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Dr.ir.D. Gabriels

Department of Soil Physics
State University of Ghent
Belgium.

Because we atre interested in the drainace of agricultural
land and hence we consider drainage as the removal of excess
subsurface water by means of conduits or cther conveying devices;
it follows that we are concerned with water tables, movement of
water through soil, and the relationship that exist between water
tables and crops.

In many areas both surface and subsurface drainage may be

required.

and buried tube drains into which water seeps bv cravity.
Water collected in drains is coveyed to a suitable outlet.

Drainage prcblems differ widelv because of the varied nature
of physical conditions and crops to be orown. Besides the crops
the following factors have to be taken into account : soils,
precipitation, topooraphy.

Excessive soil water reduces the exchance of air between
s0il and atmosphere. Therefore, wet soil conditions are cenerally
accompanied by 0, deficiency. A considerable amount of 0, is re-
quired in the soil for mineralization of nutrient elements from

wrmanic matter by ricrobiological activitwv. Deficient aeration
vedaces this microbiological activity, decreasing the rate at
vhich NH3+ and NOBH are supplied. Consecuently, a tendency towards
N odeficiencv exists in waterloaged soils.

A1l biclocical processes are stroncly influenced by tempera-
ture. Wet scils have a large heat capacitv and ccnsiderable amounts
of heat are reguired to raise their terperature. Therefore, wet
s0ils are cold and crop crowth starts later and is slower than

in dryver soils.

The direct aim of drainage systems in humid regions is to lowet
the moisture content of the upper lavers so air can penetrate nore
2asily to the roots, and transport of CO2 produced by rcots, micro-
oraganisms, and cherical reactions is facilitated. Lowering soil
moisture content also results in a chance in heat budget and hicher
scil temperatures. This change can be expected to occur in well-
drained soils, especially in the spring. ' -

Althouch the depth of the ground-water table has nho direct
influence on crop qrowth, it indirectly determines the prevailing
rmeisture conditions and therefore has an influence on water sﬁpply,

aeration conditions, and heat properties in soils.

Numerous laboratory and field experiments on the effect of
water-table depth on crop vields have been conducted at various
ioccations. The main reason for this possibly Is that the water-
table depth is easilv determined compared to determining other
soil properties such as aeration or thermal conductivity.



Flow of water through soils,

The soil may not be regarded as simply a collection of c¢apillary
tubes in which Poiseuille's law can be applied.
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501l is a collection of continuous and sometimes discontinuous pore
spaces variable in size. It is the effect of a potential gradient (hydraulic
gradient). in the soil water which causes the water to move, The earliest
recorded investigations to this end were those of Darcy {1856). His law states
that the flow of water through porous material is proportional to the hydraulic
gradient and to a factor known as the hydraulic conductivity k, which is

characteristic of porous media. In mathematical symbols Darcy's law is:
Q::k ia
where: Q = volume of water per unit time

i = hydraulic gradient

A = cross section of flow area

B
L}

hydraulic conductivity

=ki=v

p gl

where Q is the volume of water flowing per unit time through a cross-gsecticnal
area A.

Q/A has the dimensions of velocity and is called the velocity flux v,

which is defined as the flow per unit area.

Measurement of hydraulic head.

Hydraulic heads and gradients can be measured in the field. For
saturated soils all that is needed is an open-ended pipe placed in the soil
to the proper depth. A measurement of the water level in the pipe will give
the hydraulic head at the end of the pipe.

Such a pipe is called a piezometer, which means "pressure meter”. The
pressure head at the end of the pipe if given by the height cof water in the pipe.
The gravitational head will be the vertical distance from the end of the pipe to
& reference plane. The sum of the pressure head and the gravitational head will
equal the hydraulic head.

Hydraulic gradients can be measured by putting several pipes side by side,
but at different depths below the soil surface, as shown in figure 6-3. The

pressure head at A is hl' at B is h2 and at € is h3' The gravitational heads are

and the hydraulic heads are at A, H, = h, + z

respectively Zir 25 2 1 1 1’

