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NEW, FORMULA FOR DETERMINING DEPTH AND SPACING
OF SUBSURFACE DRAINS IN IRRIGATED. LANDS

4,_,|,r [T TS I}
Pract1ca11y every area where 1rr1gat1on has been carrled

.on for any length of time has land that has become waterlogged or
salted or lands on which crop productlon has been affected by hlgh |
watertables; Therefore the‘ provisio'n of adequate drainage is an
essential part of the planning, construction, and operation of an |
irrigation development.’ |
' Drain’ag'e“probi'ems in humid };i-éa's are -ushallsr‘ evidenr from
visual inspection of an area, si’nce lthey”are the Tésult of natural con-
ditions whlch have preva11ed for’ many years. “This is 'riot true, how-
ever, of a proposed 1rr1gat10n development “Here the dra{nage prob-
lems are 'generally the resuit of man-made coﬁditiohs-'brought about
by irrigation apnd may not be apparerif' until several years after the
start of irrigation. |
' The Bureau of Reclaraation in'phhhmg' new 'irrigati'on devel-

opments and deiermihirxg the feasibility of projects is required to
forecast or p'rediét the 'e;d:ent of future drainage prohlems in areas:
wheré none now exist. And, since the feasibility of a project depends
upon the benefits derived 'versus the costs involved, it is essential
that the cost estimates bé sufficiently adequate to include ixllemately
required drainage facilities, ‘

~ " Most irrigated areas developed in the past’'have had favor-

able natural substrata drainage characteristics which did not require



the use of closely spaced drains to control ’higl'i watertables, In
general, most of these have been in arid lands 'iinAde"rlai'r‘i-by sand or
gravel strata into which excess water can percolate vertically and
then rhove laterally t_hrqugh the pgrmeable_ sand or gravel to natural
outlets 6r constructed dfains. lE)velr the years a ,va}st'amount.- of exf'
perience has been_k gained in determining drginage: re:.quirements of

such lands,

Since the better lands have Been develo-pe_d,L hpwey\er:, we
now find that many propos'e.d. deyelopmlents do rot havg these lfavox:-
able natural draiﬁage ?h?;acteristics alnd thevre;forercllé)sely spaced
drains are usually reql_J.ired. Experience iﬁ sub_s_urfac.e‘drl-ai‘ngge of
such lands is rather meager, This }a,f:k Jof_tl-:x_ple“z_:iencej has ,;led to tl;e
development of various drain-spacing fo_‘rmlulée to meej;:.the‘r;eeds of
planning and developing such areas, |

The typical profile often encountered and foz__' rwhicl} 'the for-
mulae‘ have been developgd is one in _wl'!iqh a relaj:ivg-;}y pg:;meable
soil overlies a very slowly pex,'megb_le strata or one m w}_}iqh) the pro-
file becomes less permeable with depth. U_nq;er these conditions rel-.
atively close spacing of drains is _require_:d, - since the; excé-s;_water

must be moved laterally through the profile to the drains,

Drain spacing formulae, to date, have been developed on the
basis of steady-state flow conditions, which do not entirely satisfy the

conditions of irrigétion. Other formulae have been developed to meet

the requirements of a particular area,



.. The Bureau of Reclamation is planning, developing, and
operating many irrigation projects in the western states, These
projects embrace a wide diversity of soils and groundwater con-
flitions.-: .The need for a drain-spacing formula which would be ap-
glicable to these widely varying soil.and groundwater conditions
ﬁas become increasingly evident. Such a formula should include
as many factors pertaining to irrigation drainage as possible. To
meet this need,,_Mr-.. R. E. Glover, Engineer_of the Bureau, has
developed a theoretical mathematical formula which we feel incor-
porates most of these factors,.

. .Our purpose ip presenting the formula at this meeting is
to point; out the factors which we think have a bearing on irrigation
dx"ai.nag"e and to explain the methods we have used in developing the
forml.:lla. Although we have not yet been able to conduct extensive
laboratory experiments and field trials to verify the use of the for-
mula we find it more compatible with our experiences over a vari-
ety of conditions than any other., Until we can further substantiate
the results, we would welcome comments or research checks from
anyone interested in drainage.

The development and use of the formula afe predicated
upon the following conditions and assumptions:
1, Normal irrigations at regular intervals.

