
GRAPHICAL SOLUTIONS TO DRAINAGE EQUATIONS

Sie-Tan Chieng1, Robert S. Broughton2, and Stephen R. Ami2
'Bio-Resource Engineering Department, University ofBritish Columbia, Vancouver, B.C. V6T IW5;and Department of

Agricultural Engineering, Macdonald College of McGill University, Ste. Anne de Bellevue, Quebec H9X ICO.

Received 13 April 1981.

Chieng, S-T., R. S. Broughton, and S. R. Ami.
Eng. 23: 91-96.

1981. Graphical solutions to drainage equations. Can. Agric.

Multiple correlation graphs for solving Hooghoudt's drain-spacing equation for homogeneous soil were developed.
Graphs for obtaining Hooghoudt's equivalent depth of flow below the drains for seven commonly used subsurface
drainpipe diameters were constructed. A new multiple correction graph for determining the required size and maximum
allowable length of drainpipe is presented.

I. INTRODUCTION

Approximately 70 million metres of
subsurface drainpipes are installed in
Canada each year. A large number of
drainage designs must be made to indicate
the placement of these drainpipes. This
paper presents some graphs which can be
used to save calculations and time in sub

surface drainage design work.

II. OBJECTIVES
The objectives of this research and de

sign effort were: 1. To prepare multiple
correlation graphs to give the design spac
ing between subsurface drain laterals, us
ing as parameters the saturated hydraulic
conductivity of the soil; the allowable
height of the water table above drain
depth; the effective depth of seepage flow
below the drains; and the design drainage
rate, or drainage coefficient. 2. To provide
graphs which give the effective depth of
flow de below the drainpipes to be used in
the drain-spacing calculations for seven
commonly used pipe diameters. 3. To de
velop a multiple correlation graph for de
termining full flow discharge rate,
maximum area drainable and maximum

lengths of laterals for full lateral or col
lector pipe flow, for commonly used sizes
of clay tiles and plastic drain tubes laid on
a wide range of gradients.

III. MULTIPLE-CORRELATION

GRAPH FOR

DRAIN SPACING

Luthin (1978) states that there are as

many as 160 drainage theories available.
For the half-dozen drainage depth and
spacing equations which are frequently
used, the difference in spacings calculated
for a particular field is seldom more than
10% of the spacing. Since hydraulic con
ductivities of the soil may vary more than
30% within the area drained by a particular
pair of laterals, the equations of
Hooghoudt, Guyon, Dumm-Glover, Don-

nan and Van Schilfgaarde which are wide
ly used in North America will all give
drain spacings which are acceptably close
to each other for the hydraulic conductiv
ity conditions of a particular field.

In this paper, a simple graphical solu
tion for Hooghoudt's drain-spacing
formula for homogeneous soil is pres
ented. It provides a way to obtain the drain
spacing between laterals from a given set
of design parameters such as drainage
coefficient, equivalent depth, hydraulic
conductivity, drain depth and the water
table height above drains at mid-spacing
between drains.

The development of Hooghoudt's equa
tion is given by Luthin (1978). It is based
on steady state seepage through saturated
soil to either drainpipes or ditches. The
concept of a calculated equivalent depth,
or effective depth, of flow through the soil
below the drains has been used to

accommodate the difference in drainage
rates due to (a) the relative concentration
of stream lines near the drains for different

diameters of drainpipes or different sizes
of ditches, and (b) the effect of different
depths below the drain to an impermeable
layer.

Hooghoudt's equation for
homogeneous soil can be expressed as:

S2 = AK(2d,h + /r)/R (II

and for a two layered soil as

S2 = (Mhdji + 4KJr)/R (2)

Figure 1 defines the symbols used in above
equations.

Interpretation and Discussion of the
Variables in Hooghoudt's Equation

There are five variables in Hooghoudt's
equation, namely R, K, de, /; and S.