3

B, H2 = h2 +z c, HS = h3 + z

2} 3"
The distance from A to B is Z, = 2,5 89 the hydraulic gradient is:
(h1 + zl) - (h2 + 22) ) h, - h, + z, -z,
z, ~ %y Z, = 2y
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igure 61 Piccometers instailed 10 measure the soil-waler pressuce and the hydraulic
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One important solution of the drainage problem is a result of the work
of Dr. S. B. Hooghoudt of the Netherlands. He considered the water table i
equilibrium with the rainfall. The problem solved by Hooghoudt is essentially
this: how high will the water iable risc for a given rainfali, soil permeability.
depth of drain, and spacing of drain? 1L is also necessary to know the depth
to the barrier layer which restricts the downward fiow. If drains are instailed
the water table will rise until the flow into the drains is just equal to the
_amount of rain or irrigation water infiltrating through the soil surface. At this
time the water table is said to be in equilibrium with the rainfall or irrigation
water. The problem is to determine the position of the water table at equilib-
rium. The position of the water table will depend on the following factors:

1. Rate at which water table is replenished by rain water or irrigation water.
This is sometimes called the rate of accretion. Tt is also the drainage co-
efficient.

2. The soil hydraulic conductivily.

3. The depth and spacing of drains.

4. The depth to an aquiclude or barrier layer.

Other factors such as the rate of plant usc of the water, deep seepage, soil
stratification, and so forth are nsually ignored in the analysis in order to
simplify the mathematical treatment,

The above assumptions are then incorporated into a mathematical analysis
of the problem that gives as its result the height to which the water table wiil
rise under a specific set of conditions. After determining the height of the
water table it is necessary to know whether or not injury will be caused to
the plants or to the soil.

A preat many field observations and measurements have been made is
Holland to determine the important aspect of control of the water table for
maximum plant growth. There arc two separate factors which are of equal
importance in the determination. In the first place it is necessary to keep ire
water table low enough during the winter months so that the growth of
winter crops is not restricted. It is during the winter months that most of ihe
rain falls in Holland, and the drains provide for the lowering of the wint:s
water table. The depth varies with the soil and with the crop that is growi.

Dyring the summer months there is a rainfall deficiency, especially cu the
lighter soils. During this time it is required that the walter table be kept hi-®
to supply the plant needs. During the summer months the flow towards +.

Arnin e rewsrecd and the Tow necurs ram the Jdrins ant into the fnobd
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HOOGHOUDT'S FQUATION FOR THE WATER TABLE IN
EQUILIBRIUM WITH RAINFALL OR JRRIGATION WATER

The problem analyzed by Hooghoudt is presented in Figure 8-1 which
shows a homogeneous soil of known permeability with an impermeable
stratumn lying under it. The soil is assumed to be drained by a series of parallel
ditches. It will be shown that the same analysis can be applied to subsurface -
drains as well,

Replenishment rate
Rainfall rate v = {tm/sec, in.fhr)

chrrelbrrrb b

Soil surface T

k = (¢m/sac, in.fhr)

th : :
e X —
i S i o
x

12
Imparmeable layer

Figure 8-1  Diagram for Hooghoudt’s drain-spacing formula. The water table is in
equilibrium with the rainfall or irrigation water. '

in Hooghoudt's analysis it is assumed that rain is falling at a constant
rate on the soil surface. In order to simplify the mathematical analysis, it is
aseumed that the hydraulic gradient at any point is equal to the slope of the
water table above that point. This assumption is known as the Dupuit-
Forchheimer (D-F) assumption,

The D-F assumptions imply that water flows horizontally because all the
equiputentials are vertical planes. This is, of course, an erroncous picture of
the aciual flow paths of the water. It is especially incorrect near the drains
where the flow paths are quite curved. However, where the slope of the water
table is relatively flat the D-F assumptions are nearly valid. The strength of
the 1-F assumptions fies in the fact that the resulting equations give an
accurite slue {wiiinn 107 of the true vaiue) for the total flow into the drain-
aps Cenbncevsn theagh the individual flow paths are not described accurately.

S moad T aseastions can be sumimarized as follows:
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1. The hydraulic gradient at any point s equal to the slope of the water
tahle above the point, difdr.

. Darcy’s law is valid for flow of water through soils.

- An aquiclude underiies the drain at a depth o,

. The rate of replenishment of the water table is v,

- The origin of coordinates is taken on the aquiclude helow the center of
one of the drains.

ft is evident from an examination of Figure 8-1 that a vertical plane drawn
between the center of the two drains is a division plane for the water. All the
walter entering the soil to the right of this plane flows into the right drain and,
similarly, all of the water on the left goes to the teft drain.

