.) = 0 
u(Se - xo) = d: 

x0) O.... - = 0a1n'(S, x.) 
The derivatives are equated to zero at x = x.and x = S, ­

x,, to obtain smooth curves at those points. Applying the above
 

boundary conditions to solve for the constants in (1Tand 
- ")A.sinexp _---$2 (25) simplifying the general equations for f(x) may be expressedt as follows: 

where 

A.= f smn. ax (26)/(sInx) 

If using only the first term of the infinite Fourier series is 
sufficient, (25) becomes 

7rx 
C sin $,e (27) 

where 

2 r"
C J 1(x) sin dx (28)

0, 

0 7r/aS s 	 (29) 

Shape ofwater table profile along the mole drain f(x). The 
function f(x) represents the shape of water table profile along 
the mole drains during stage I and at the beginning of stage 2. 
Since no information of any kind isavailable,f(x) will have to 
be assumed. 

During stage I, fix) may be expressed mathematically as 
follows: 

(x) =I,(X) 0_<xxo 
f(x) = d2 xo x :_ (S, - Xo) (30) 

f(X) = f2(X) (S, - Xo) X, S,x 

I(x) = d2 ( l)	d2j(X _ Xo)" o _<X< X0
 
Xo0
 

I(x) = d2 X0 <_X :_ S, - xo 	 (32) 

d+ 
Xo 

where n is the degree of polynomial. 
Sine wave equation. The profile of water table along the 

mole drain f(x) using a sine wave equation is shown by the 
curve ogg'o' in Figure 6.Actually. only the portion og and g'o' 
are parts of a sine curve. If the gneral equation for the sine 
curve has a period of S,, 

u(x) = 6 sin (rx/Sj) (33) 

u. 
Sine wave curve 

/ 
/ x
 

/ i. H
 
..... . .............. ...... ...
 

Ag .. ...... 1 .......... . 0,
 
o 	 ,d2 'X 

drain t, 

Fig. 6. Wate' table profile along the mole drain as a sine curve. 
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=bandbysubstituting theboundary condition u(x), d, in (33), -48/r - I {fI - [2(l - cos f)/l]l; and ror case 6, 

.=dr/sin(x, . [(f/sin f)(2/r + cos f] (note that 0 =rxo/S,).
Equation (35) may be rearranged as 

-Thef(x) may then be described as follows: Sm = 1rt/a In [K,/(un - K2)]1 2 (38) 
6 sin rX  
AX) 0 _<x . in which urn is the height of water table above the tile drains at 

S, midpoint of the system. All other terms arc as previously de. 

xo x S,- Xo (34) fined.f(x) d 2 Generalformn ofsolution for stage 2. Similarly to stage I the 
I(x), 6sin'7-x S,--X0_<X< $S general form of solution for stage 2 may be expressed as 

where 6, d2, S. and x. are as previously defined. t ( , , t = xd 2e' (39) 

EVALUATION OF EQUATIONS (23) AND (27) in which 0 = 70/aSt'. 

By choosing f(x) for any particular case from (32) or (34) By rearranging (39) and substituting urn for u(S,/2, S,/2, t), 
and substituting in (18), A is obtained. With the known A,v(x, S, m [Vrt/a In (Xd 2/u,)]" 2 (40) 
y) is determined from (17), and consequently, g(x, y) from (16) 
by using the value of c(x, y) just obtained Then by sub- Equations (38) and (40) may be used in the design of the 
stituting g(., ') in (22). B may be determined. The general combined mole-tile drain system. 

solution for u(x, y.t) for stage I may be found from (23) by us- FIELD EXPERIMENT 
ing A and B obtained from the procedure decribed above. 

The general solution for u(x, t) during sta...2 may be ob- A field experiment was carried out on the Utah State 
tained front (27) by substituting the samef(x) chosen in stage University drainage farm, Logan, Utah, during the summer of 

I in (28) and by using 0 obtained from (29). 1972. 
Due to the fact that in practice the spacing of the mole Four perforated plastic drains, 10 cm in diameter, were laid 

drains is very much smaller than the spacing of the tile drains in a trench at adepth of 84 cm and aspacing of 36.58 m. The 
(i.e., 21n < S, < 51 and 30m < S, < 150m), in this plastic pipe was surrounded with a graded gravel envelope to 
mathematical analysis it was assumed that [(I/S,,2 ) + (I/S,)] the depth of 30.5 cm below the ground surface. The top soil 
= I/SI. was then used to fill the trench to the ground surface. Ten mole 

