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INTRODUCTION

In surface irrigation by flooding,
two general methods are used; un
controlled flooding or controlled
flooding. In irrigating by uncontrolled
flooding or wild flooding, water is ap
plied to an area which has undergone
no prior land preparation. In most
cases, this unsystematic method pro
duces inefficient irrigation. Low spots
in a field are over-irrigated whereas
high areas are under-irrigated. In the
controlled flooding methods, pre-de-
termined rates and quantities of water
are applied to areas which have been
prepared for irrigation. Such methods
include, for example, border dyke,
border ditch and border check systems.
For proper design of these systems, the
size of the stream is balanced against
the intake rate of the soil, the depth
of water to be stored in the root zone
and the area to be covered by the
stream.

With the completion of the South
Saskatchewan Dam, it is expected
that the irrigated acreage in the pro
vince will increase substantially. Fur
ther, it is expected that most of the
new area coming under irrigation will
be irrigated by some surface irriga
tion method, in particular, the border
dyke method. As a result, a compre
hensive study on some of the existing
border dyke systems in the province
has been instigated with the specific
purpose to obtain information from
these systems which may serve as de
sign criteria. This paper concerns the
application of the rational approach
based on the law of conservation of

mass for evaluating data collected
from existing systems and for design
of new systems.

Present Design Criteria
The design of border dyke systems

is at the present time dependent on
empirical relationships and proce
dures. Foremost among these proce
dures is the unit-stream approach
suggested by Criddle et al. (4). In the
unit-stream approach, it is assumed
that the size of the irrigation stream
is proportional to the border strip
area. Under this assumption, once the
proper unit stream has been deter
mined for a given slope, soil and depth
of application, the actual size of the
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irrigating stream for any set of border
strip dimensions is merely the product
of the unit stream and the number of
unit areas in the strip. A unit area in
this case is considered to be one hun

dred square feet, and a unit stream is
a stream required to irrigate a strip
area one foot wide by one hundred
feet long. The authors have provided
several tables and figures derived from
experimental data collected in the
United States from which unit streams
can be selected for various depths of
water application, basic soil intake
rates and slopes. Once the unit stream
size has been selected, the maximum
length of run can be calculated by
dividing the maximum allowable
stream size per foot of border strip by
the unit-stream size.

Factors Affecting the Design of
Border Dyke Systems

Attempts to incorporate a more ra
tional approach in design, that is,
from reason to result is complicated
by the complex interrelationships be
tween the many factors which in
fluence surface flow and the intake
phenomenon. The hydraulics of over
land flow represents a case of unsteady
state, non uniform flow. Meyers (9)
stressed that the difficulty in analyzing
surface irrigation is not so much due
to the difficulty in determining the
intake of soil, but more so due to a
lack of knowledge concerning the
fluid mechanics of surface irrigation.
He suggests that serious errors can
result from the use of flow equations
which do not apply to the situation
in hand.

Hansen (6) suggested the following
basic variables are involved in the
hydraulics of surface irrigation:

a. Size of stream,

b. Soil intake rate,

c. Depth of water to be applied,
d. Rate of advance,

e. Length of run,

f. Slope of land surface,

g. Surface roughness,

h. Shape of flow channel,

i. Depth of flow, and

j Erosion hazards.

Kate of Advance

The factors most influential to flow

of water over a porous bed are reflec
ted in the rate of advance of the wet

front. Experimentally, it has been ob
served that the rate of advance of a

sheet of water down a border strip
may be expressed in the form,

t = cl™ 1

where t = time,

L = distance, and

C,m = coefficient and exponent re
spectively whose magnitude vary
with soil and physical conditions.

A given value of the coefficient, C, and
exponent, m, are valid to describe the
curve throughout most of the advance.
However, as the curve approaches a
static position, that is where intake
by the soil equals inflow to the strip
and the advance is very slow, the mag
nitude of these parameters change.

For a common set of conditions, for
example, slope, inflow to the strip,
crop growth, etc., the most important
factor influencing the advance of
water down a strip is the soil intake
rate. In irrigation work, the time
variation of the soil intake rate can

usually be adequately defined by a
simple power equation,

f = Kt" 2
where f = intake rate at any time,

t, and

K,n = coefficient and exponent re
spectively.