First consider the flow through a vertical plane drawn from the point P
on the water table to the aquiclude. All the water entering the soil to the right
of this plane must pass through it on its way to the drain. Since v is the quantily
of water entering a unit area of the soil surface then the total quantity of water
passing through the plane will be equal to » multiplied by the surface area from
the plane to the midpoint between the tile lines. The surface area is equal to
(S/2 — x) - 1, where | stands for a unit distance measured out from the paper.
In other words we consider a unit thickness of soil. The quantity of water flow-
ing per unit time through the planc is given by,

- O

e (i)

We can obtain a second expression for ¢, by applying Darcy’s law to the
flow through the plane. First, remember that the hydraulic gradient at any
point is assumed to be equal to the slope of the water table above the point.
In other words the hydraulic gradient is equal to dy/dr. Since the distance
from the aquiclude to the water table is y, the cross sectional area of flow at
the plane is equal to y. Substituting these values in Darcy’s law gives

d
g, = ky ay - {2)
dx

The right side of equation 1 must equal the right side of equation 2 since
the flow in the two instances must be equal. Therefore

2 d

X

Multiplying through by dr gives

(g - :t)u dr = kydy

A :
I”_ dl B Uzdx S PR
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s ordinary differential cquation and can be integrated as follows:

- -
’ 'T dr -—J vrdr =fky dy

. -
2 .

The limits of integration are z = Othen y =k + d, and when z = 5/2 then
¥ = H + d. Substituting thesz limits we have

s 8 fted
(vS/Z)r:l - !vr’_] = ;ky’]
L] L]

hed

{n !nir-gration

which results in ' .
S,___4k(H’-— h' + 2dH — 24n)
v

which is Hooghoudt's equation for either open ditch drains or subsurface
drains such as tile drains.

An important point which will be discussed later is the factor d, the distance

from the bottom of the drain to the aquiclude. As it goes to infinity so does §,

the drain spacing. This is because the D-F assumptions do not properly account
for the radia! flow into the bottom of the drain. .

Fo:: practical purposes the drain is considered to be empty. Hooghoudt's
equation then reduces to

’ 4
St = —’f}' 2d + H) ()

HOGGHOUDT'S EQUATION FOR A LAYERED SOIL

&

I the event that a soil consists of wo layers of different hydraulic con-
ductivity then it is possible to use Hooghoudt's procedures to derive a

drain spacing formula,

Mk, ts lh_e hydrauiic conductivity of the layer above the drain line and &,
the hydraulic conductivity below the drain line then Hooghoudt’s formula

becomes

4
§? = = (kH?) + (5 k, dH)
v

where d is the equivalent depth obtained from Hooghoudt’s graphs. A
multilavered scil can be treated by taking a weighted-mean of the horizontal
conductivitics. For exampie suppose the layer above the drain line consists
of three layers of conductivity k,, k,, and k3 having thickness h 1y, 15, The

Gverage will be

k, = Kbt kel + Kyl
Lot b



Equvalent depth to impermeatle layer

Depth 1o Aquiciude

As stated above the formula is not valid for large values of d, the depth
to the barrier layer. Hooghoudt recognized this difficulty and made a
separale analysis for the flow beneath the drain. He assumed that the flow
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Figure 8-3 Relationship between of and &’ where r = 0.8 ft and § is the spacing between

the drains. Curves based on Hooghoudt's correction (afler Bureaw of Reclamation).

is radial in character. He then compared the flow obtained with the radial-
flow assumptions to the flow obtained with 1he horizontal-flow equation and
developed a table of “equivaleni’ depths. Wesseling (1964) indicates that
Hooghoudt’s table of equivalent depths is correct to about 5%;. The values of

- equivalent depths obtained by Hooghoudt are to be substituted in equation

3for d.

The identification of the aquiclude layer is often difficult in the field. If the
layer has a hydraulic conductivity of one tenth or less than the overlying soil
then it can be considered to be an aquiclude. Water can seep down through this
aquiclude and this deep seepage may reduce the need for drainage. However, the
flow pattern towards the drains is not seriously affected by this deep secpage.

THE DRAINAGE COFFFICIENT. The drainage coefficient is the volume of
water that must be drained from a given area in 24 hours. It is expressed as
mm/day (in/day}. The volume of water is obtained by multiplying the drainage
coefficient by the area that is drained.

In humid regions, rainfall is the main source of water that must be drained.
However, rainfall rates are seldom constant for 2 24 hour period. Also the drain-

age coefticient 15 nfluenced by a number of factors in addition w the rate of
ryintull
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APPLICATION OF HOOGHOUDT'S EQUATION IN HUMID
AREAS

fn Holland the normal criterion states that with a discharge of 0.007
m/day (?mm/day) the water table may not be higher than 50 cm below the
soil surface for arable land and 40 cm below the surface for grassland.
Under these conditions the drain depth is about 80 to 90 cm..