2. Uniform or stratified soils overlying a slowly

permeable stratum or barrier layer,



3. P_ermeability of the profile equal to the weighted
average permeability of the soil or soils above
the barrier layer,

4, The drainage requirement, or excess water to be
disposed of, is the difference between the net
input of water and the available moisture storage
in that portion of the profile which must be kept
clear of gravity or noncapillary water in order
to provide for root growth and salinity control, -

5. Excess water must be removed between irrigations
in order to maintain the watertable below the root
zone, This would require that sufficient storage
space for gravity water be provided belo\ir the
root zone for the inflow of excess water from -
the following irrigation,

6. Water moving through the soils is in a transitory
state rather than a steady state, i.e., the head '
available to push the water toward the drains'
varies with time,

7. Movement of water through a soil is proportional
to the groundwater gradient and to'the depth of
saturated thickness between the watertable and

the slowly permeable layer or barrier,



Mainy of the results obtained from the theory of heat con-
duction in solids also apply to the movement of water through soils.

Let us first assume a condition represented by Eigufe_ 1 below,
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In this case, an increment of groundwater of an initial uni-
fo:rn_xl .d‘r.ainable _depth Yo flows toward hprizontal glrjains spaced at a
disi.:gnce L apart, The aquifer, of Iajermegb'ility K, extends below
the lg_\(e_:l_of the drains to a depth d. 1If y represents the depth of
the gx:oundwat_er above the elevation of the dr_'a';ns ét some hori-
zontal distance x measured from one line of the drains toward the

. other, as s..hown on Figu_rg 1, then the 'conditio_n of continuity is,

approximately, if [ Yo is small comparegl to d:

2y _ KD, ay
bt vV dxt @



Where Da = d+y°/ 2 represents an average thickness of aquifer
available for carrying water to the drains, a solution of this’
equation subject to the conditions:

y =0 when x =0

y=0whenx=1L

¥y = Yo when t = 0 for 0§Ix<L

and with

is:

ns oo
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A simplified formula useful for estimating drain spacings’ |
may be obtairied from the above expression on the follov;ing basis:
the most difficult point to draiq;;;is the point midway between the
drains, or the point at which x = L/2, For this value of x the sine

terms take on the successive values of + 1 and - 1, After the lapse

of sufficient time the water level midway between the drains beginé
to lower, and at about this time all the terms in the series, except"
the first term, have also become quite' small, When the parameter
’].‘:tz reaches 0,025, for example, the first term has‘ the value 0, 7788

while the second term has the value -0,0362, Then we can say that,



for significant amdunts of lowering of the watertable at x = L/2,
we can consider the first term only and, to a sufficient approxi-

mation |

. o
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‘We can write this relation in the form

{ th _ ~ccTrt
09‘ Zy == @
(]

. The drain spacing formula obtained by solving this expres-

sion for Lh when: ©C= K Da is:

S ’
VT E D °

The successive groundwater profiles, as givén by (2) are
shown in Figure 2, By use of this chart the pattern of movement of
water to the drains may be traced, The drain spacing required to
remove groundwater to a specified depth may also be found by use
of the chart by finding the value of oct/L 2 required to produce the
necessary lowering and solving this relation for L,

Although the above formulas are derived under the assump-"
tion that y; is small compared to d we shall see later that if we use

D q " d+(yo/ 2) as the effective thickness of the aquifer, they do give



a fairly satisfactory approximation even though the drains are -~

placed at the bottom of the aquifer. -

We next give consideration to a case where the drains are
placed at the bottom of the aquifer andl in which we take account of
the saturated thickness of the aquifer explicitly. This development
provides a means of comparison for the extreme case and permits
_an evaluation of the error introduced by using the methods outlined

above when y, is not small compared to d.

. -

5

Let us assume a groundwater profile, terminating at drains

spaced at distance L apart at the bottom of the aquifer, of permeabil-
ity K, and an initial saturated depth H at a point midway between the
drains. If Z represents the saturated thickness of the aquifer at the
di.stané.e x, measured horizontally from one line of drains, as shown

LL T 1

on Figure 3, then the condition of coﬁii‘xiuity is: -'
b o ISR
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- Then the above different'ial_ equation takes the form:

n @
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A solution of the equation is:

U=wWY

Where W is determined from the relation:

_/-rr:— =g ®.