Hall (5), Israelson (7) and Lewis
and Milne (8), are a few of the workers
who have developed mathematical
expressions for rate of advance as a
function of such variables as soil

intake rate, inflow to the strip, dimen
sions of the strip and depth of surface
flow. These expressions differ mainly
because of differences arising from
either the number of variables con

sidered or differences in the assumed

functional forms of the time variation

in soil intake rate and the shape of the
free water surface profile. A more
recent equation for advance is that
given by Christiansen, Bishop and
Fok (3). In their expression, advance
is related to soil intake rate and the

surface depth is assumed constant
throughout the wetted length of the
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Prerequisites for developing better
conservation practices are the collec
tion and analysis of reliable data for
the determination of quantitative re
lationships between the high rainfall
intensities, the slopes, soil types, vege
tation cover types, run-off rates, ero
sive capacities and permissable flow
velocities. At the same time, there is a
need to develop agronomic practices
which will minimize soil exposure and
raindrop impact. The lands which are
already severely eroded must be re-
claimed, wherever possible, by
methods which avoid putting poten
tial agricultural lands in non-produc
tive uses for too long a period.

During the years required for the
acquisition and analysis of hydrologic
data and for the evolution of better
conservation practices there is a need
to proceed bravely with judgment in
applying known erosion reducing
principles.

With the raising of standards of liv
ing and density of population in these
islands increasing demands will be
made on the water supplies for agri
culture, industry and sanitary uses.
Extra efforts will be necessary to pre
vent loss of fresh water to the sea, or
there will be little water available for
irrigation. In some islands there are
suitable sites for surface reservoirs

but in the steeper regions the ratios
of storage volume to cost and size of
impounding structures are undesire-
ably low. On - stream storages are
short-lived due to sediment inflow. On
recent volcanic formations of high
permeability as well as on the coral
formations the need is for economic
methods of sealing surface and ground
water reservoirs and diverting surface
run-off into storage.
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continued from page 33

The parameters of the intake rate
equation, f = Ktn, were evaluated
from the expressions using experimen
tal data collected from several existing
border dyke systems. The validity of
these determinations were tested by
comparing observed rate of advance
curves with calculated rate of advance

curves derived by substitution of the
equations of intake into an equation
of advance proposed by Christiansen,
Bishop and Fok. In all cases, the agree
ment between calculated and observed
curves was very good.

In addition, close agreement was
obtained between the average depths

of water applied as calculated using
the soil intake rate determinations
and rate of advance and recession

curves as compared with depths ob
tained by soil moisture measurements.

REFERENCES

1. Ahmed, Manzoor. Evaluation of
Border Dyke Systems. Unpublish
ed M.Sc. Thesis. Univ. of Saskat
chewan Library, Saskatoon. 1963.

2. Bodman, G. B. and Colman, E. A.
Moisture and Energy Conditions
During Downward Entry of
Water into Soils. Proc. Soil Sci.
Soc. Am. 8:116-122. 1963.

3. Christiansen, f. E., Bishop, A. A.
and Fok, Yu-Si. The Intake Rate
as Related to the Advance of

Water in Surface Irrigation.
Paper presented at the 1959
winter meeting of the Am. Soc.
Agr. Engrs. Chicago, Illinois.

1. Criddle, W. D., Davis, S., Fair, C.
H. and Shockley, D. G. Methods
for Evaluating Irrigation Systems.
U.S. Dept. of Agri. Agriculture
Handbook No. 82, 1956.

5. Hall, W. A. Estimating Irriga
tion Border Flow. Agri. Eng. 37:
263-265. 1956.

6. Hansen, V. E. Mathematical Re
lationships Expressing the Hy
draulics of Surface Irrigation.
Proc. of the ARS-SCS Workshop
on Hydraulics of Surface Irriga
tion, Denver, Colorado. Februarv
9-10. 1960.