Since the water table condition at midpoint between the drains were drawn orthogonally to the tile drains at the depth 
drains is most interesting in drainage engineering, general of 53 cm below the soil surface. The typical arrangement of the 
solutions of (23) and (27) that express the height of water table tile and mole drains (see Figure 7) clearly shows that the water 
a._ny location in the system at any time will not be presented can flow directly from the mole channel through the gravel
 
here. Instead. only the solutions for the height of water table at envelope into the tile drains and no outlet construction for the
 
midpoint will be given, mole drains was required. The mole drains, about 7.6 cm in
 

diameter, were drawn at a spacing of 1.83 m.
 
SOLUTIONS EVALUATED AT MIDPOINT Observation wells were constructed at midpoints and other
 

The solutions of (23) and (27) evaluated at midpoint may be locations in the experiment plot. Each well was made by drill­

written in general forms as follows. ing a hole about 10 cm in diameter and 1.22 m deep. The side 

Generaljrmn ofsolution for stage 1. The solution for stage of the hole was roughened by a metal brush before a 2.5-cm-
I eer ars .diameter perforated PVC pipe about 1.52 m long was placed inesfsoud tg 


the center of the hole on a 5-cm gravel bedding, and the space-
u,, = K, - e 0 + K2 (35) outside the pipe was then filled %%ith graded gravel. 

inwhich Urn u(S,/2.S.12 , 1)or height of water table at miid- The experiment was conducted by building up the 
table in the plot with a sprinkler system while allpint,, /groundwater 

the tile drain outlets were closed. When the general water table 
tile
16(delevation inthe area was just below ground surface and 

KI 16=, d 4 (X) (36) flat, the sprinkler system was shut off. and the water table was 
allowed to adjust itself for about 24 hours. Then the water sur-

K2 --(2d 2)(0')(X face elevations at observation wells were measured, and the 

2 drainage process was started by opening the tile drain outlets 
simultaneously. Measurements of the water surface elevation 

as.,, in each observation %Nellwere repeated at various elapsed times 

sinh /2 (37) from the beginning of the drainage process. 
-Other data necessary for the theoretical analysis such as the 

sinh hydraulic conductivity of the soil were also collected. The 

2r S.,, hydraulic conductiviiy was determined by using the single
=St auger hole qiethod. Several holes were tested lo obtain tihe 

average value of the I.draulic conductivity. The test was made 
and the values of x varied depending on the particular case in three stages at the depths of 0.91, 1.83, and 2.74 in in each 
considered (i.e.Jf(x) chosen) and are listed as follows: for case hole to locate the impermeable laycr. The hydraulic conduc­
1,x = ,4/r:for case 2. -1/r . sin 0/13; for case 3. 8/r •(I -- cos tivity was computed by the formula developed by Maasland 

)/I1; for case •[I- (sin i3)/3]; for case 5, and Maskew 11957].1. 24/7r •1/13' for finding the hydraulic conductivity of 

http:u(S,/2.S.12
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TABLE I. Height of Water Table Above Tile Drains at Midpoint d2 
= 31.1 cm, d3 = 98.5 cm,and hydraulic conductivity k

Measured at Various Elapsed'Times 22.6 cm/d. 
Height of Water Table u., Elapscd Time t, When k = 22.6 cm/d.f was found to be 0.045 from agraph 

cm d 
Test Run 1. September 15-18. 1972 

65.2 0.000
63.1 0.071 
59.4 0.16954.6 0.342"54.3 0.597 
53.6 0.875 
45.1 0.960 
44.8 1.899 
40.2 2.407 
39. 