And ¥ is given by

‘_*. + |
: )
Where in this case:

oc = XKH

v

If Z, represents the value of Z at x = L/2 at the time t,
then, since ¥=2Z./H, a rearrahgement of the expression for Y

yields

t:%—;—'—:(%-!) B @

If this expression is solved for L, we get a formula for

‘the drain spacing when o<= K H which is:
the drain spacing w B whi

11



L = Vz':r?:tl) |

The groundwater surface profiles implied by this solution
are shown on Figure 4. It will be noted that a uniform depth of

groundwater is not assumed to exist at time zero,- as in the first

. > ‘.‘ ) ‘
case. The substitution of a reasonable initial profile is done as a

concessmn to the mathematical difficulties since the nonhnear dif=-

ferential equation that applies to thlS case 1s very d1ff1cu1t to solve

when a uniform initial dtstr:.butlon 1s assumed. It is believed that

no appre01ab1e error is introduced by making th1s concessmn,

With these two cases we now possess treatments of dram-

age rates where the drains are placed at shallow depths in the aquifer

and where the drains are placed at the bottom of the e.‘quifer. The
intermediate case remains w1thout adequate treatment and we will,
therefore, try to prow.de th1s by makmg a ch01ce of Dy so that the
first case may be used for drain placement near the mxddle of the
aquifer also, We will make the choice of D; by comparing a 11neah
and a nonlinear steady state case, In the?? %.Sés:"w‘e ool assume

that the water flowing to the drains is provided by a steady infil-

tration i, In the steady state case the continuity condition will
take the form:

KD, dy™ . 3 o
a1 DN

12
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and the solution, subject to the requirements that

y=0whenx=0
y=0whenx=1L
is:
= ) Lx-x?
Y= i (x ) ®

For the nonlinear case the continuity condition i

o

%%

y 4 )= - -
axi” v ®
And its solution subject to the requirements
Z=dwhenx=0
Z=dwhenx=L
is:

Z—a—d‘: 1 ~x%) .

If the infiltration i is the same in both cases and we make Y = H-d

and Z = Hat X = L/2, then by comparison of Equations 12 and 14
we can write ' '

14



Do(H-d)"'" -'i' (Hi"d‘)

from which we obtain -

. D'= ﬂ ‘l'dn
@ 2

In the notation used with the -or,igtnal case this is equiv-

alent to:

Dq, d+.Y.

Th15 result 1ndlcates that our best cho:.ce of D is obtained
as the ar;.thmetlc mean of H and d A cornpanson of the first case
with th].S value of Da w1th the second case, on the ba51s of the drain
spacmg requ1red for a moderate lowermg of the watertable will show
that the first case provides a reasonably accurate treatment of the
‘extreme c‘:‘afs‘e where the tirjeins_ are placed atthe 'h'ottqm of the aquifer
Figure 5 shows that the use of this value of D, in Formula(5)for the
fit'st case gives values within 10 percent of those obtained for the
extreme case by the use of Formula(10} We may conclude, there-
fore, that the intermediate case can be solved approximately by
this method also,

The use of the above value of D; succeeds in removing the

restrictions on the use of the first case for the intermediate drain

15
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placement, but it does not remove restrictions of another sort. It
still remains essential to restrict the use of the first case to those
situations where the amount of lowex:ing of the watertable is moder-
ate, It will be readily apparent that if we ;vere to try to estimate the
,.time requir_ed to drain away, say 3/4 of the original saturated depth,
“that the initially chosen value of D, would become inappropriate to
represent the saturated thickness of the aquifer which would prevail
" toward the end of the drainage period. It is thought that in actual prac-
tice lowering of the watertable by moderate amounts will be the rule,
but if for any reason it should be desirable to apply the first case to -
situations having relatively large amounts of dra;avdown, it is sug-
gested that the compﬁtation be made in steps with a new value _of Da
selected for each step. Restrictions on the amount of drawdown are
not nécéssary when using the second case, |
“An e).:amplle of the 1;se of the formula i:f.-'. 'ghivén.in the

folidvﬁng p-aragraphs.'
' Assume a clay-loam soil with a permeability of 0.2 inch
per hour; a water-holding caps;city of 2,15 inches per foot at wilt-
ing point and 3,46 inches per foot at field éapacity; and a specific
yield‘ ot'I 5 bercent. Twelve feet of this material ‘overlies a very
slowly permeable stratum. Assume a 6-inch irrigation application
every 14 days, a 10 percent surface loss, and a maximum allowable
watertable of 4 feet below the ground surface. The problem is to

determine the spacing of drains when the tile line is placed at 8-foot

dep'th.