7. Israelson, O. W. Irrigation Prin
ciples and Practices. Second Ed.
John Wiley and Sons, New York,
N.Y. 1950.

8. Lewis, M. R. and Milne, W. E.
Analysis of Border Irrigation.
Agri. Eng. 19:267-272. 1938.

9. Meyers, L. E. Flow Regimes in
Surface Irrigation. Agri. Eng. 40:
676-677. 1959.

ACKNOWLEDGEMENTS

The authors wish to acknowledge
financial support of the Saskatchewan
Department of Agriculture and the
cooperation of the Prairie Farm Re
habilitation Administration.

CANADIAN AGRICULTURAL ENGINEERING, JAN. 1965



400r

200

110 IMP GPM

200 300 400 500

DISTANCE (Feet )

600 700

400r
165 IMP GPM

200 300 400 500

DISTANCE ( Feet )

370 IMP GPM

200-
ENO

OFF

DYKE

advance and recession data are com

pared with the depths obtained from
soil moisture measurements in table

2. In the table, the rainfall (column
4) measured during the interval be
tween soil moisture measurements is

assumed to be totally effective in
increasing soil moisture and, hence,
has been added to column 3 to give
the total depth of water applied,
column 5. The total depth of water
stored in the same time period (col
umn 8) was obtained by summing the
increase in soil moisture as obtained
by direct measurement (column 6)
and the estimated evapotranspiration
amount (column 7). A comparison of
the total depth stored to the total
depth applied is given as the ratio of
the two amounts (column 9).

In four of the five tests, the agree
ment between the two depths was ex
tremely good; as denoted by the fact
the values of the ratios are close to

unity. It is believed that the poor
result obtained from the one test,
Border 1 (315 gpm) can be attributed
to an inaccurate soil moisture deter

mination rather than an error in the

soil intake rate.

It is realized that only limited
weight can be given to the results be
cause of the assumptions involved in
the calculations. Nevertheless, the re
sults do validate to limited extent the

soil intake rate determination.

SUMMARY

In the paper, an attempt has been
made to demonstrate the application
of a rational approach based on the
conservation of mass, to the analysis
and design of border dyke irrigation
systems. Using this approach, theo
retical expressions are developed
which permit the evaluation of the
soil intake rate characteristics from
measurements of inflow to the strip,
advance of the wet front, and the time-
rate of accumulation of surface
storage.

COMPARISON OF CALCULATED AND MEASURED AVERAGE
DEPTHS OF WATER STORED IN BORDER STRIPS
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Figure 3. Rate of advance and recession curves for Border Strip No. 2, Outlook.
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Figure 4. Rate of advance and recession curves for Border Strips, Saskatoon.
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affect the depth of water applied or
the distance of advance.
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The average depths of water applied
to border strips at Outlook as calcula
ted from soil intake rate and rate of
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Figure 5. Rate of advance and recession curves for
Border Strip No. I, Battleford.
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TABLE II.

Average
calculated
depth of Rain-

Border Input soil intake fall
No. (gpm) (in) (in)

Total Soil Evapo-
depth moisture trans-
applied stored piration
(in) (in) (in)

Total
depth

stored

(in) Ratio

1 105
315

2.73
2.00

2.04
0.21

4.77
2.21

3.57
0.38

0.80
0.80

4.37
1.18

0.92
0.53

2 110
165
370

2.34
2.14
1.66

2.04

0.21

4.38
2.14
1.87

3.44
1.46
0.95

0.80
0.64
0.80

4.24
2.10
1.75

0.97
0.98
0.94

continued on page 44
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TABLE I. CALCULATED VALUES OF THE CONSTANT, K, AND EXPONENT,
n, OF THE SOIL INTAKE EQUATION, f = Kt"

Location
No.

Border
Input

(Imp gpm)
Slope
(%)

Moisture
Content

(% Volume)

Intake
Coefficient

K

Equation
Exponent

n

Outlook 1 105
157
160

315

0.27 12.9

18.1
16.9

7.42
11.07

7.45
8.50

--0.56
—0.5^
—0.47
—0.63

2 110

165
168
370

0.52 13.1
19.0

14.9
15.2

8.33

6.96

6.80
6.06

—0.67
—0.58
—0.61

—0.91

Saskatoon 1 183 2.00 28.5 2.82 —0.72

2 154

237

2.20 9.9

11.7
2.62
2.60

—0.63
—0.83

3 212 2.30 —
4.06 —0.45

Battleford 1 187
208

0.78
20.2

5.37
4.50

—0.90

—o.Ts

Note: The values of the coefficient K and exponent n give soil intake rate in in/hr
when time is expressed in min.

narrow range of flows, the values are
fairly consistent. When a wide range
in inflows are considered there ap
pears to be a general tendency for the
slopes to increase with increasing in
flow to the strip.