(1) R is the drainage coefficient or de
sign drainage rate, in metres per day. It has
long been selected from traditionally ac
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cepted tables such as given by Schwab et
al. (1966).

Chieng et al. (1978) have made steps
toward the goal of relating design drainage
rate to climatic regime of a region. They
developed a hydrologic-drainage compu
ter model based on the water balance con

cept to determine the drainage rate needed
for certain soil and climatic parameters.
The model has been verified by using wa
ter table depth observations by Chieng et
al. (1978). Bhattacharya(1978), Holsam-
bre and Sinai (1979, pers. commun.) and
Asselin(1980). Good agreements between
observed and calculated water table posi
tions were reported.

Table I shows some of the results gener
ated by this model using weather data for
St. Hyacinthe, Quebec. Results for other
sets of soil, climate, and drainage para
meters could be obtained by running the
model with inputs from the locality of in
terest. From these computer outputs, des
igners could select drainage rates to suit
particular crop and climatic conditions.

(2) K is the saturated hydraulic conduc
tivity of the soil in metres per day.
Hydraulic conductivity can be determined
either from soil samples in the laboratory
or from soil bodies in situ. There are at

least five different methods of measuring
or calculating K. The single auger hole
method is extensively used in Quebec and
the Netherlands and to a lesser extent in

other areas. It is a method which can be

used to measure K in situ below a water

table. A detailed description of the proce
dures is given by Van Beers (1970). Some
experiences with the method in eastern
Canada are described by Shady et al.
(1976).

(3) c/e is the equivalent depth, or effec
tive flow depth below the drain, in metres.
(See Section IV for further detail about the

graphs to be used to obtain values of de.)
(4) h is the water table height above the

drain center at mid-spacing, in metres. As
can be seen in Fig. I, h = DD — DWD



Soil Surfoce

(For homogeneous soil: KQ =Kb=K)
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Figure 1. Definition sketch for seepage to subsurface drains.

where DD is the drain depth and DWD is
the desirable water table depth from the
soil surface. The use of the term DWD will

lead to a conservative system design in the
sense that, for a given R, drain spacing
will be reduced if DWD > 0. The value of

DWD depends on the type of crop grown
and its root zone depth. It appears that
300-500 mm is a widely used range for
DWD (Bhattacharya 1978; Chieng 1975;
Luthin 1978). The value of 400 mm was
selected and used in this study. For soils
where DD must be kept smaller than 800
mm economics may cause the designer to
accept a DWD value as low as 200 mm.
When an interval of snowmelt or rainy
weather occurs which causes the water

table to rise close to the surface, the drain

age rate will be restricted by drainpipe
capacity when the depth to the water table
is less than DWD. This maximum pipe
capacity is the drainage coefficient of the
drainage system. As drainage proceeds
and the water table drops to depths greater
than DWD the drainage rate will be limited
by the rate of seepage through the soil. The
drainage rate at these lower values of h
will be less than the drainage coefficient.

(5) S is the spacing between the drain
laterals in metres. It can be obtained from

Fig. 9 after the variables R, K, de and h
have been determined. Figure 9 is based
on Hooghoudt's equation for a
homogeneous soil. For example, when the
design drainage rate R = 9 mm/day, DWD
= 0.40 m, K = 0.5m/day,and(ie = 1 m.

TABLE I. DESIGN DRAINAGE RATES GENERATED FOR DIFFERENT SOIL PARAMETERS

AND DRAIN DEPTHS USING ST. HYACINTHE, QUEBEC, WEATHER DATA FOR THE 35 vr,
1941 1975

Drainable

porosity

(nvW)

Upper Lower
Successive

days

Region A+ Region B|

depth Condition I Condition II Condition I Condition II

(ra) zone zone duration (mm/day)§ (mm/day) (mm/day) (mm/day)