17



If a 10 percent surface loss occurs, only 90 percent or

5.4 inches of water actually goes into the soil. If the top 4 feet of -
the soil profile is to be kept free of gravity water, then thié'4-—foot
column of soil will store only that amount of water used by the plants
from this column between irrigatiohs.' Research information indicates
that during a normal irrigatiori period of about 14 days the consump-
tive use of the plants is approximately the difference between field
._ capacity and wilting point in the top 2 feet of the soil profile, In

the n‘ext 2 feet the consumptive use is approximately one-half this -
difference,

Therefore, the amount of capillary water that can be

stored from the 6-inch irrigation in the top 4 feet is 2(3,46 - 2,15) +

2(3,46 - 2,15) = 3.93 inches. The remaining amount of water,
. _

5.4 - 3,93 = 1,47 inches, entering the soil must, therefore, be
temporarily stored below the 4-foot zone and drained out before tﬁe
next irrigation if the watertable is not allowed to rise above 4 feet

below the ground surface, Since the specific vield of the soil is

5 percent, ‘it will take 1.47 x 20 = 29, 4 inches of soil to store the

drainage requirement of 1, 47 inches,

The following chart, Figure 6, illustrates the conditions
under this assumption,

18
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The drain spacing formula is in the form of

L

where:

< T R

= o KDt
SRR & Y,
i V"’Tge (_ﬂ. _ys.

1}

spacing, in inches

‘permeability; in inches per hour

- time between irz"igﬁt-ions; in hours

= specific yield of the soil

- d{sfaiice between tile and maximum allowable
groundwater, in inches

= distance between tile and watertable at end of period

between irrigations, in inches

distance between tile and impermeable layer, ininches

average depth of drainable section or d + y /2, in

inches
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Then:
L= 0.2%xT2x 336 s 48384
: - -1 TE x| 1B
|/ 005 log (127x35) = Jaosx 118

.
L

/82,200

905 inches or approximately 75 feet

Check by chart--Figure 2

oc = KDs = 02272 _ 288
¥ -~ 0605 - -

then:

L= oct _ 288 »33¢

0.19 ong— - 813000

L =90% ;nChes or qpm‘d'_““h'y 15 .‘.‘ce.'.
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If in the above e.:éample we had assumed a 4. 8-inch irriga-
tion application we would have a drainage requirement of 10 percent
of the net input, Using this value as the amount of water to be re-
moved, and with all other conditions the same, we would find th:t:\t
the formula gives a drain spacing of 126 feet rather than the 75 feet
in the example. It can be seen, therefore, that the amount of water
to be removed by the drains is an important consideration in the use
| of the formula, .

It might be asked, at this point, why we do not apply only
enough irrigation water to provide the plants with their actual re-
quirements and thereby do away with the necessity of providing
drains to dispose of excess groundwater. There are several answers
to this such as the requirement of a certain amount of deep perco-
lation for salinity control; the physical impossibility of attaining
100 percent efficiency in irrigation; and the practical limits imposed
by the managerial ability and equipment of the average irrigator.

In conclusion, it should be kept in mind that while a proper
mathematical equation may be wriften to satisfy the conditions set up
for a particular problem, it is practically impossible to satisfy com-
pletely these conditions on an area basis even if all of the factors in-
volved could be measured with any great degree of accuracy. Perme-
abilities can be measured only in relative terms, soils are usually
ve-ry nonuniform even over small areas, forecasts of irrigation prac-
tices can only be relative, and the amount of natural drainage that

will occur is usually indefinite or unknown, Therefore, any answer

21



derived from a mathematical spacing formula must be used with
proper judgment and should be checked with results obtained from -
experience before it is given widespread use as a basis of construc-
tion layout.

| -We find i_t necessary, however, to develop a reasonable
estimate of future drainage requirerﬁents and costs for areas with-
the conditions described in order to determine feasibility of projects
'and to provide sufficient funds to meet the drainage problems when -
they arise, For these reasons we use drain-spacing formulas pri-
marily as a means of predicting the approximate depth and spacing
in areas where experience is lacking, We feel that the formula, -wher

used with judgment, is satisfactory for this purpose,
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