In France a drainage coetficient of 9 mm/day is used when the water table is
30 cm below the ground surface.

The best way to obtain a value of the drainage coefficient is to measure the
outflow from existing drains. Surfuce runoff must be excluded from these
measurements.

One approach used by the Dutch which takes into account the rainfall
intensity is as follows. The drainage rate, or v, is taken to be equa’l‘lo abgut
510 7 mm/duy. A surface runotf of about 15 mm/day is ussumed‘. The hg:ght
1o which the water table will rise is then plotted as o function of the rainfall

rate. e tecnenev. bt the raadai riee e cadicated enthe dieegau. Lor
ewcamfah e WO{ e waken Auble (s Meolaf.n. ta.mjaﬂs
whidl axe ]M‘om BN

to occur in two days, three days, and so forth. Then, from a study of the

rainfall distribution through the year, and a consideration of the tolerance
- of the plant to high water-table conditions, it is decided how serious the

drainage problem is. The time of the year is taken into account by considering
the temperature, which is held to be a good indicator of the damage that will

result to the plant from high water-tabie conditions. It is thought that the
- number of day-degrees that the temperature is above zero centigrade is
directly related to the damage that will result to the plant. I is recognized
that this relationship is not completely true since some plants, such as
tomaioes, do not suffer from high water-table conditions untif the temperature’
Is about 6 or 7 degrees above zero.

L)

The Drainuge Coefficient in frrigated Areas

Irrigation waters contain substantial quantities of salt; from 0.1 to 4 metric
tons/1000 m? according to Rhoades (1974). frrigation water is applied at rates
of 10,000 10 15,000 m?/ha per year and hence between 0.1 to 40 metric tons
are added to each hecture annually. Some of the applied salt precipitates in the
soil. A small proportion is used by the plants, ‘

The remainder of the salt must be removed from the soil by adding an amount

of irrigation water in excess of the crop needs. The excess water leaches the salts

out of the soil and into the drain. As much salt must be removed from the soil
as is added (less the amount that precipitates). This excess amount of irrigation
water is required to maintain the salt balance in the soil.

The output of sult in the drainage water must equal the input of salt in the

“irrigation water. If we ignore precipitation of salts in the soil, plant uptake of

salls we can write
salt input = salt output

The electrical conductivity (EC) is a measure of the amount of salt in the water

and

ECiw Dy, = salt input

where £Cj,, = electrical conductivity of the irrigation water and D;,, = volume
of irrigation water added. The salt balance equation becomes

ECw Dy = ECyy, Dyy,

" where dw refers to the drainage water.

The leaching requirement (LR) is defined as the fraction of irngation water
that must be drained in order to maintain the salt balance or
de Eci

LR =—m = —
Diw I de

The following ussumptions are yherent in the simple formulation of the
leaching requireinents.as piven abhove.
L. The irrigation water is applicd uniformly 10 the soil surface and the
hydrauie conductivity of the soil is uniform over the arey,
- Nuoattali
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The last asamption, “no preapitation of salt in the sl nieduces the
greatest erroran the aaleulation.

Appreciuble amounts of calawm carbonate, calcuns sulphate and teoa fesser
exlenl, magnesium carbonale may preaipitate m the solk This preapitation
may resull in o substantial reduction m the leaching reguirement. Fhe amount
of precipitation will vary from puce to place depending upon the method used
L apply the water. At the present time there is no satisfactory theory that
enables an accurate prediction of the leaching requirement.

The concept of the leaching requirement is very useful in computing the
amounts of drainage wauter that must be removed from a large area. However,
such a computation presupposes that there s adequate contrel of the applied
irrigation water and that the applied irrigation water is just equal to the crop
needs plus the leaching requirement,

. The maximum concentration of sults, with the exception of surface crusts
formed by evaporation, will form at the bottom of the root zone. This concen-
tration will be the same as the concentration of the salts in the drainage water,
provided there is no excess leaching and the irrigation water is applied uniformly
uver the ures.