Test Run 2,'Septenmber 21-26, 1972 
89.3 0.00 
89.9 0.09488.7 0.22688.7 0.388 
87.2 0.640 
86.6 1.059 
83.8 1.194 
79.6 
 1.38175, 1.963 
57.9 2.407 
51.2 3.211 
47.2 3.374 
44.8 4.067
41.2 "4.391 
40.2 5.076
39.3 5.366 

the saturated soil below the water table. Tablei shows the 
data of the height of water table at midpoint measured at 
various elapsed times. Here are the data on the physical char-
acter of the combined system and the soil: S,, = 1.83 m, St 
= 36.58 m, d, = 34.1 cm in test run I and 58.2 cm in test run 2, 

TA1IE 2. Results or Data Analysis by Using Equation (38)
(Zero-Dcgree Polynomial Case) 

u,cm t,d S,m Sc,m SI/S, 

Test Run 1. September 15-18, 1972 
65.2 0 
63.1 0.071 2.02 0.98 0.500 
59.4 0.169 2.86 1.45 0.507 
54.6 
54.3 

0.342 
0.597 

3.61 
4.78 

1.89 
2.73 

0.522 
0.574 

53.6 
45.1 

0.875 
0.960 

5.75 
4.64 

3.50 
2.49 

0.613 
0.539 

44.8 1.899 6.64 4.15 0.625 
40.2 
39.0 

2.407 
2.888 

5.89 
5.47 

3.39 
3.03 

0.582 
0.559 

89.3 
89.0 
88.7 

Test Run 2,September 21-26, 1972 
0 
0.094 2.67 1.54 
0.226 4.15 2.59 

0.575 
0.628 

88.1 
87.2 
86.6 

0.388 
0.640 
1.059 

5.42 
6.93 
8.98 

3.61 
4.93 
6.79 

0.670 
0.712 
0.757 

83.8 1.194 9.15 6.93 0.757 
79.5 1.381 9.24 6.96 0.754 
75.0 1.963 10.41 8.01 0.770 
57.9 
51.2 
47.2 
44.8 

2.407 
3.211 
3.374 
4.067 

8.84 
9.14 
8.63 
8.96 

6.33 
6.52 
5.96 
6.25 

0.716 
0.713 
0.693 
0.698 

41.2 
40.2 
39.3 

4.391 
5.076 
5.366 

8.19 
8.54 
8.33 

5.48 
5.78 
5.55 

0.669 
0.678 
0.669 

showing the relationship of the specific yield and hydraulic 
conductivity such as given by Luthin 11973]. 

RESULTS A.D DISCUSSION 
The theory was correlated to the field experiment by in­

vestigating the validity of (38), %shichis applicable for stage I. 
k similar correlation could have been made by using (39),
should the field data for stage 2 have been available. 

The Sm was computed from (38) by using values ofi, and t 
selected to cover the entire range of the field data. The fixed 
point iteration technique [Stark, 1970] was used to solve (38). 

The result of the computation for S, is shown in the third 
column of Table 2. 

Since (38) was derived with an assumption that the depth ofteiprebe)~rsa e 
the impermeable 1a)er kas very large in comparison with the 
height of water above the drains, but in the experimental field 
the depth to the impermeable laver was only slightly greater
than twice the height of water table above the drains, therefore 
the following correction method based on a paper by Moody 
[1966] was applied. 

Hooghoudt's equation neglecting convergence toward
drains may be expressed as 

Sm2 = (2)hC + Cd (41) 

where C = 8kh/q. d is the depth of the impermeable layer 
below the drain, k is the hydraulic conductivity of the soil, h is 
the height of water table above the drains at midpoint, Sm isthe mole drain spacing, and q is the discharge rate in the drain. 

If d is the equivailent depth of the impermeable layer, (41) 
may be written as 

S 2 = ( 2)hC + Cd (42) 

where S,isthe corrected spacing of drains.
 
The relationship between d and d was given by Moody 

[1966] as 

d S Lr a J 

d (,43 

where 

a = 3.55- 1.6 + 2 
2 

(44) 

and a is the drain radius. For d/S, > 0.3, 

Backf ill 

00 
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,mole Dral 

-- 7
7 = =-

Graded Gravel. 

.. 
 . .
 
Tile Drain
 

-

Fig. 7. Typical a,'rangenent of the niolt drains and tile drains usco in 
Ihc fieldexperinrt.
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r .... 
[ ((45) 


S, r 


-By 	 dividing (42) by (41) and rearranging, 
Sterm 

[(.h + d),(V2hS=S,,, + d)' (46) 

Equations (43), (45), and (46) arc used to compute the cor-
rected spacing S, for the case in which the depth or the im-
permeable layer isnot sufficiently large. For these experiments 
the corrected spacings S, computed from the above equations 

shown in the fourth column in Table 2. The correctionare 
ratios S/S, are also shown in the same table. 