0.07 0.05 4 10.5 12.0 6.0 9.0

1.0 0.07 0.05 3 12.0 15.5 7.0 10.5

0.O7 0.05 2 14 5 19.0 9.0 12.0

0.07 0.05 4 10.5 12.0 5.1 6.0

1.4 0.07 0.05 3 12.0 14.0 6.0 7.3

0.07 0.05 2 13.4 16.4 7.3 9.0

0.07 0.05 4 9.0 12.0 3.5 5.0

1.8 0.07 0.05 3 10.5 13.8 4.0 6.0

0.07 0.05 2 12.0 16.0 5.0 7.5

•^Region A. those areas whose cultivation season must begin in April.
iRegion B. those areas whose cultivation season begins in May (or after April).
^Condition I, when the allowable water table is 30 cm or less for not more than the indicated number of
successive days duration for a once-in-5-yr return period.
Condition II. when the allowable water table is 50 cm or less for not more than the indicated number of

successive days duration for a once-in-5-yr return period.
'The upperzoneisthetop300mmof thesoilprofile. Thelower zone isfrom 300mm tothedepth ofthedrains.

Fig. 9 gives a drain spacing (S) of 26 m for
a drain depth (DD) of 1.4 m, or a spacing
of 18.5 m when DD is 1 m.

(6) Another format for graphical solu
tion of Hooghoudt's equation is given by
Van Beers (1965). The format presented
here uses data and graphs developed,
verified and used in eastern Canada.

IV. GRAPHS FOR EQUIVALENT
DEPTH de VS. DEPTH TO THE

IMPERMEABLE LAYER d FOR A

RANGE OF PIPE SIZES AND

SPACINGS BETWEEN LATERALS

Hooghoudt (1940), as presented by Van
Schilfgaarde (1963), makes use of the con
cept of a calculated equivalent depth de of
flow through the soil below the drains as a
means of accounting for the convergence
of flow lines near the drains. The equiva
lent depth <4 is a function of the drain
spacing, drain tube radius and depth d to
the impermeable layer below the drain
centers.

A program has been written for the rela
tionships among these variables and for
the computer to control the plotting of
graphs of de vs. d with S as a parameter.
Output graphs are given as Figs. 2-8 for
drain outside diameters from 100 to 360

mm. The graph for 120 mm outside dia
meters will receive the most use since the

majority of drain tubing being installed in
North America is approximately 120 mm
outside diameter. The other graphs will be
useful for reference for situations where

significant lengths of other sizes of tubing
are functioning as lateral drains, and for
cases where a gravel envelope or relatively
more porous backfill is used around small
drain tubes to reduce the entry resistance
or to reduce the hydraulic gradient near the
drain to give soil drain interface conditions
similar to those of diameter drain pipe in
direct contact with the soil.

MULTIPLE CORRELATION

GRAPH FOR

DRAIN PIPE SIZE,
FLOW RATE, AREA DRAINED

AND MAXIMUM LENGTH

OF LATERALS

A multiple correlation graph has been
developed and is shown in Fig. 10. This
graph shows relations between area
drained (A), maximum allowable length of
drain line (L), spacing between drain later
als (5), drainage rate (R), slope of the drain
line (SL), drain pipe inside diameter {ID)
and drain tube hydraulic capacity (Q).
Equation 3 was derived from Manning's
formula (Chow 1959) and used to deter
mine the area drained. Equation 4 was
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Figure 2. Relationship between d and dc where S is the spacing
between drains (drain diameter = 100 mm).
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Figure 4. Relationship between d and dc where S is the spacing
between drains (drain diameter = 150 mm).

used to obtain the maximum allowable

length of a drain line.