The increase in concentration of salty in the drainage water over the concen-

trabion an the irrigation water 15 a consequence of the consumptive use of water
by the crop. The crop will extract the water from the soil but will leave most of
the sult behind.
For some tield crops an £Caw of 8 mmhosfem can be Lolerated. For irrigation
waters with conductivities of i, 2, and 3 mmhos/cm, respectively, the leaching
requirements will be 13, 25, and 38 %4, These figures are conservative because
some of the sait is removed by the crop, and some of the salt may be precipi-
Lated in the form of salis such as calctum carbonate or gypsum,

In using the leaching requirement it should be borne in mind that the
winter precipitation may well be adequate to leach the soil. All the water that
passes through the root zone of the plant must be considered in the use of the
equation. The conductivity of the irrigation waler should be the weighted
average of the conductivities of the rain water ECny, and the irrigation water,
ECiw, as shown in the equation

Dr“—ECrw + Din'EClw
Drw + Dit\'

ECtn\ Fiw) =

where Dry and Dy are the depths, respectively, of the rainwater and the
irrigauion water that enters the soil.

In order to use the leaching-requirement concept to analyze the drainage
witter situation over o furge aren i is {irst necessuary to know the consumplivc
use of the crop or crops to be prown. The wmount of reigution water will

]

e d the um af the comsmpre e b e e e by

P ™ O 4

Wooocan clininate 2. by using
Perigation water expressed moteems of the consumptive use and the leaching

requirement

D
Dy = ———
, (} — LR)

Rewriting the equation in terms ol the conductivity ratio we gcl'

D = ("ﬂ_’—) Dow
£C|l\\' - ECN

[t should be remembered that the ECyw represents the salt tolerance of the

crop Lo be grown.

The tolerance of some plants to salts is given in Table 8-1.

The following is an example of the use of the leaching requucmcnt to
caiculate the rate of replenishment in an irrigated area.

The ECiw is about } mmhojcm. The ECyw can bc tuken as 8 mmhofecm
xnd the consumptive use is 0.35 in./day

Dy = (""—ECd—“) Dcw
EC;IW - ECiu' )

= (8 )0 35 = 0.40 in /day

o= Daw = (%)(0.40) = 0.050 in./day.

TABLE 8-1 Relation Between Crop Response and
Soil Salinity as Determined by the Saturation Extract
Method

C{)mlm’ﬁrr[l-' of Extract,
mmhosfcm
ar 25°C Crap Response
-2 Salinity effects negligible for
most crops

2.4 Yields of very sensitive crops
_may be restricted

48 Yields of many crops restricied

316 Only tolerant crops yield
satistuctorily

abne 16

Caly a few very tolerant crops
yield sansfucronty

Syuation 40 We then have the depth of



KIRKHAM'S 1938 FORMULLA
H = (Q8RIkYF(2r28, hj28)

where /7Y = maximum height of the water table ubove the drains
R = rate of rainfall = v
k = hydraulic conductivity
- h = distance from impermeable layer to water table immediately
owver drains
25 = spacing of drains
r = radius of drain

where
o
= 1{111 23 +3 [l—(cos L mn—) (coth mrh _ l)]}

7\ ar  aalm\ S S

Gfaphs have been prepared by Sadik Toksoz for the solution of the equation.

Ve r
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; — 28
: mmmmkmm”wmm@m
inipermeable layer

Figure 8-7 Example of the use of the graphs of Sadik Toksdz for the solution of
Kitkham's 1958 equation.
H = 0.6 meter
h = 6,0 meters
k = 1.20 meteis/day .
R = (.20 liter/sec/hectare = 0.00{73 meter/day
2r = 10 centimuters = 0.10 meter

Mk 0.6/ 1.20
L= —f=— = | — - = 59,
h(R 1) 6(0.00173 I) 693
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solution of Kirkham's 1958 formula {after Sadik Toksoz).



THE SGI1. BELOW THL DRAINS CONSISTS OF UNE OR TWO LAYEKR:
IMPERMEABLE LAYER AT A RELATIVELY SHALLOW DEPTH {D <2 '/, L)

4.1. EXPLANATION OF ERNST'S FORMULA

The principle underlying ERNST's formula may be described as follows. The flow is divid-
ed into the following three components, a vertical (), a horizontal i#) and a radial flow
(r} (Fig. 5). A given drain spacing being assumed, the hydraulic head required for this
flow is calculated for each component with the aid of a given formula. When the sum of
the three hydraulic heads required is equal to the total available head (h = hy + bn + A
the result is the drain spacing required. Hence, this formula involves the same kind of
trial and error process as does the Hooghoudt formula.