In general, the corrected spacings of the mole drains S, in 

Table 2 are much larger than the spacing of 1.83 m actually 
used in the experiment. Test run I yielded the average cor-

rected spacing of 2.62 in,which iscloser to the actual spacing 
than that of test run 2, which yielded the average corrected 
spacing of 5.55 in. The poor agreement of the corrected 

runspacings and the actual spacing in test 2 could be at-

tributed to the fact that ponding existed in some areas within 
the experimental plot, including the midpoint, at the beginning 
of the test. 

It is interesting to note that within a certain range of the 
hydraulic conductivity k, such as in this study, the error in the 
determination of k does not have a significant effect in the 
drain spacing determination because the mole drain spacing is 
proportional to (k/f)"2 as indicated in (38), and from the 

graph showing the relationship between the specific yield and 
hydraulic conductivity such as given by Lu'hin [1973] the value 
of (k/f)l2 is almost constant for k between 0.1 and 0.6 in./d 
(0.25 	and 1.52 cm/d). 

The probable reasons for not obtaining a better agreement 
between the theoretical and actual experimental spacings will 
be discussed as follows, 

Equation (38) used in the correlation study has been derived 
from 	(23) and virtually consists of two terms: w(x, y, t)and 

finally becomes K2 in (38) and containsv(x, y). The term v(x, y') 

an infinite series of which all terms hut the first were neglected 

in the derivation of the equation. Further invest;-.ation in. 

dicates that by including only the first term of the series the 


0.5 	 "\ 

N \ 

0.4 	 First-degree 
polynomial--

Sine wave eq.-"
 

02 

11.273 

0.0 . 

0.8 0.9 IO 1.1 

value of v(x, y) could be overestimated by about 27% for Sm 
and S, within the practical limits. 

The term w(x, y, t) consists of an infinite series of which each 

term contains an integral of v(x, y). Here again only the first 

of the series is maintained in the derivation of(38). The 
loss of accuracy in dropping other terms at this stage has not 

been investigated. 
The overestimation of about 27% in the value of v(x, y) and 

the unknown loss of accuracy in deriving the term w(x, y, 1) 

may be two of the causes affecting the overall accuracy of(38). 
The term f(x), which describes the profile of the water table 

along the mole drain during stage 1,has been assumed to be 

independent of time. Logically, the shape of water table profile 

should be dependent on x and time t.In other words, f(x) 
should be replaced byf(x, t). ,Consequently, K, and K will no 

longer be constants but probably be functions of time 1. 

To remove any doubt of the possibility of whether the six 
different assumed shapes off(x) could affect the accuracy of 
the derived equations, an investigation was made to study the 

for f(x).consequence resulting from the assumption made 
Since f(x) affected only the X term in each case, the 

for all six cases has been analyzed. It ischaracteristic of x 
found mathematically 	 that all X converge to 4/7r when xo/St 
approaches zero. The graphical representation in Figure 8 also 
shov.s that when x,/S, is 0.05, 	 all values of X converge to 
about 4/7r. Since under actual conditions xo/S, is expected to 
be smaller than 0.05, it may be concluded that any assumed 
shape of the water table profile f(x) should yield approxi­
mately the same results. 

CONCLUSIONS 

The study on the correlation between the developed theory 
and the field erperiment by comparing the computed spacings 
of mole drains with the actual spacing indicates that further 
improvement of the equations to obtain a better accuracy 
should be attempted. The imprvenent could be made by in­
eluding more than the first terms of the infinite series in the 
derivation and by replacingf(x) withf(x, t).Only the first term 
of the infinite series was used in this analysis for the sake of 
simplicity. 

-	 Fourth.degree polynomial 

... -Third-degree polynomial 

-. Second-degree polynomial 

(Zero-degree polynomial)
 

1.2 1.3 

Fig. 8. 
X 

Convergecec of -Xfor all six cases off(x). 
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If one realizes that field experiments in drainage frequently 
encounter some uncontrollable or nonuniform conditions such 
a, tWesley. s the variation of soil properties in the plot, the average corn-puled spacing of 2.64 m should be regarded as being i 
reasonably good agreement with the actual spacing of 1.83 m. 
The equation developed should be ver% useful for the design of 
the combined mole-tile drain system considering the fact that 
until present, no other design equations have been developed. 
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