0.311685 UDf3 (SLV 2

s"2
S + _

86400
(3)

(4)

where A\ = maximum areas drained by a
A = area drained (m2) given size of drain line (m2)
n = Manning's roughness coefficient L = length of drain line (m)

for the drain pipe S = spacing between laterals (m).
ID = inside diameter of the drain pipe, The usefulness of Fig. 10 can be illustrated

(m) by the following few examples:
SL = slope of drain pipe (a) To determine A and L when ID =
R = design drainage rate (m/day) 100mm,SL = 0.1%, and/? = 9 mm/day.
86400= conversion factor from flow rate Figure 10 gives A = 1.3 ha and L = 640 m

per day to flow rate per second for a 20-m spacing.

H 1 1 1 1 1 1 1 1 1 1 P 1 1 H
5 10 15 20 25 30 35

DEPTH TO IMPERMEABLE LAYER, d (Ml

H 1 1 1 1 -i 1 1 1 1 1 1 1 1 I-
5 10 15 20 25 30 35

DEPTH TO IMPERMEABLE LAYER, d (M)

Figure 3. Relationship between d and rfc where S is the spacing
between drains (drain diameter = 120 mm).
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5. Relationship between d and dc where 5 is the spacing
beiween drains (drain diameter = 175 mm).
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Figure 6. Relationship betweend and dc where5 is the spacing
between drains (drain diameter = 240 mm).
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Figure 8. Relationship between d and dc where 5 is the spacing
between drains (drain diameter = 360 mm).

If the spacing is 15 m. L = 870 m.
(b) To determine the drain tube capac

ity for a case with A = ha. SL = 0.1%,
and R = 9 mm/day. Figure 10 indicates
that a clay tile or corrugated plastic tube of
ID = 150 mm should be used.

(c) To determine the minimum slope of
the drain line; A = 3 ha. R = 9 mm/day.

and ID = 100 mm clay tile. From Fig. 10
it can be seen that SL must not be less than
0.35%.

(d) To determine the maximum length
of all laterals draining into a 200-mm ID
collector: SL = 0.1%, R = 9 mm/day,
and S = 20 m. From Fig. 10, observe that
7 ha can be drained and the aggregate

-i—i—i—i—i—i—i—i—i-
5 10 15 20 25 30 35

DEPTH TO IMPERMEABLE LAYER, d (M)

Figure 7. Relationship between d and dc where 5 is the spacing between drains (drain diameter
= 300 mm).

H 1 1 1 1-

length of all laterals draining into the col
lector is 3500 m.

CONCLUSIONS

1. A simple, convenient multiple cor
relation graphical solution for
Hooghoudt's drain-spacing formula for
homogeneous soil has been developed. By
using this multiple correlation graph, a
designer can quickly determine a drainage
spacing for the drainage conditions of a
particular field. This graph allows quick
determination of the range of spacings
which would be acceptable for a range of
different probable values of hydraulic con
ductivity, drainage coefficient and equiva
lent depth for the particular fields being
considered.

2. Graphs for obtaining Hooghoudt's
equivalent depths from the depth to im
permeable layer are constructed for seven
commonly used drain tube outside dia
meters. These graphs can be used for the
actual OD of the drain used with natural

soil backfill or for the case where gravel or
other porous fill is used around a small-
diameter lateral to reduce the entry resist
ance to the equivalent of a larger diameter
pipe.

3. A new multiple correlation graph for
the variables of area drained, drainpipe
capacity, drainage rate, energy grade,
drain spacing between laterals and the
maximum allowable length of drain line
has been developed.
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. S*4K(2deh +hVf
S= Drain-spacing
K= Hydraulic Conductivity
^Equivalent Depth

h'Water Table Height Above
Drain Center at Mid spacing

R-Drainage Rote

DD= Drain Depth

60 50 40

DRAIN-SPACING

~ 6 9 12

DESIGN DRAINAGE RATE

15 18 21

(mm /day)

Figure 9. Multiple correlation graph for solving Hooghoudt's equation to determine the spacing between drain laterals.
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Figure 10. Multiple correlation graph to be used to find discharge capacity, maximum areawhich canbe drained with particular pipes for design
coefficient, and maximum length of drain laterals for selected spacing between laterals.
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