Fig. 5. General principle of the for-
mula of Ernst

vertical flow

§ oo i et =5

1 Bgd e e —— = — — — | S
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The following most frequently occurring situations can be distinguished:

# Homogeneous soils with an impermeable layer at a depth D, below the level of the
drains: D, <Y/, L (Fig. 6).

o The level of the drains coincides with the interface of two layers of varying permeabiti-
ty (Fig. 7).

¢ The soil below the drains coasists of two different layers (Fig. 8).

In connection with the formula the following remarks may be made:

— h = availahle hydraulic head = difference between the level of the water in the drains
and midway between the drains. The notation Ak, viz, the difference between two

levels, would be more correct in this case and is also employed by ErnsT (1954, 1962).
For practical reasons, however, the notation A is used here.

— Dy = thickness of the layer for the vertical component. The upper limit of this layer

invariably coincides with the level of the water midway between the drains, whereas the
lower limit varies somewhat according to the position of the drains with respect to
layers of different permeability. '
When the drains are located entirely in the uppermost layer, the vertical flow is taken
into account up to the bottom of the drains (Fig. 8). If the drain is on the boundary
between layers of poor and good permeability, D, is calculated up to this bouadary
(Fig. 7),

In most cases the vertical component is small and may be ignored. For instance, when
g =0005m, Dy = 0.6 mand K, = 0.3 m, then &, = g (D,/K;) = 0.005 x 0.6/0.3 =
0.01 m. But if we have a layer of very poor permeability (K, = 0.02 m) located on a
layer of very good permeability (e.g. heavy basin clay on a sandy river deposit) and for
instance ¢ = 0.010 and D, = 0.60, then /, = 0.010 .0.60/0.02 = (.30 m, so t.hat hy
should not be neglected.
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- KD, viz. without index, denotes the product, or sum of the products of the permeability
(K) and thickness (D)} of the various layers for the horizontal component; this has to be
specified in further detail according to the hydrological situation (K D, or KD, of
KD, + KD,

- D, = thickness of the second layet for the horizontal component; this is a given maghi-
tude determined in the field.

When the level of the drains coincides with the interface of two layers, then D, = Dy
(Fig. 7).

- D, = the average cross section for the horizontal component in a layer of permeability
K,. The thickness of this layer cannot be directly inferred from the field data but, where
important, will have to be calculated. Depending on the position of the drains with
respect to the interface of two layers of different permeability (K) and K;), Dy = 0.5h

(Fig. M) or D, = Dot (f° TR by osk (Fig. 6 and 8), wherein D, is the thick-
ness of the layer for the radial component.

~ In (Dofu) | =K = Ry = radial resistance. In this case K = K, or K, depending on the
position of the drains.

- D, = thickness of the layer for which the radial resistance is calculated. The upper limit
of this laver invariably coincides with the level of the water in the drains, whereas_the

lower limit is formed by an impermeable layer or a layer of differing permeability.

— u = welled perimeter — bottom of the ditch + twice the height of the water in the
ditch. Theoretically it would be necessary to take into account the gradient of the slope
of the ditch, but such a degree of accuracy has little practical value. For comparison
with other formulas, v = mr.

4.2. ERNST’s AND HOOGHOUDT's FORMULAS COMPARED

If we now compare ErnsT’s formula with HooGHOUDT'S, the foilowingddiﬁ'erences and
correspondences may be observed: : :

& The component for the vertical flow is disregarded by HooGHouDT. In most cases,
however, this component is small and may be neglected.

® The horizontal flow or resistance is calculated by HooGHOUDT over the length L-1.4 D
(Fig. 4), whereas ERNST calculates it over the entire drain distance L (Fig. 5).
As a result the horizontal resistance calculated by ERNST is greater than that calculated
by HooGHoOUDT.

# The value calculated by ErnsT for the radial resistance is, however, smaller than that

1 D 1 D 1 0.32D
calculated by HooGHoupT (ERNST: — /n == In e In i and
nK u =K nK r
1 0.70D,
HoogHouDT: — In .
=K r

In most cases the sum of the horizontal and radial resistances calculated according to
ERNST's formula is substantially the same as the result of HooGHOUDT's formula. Conse-
quently both formulas usually give practically the same drain spacings. It is only when
K, is much greater than K, (X, >> K,) that, unlike HooGHOUDT’s formula, ErnsT's for-
mula gives a slightly smaller drain spacing, According to ERNsT (1963, p. 35) no acceptable
formula has been found for the radial resistance for this special case. ERNsT's formula
may be employed for this case but without further investigation it is impossible to say
what degree of accuracy will be obtained. This depends, for instance, on the position of
the drains with respect to the interface of the various layers,