A possible explanation of the re
sults can be given as follows. For a
given border strip, the depth of water
increases with an increase in inflow to
the strip. During the initial stages of
the intake process (near zero time) the
depth of water penetration is small.
Under these conditions, the depth of
ponded water governs, to a large ex
tent, the rate of water entry to the
soil. It follows that the higher initial
intake rates should be associated with
the higher inflows. As time progresses,
the gradient caused by the ponded
water rapidly approaches unity and
becomes relatively ineffectual as it
influences the rate of water entry at
the surface. When the moisture pro
file within the soil is developed
Bodman and Colman (2) suggest that
the rate of entry if governed by the
soil moisture potential gradient which
exists within the wetted profile.

Assuming the above reasoning to be
correct, it follows that the effect of
the high initial intake rates at the
higher inflow rates would be to in
crease the slope of the intake curves.
The fact that the instantaneous "ini
tial" intake rates are high is substan
tiated by the fact that the intercept
values, K, (at a time of 1 minute) are
very high. Further, the steepness of
the slopes of the curve may, in fact,
substantiate the idea of a rapid de
crease with time of the effectiveness
of the ponded depth in governing
intake.

Evaluation of Soil Intake Rate
Determination

The applicability of the soil intake
rate calculations were tested by two
methods:

a) The observed rate of advance
curves were compared with curves
calculated from the equation for
advance given by Christiansen,
Bishop and Fok (see Eqn. 3) and,

b) The depth of water infiltrated as
calculated by integration of the soil
intake rate equation over the time
between the recession and advance

curves were compared with the
measured depth of soil moisture.

Calculated and observed rate of
advance curves

The soil intake rate was related to

the rate of advance of water over the
strip by means of the equation sugges-
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Figure 2. Rate of advance and recession curves

ted by Christiansen, Bishop and Fok.
The advance curves, calculated in this
manner are plotted with observed data
in figures 2, 3, 4 and 5. As shown in
the figures, in most cases, the calcula
ted and observed advance curves

show close agreement. On all curves,
the times required for the wet front
to move given distances, as calculated
from the equation, agree within 15
percent of the observed values. Simi
larly, the calculated distances of ad
vance agree within 10 percent of the
observed values.

As shown in the figures, at each
location the magnitude of the dif
ferences between the observed and

calculated advance curves increases

with a decrease in input. This ten
dency probably reflects differences in
the uniformity of the depth of surface
flow on the strip. At low inflow rates,
the depth of surface flow through the
longitudinal profile of the advancing
wet front decreases quite rapidly with
distance whereas, at larger inflows the
depth of surface flow is more uni
form. Inasmuch as the development
of the advance equation (Eqn. 3) is
predicated on the assumption of
an uniform depth of surface storage
it would be expected that the agree
ment between the observed and cal
culated curves would be better for the

high inflow rates. Similarly, one would
expect a more uniform depth of sur
face flow in a direction transverse to

the direction of flow under a high
flow.

In summary, it can be stated that
the calculated and observed rate of

advance curves for all tests agree very
closely. It is questionable whether, in
any test, the difference between the
curves are of such magnitude to be of
practical importance insofar as they

d 300 -
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for Border Strip No. I, Outlook.
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strip. The length of advance, D, in
time T is given by,

D =zz qT qT

Ja+ ys
KTn+l

+>(n+1) ^+2)^*
3

where Q =z inflow to the strip per
unit width,

Ja = average depth of water infil
trated along the strip,

yg = average depth of water ponded
on the surface, and

K,n = coefficient and exponent of
the intake capacity equation
(Equation 2).

An interesting feature of 3 is the term
da, the average depth of water infil
trated. This term is obtained by inte
grating the accumulative intake equa
tion (KTn+1/n+l) and dividing by
the total time. In actuality, the depth,
thus obtained, is only an approxima
tion of the average depth of water
absorbed over the length of the strip.
Theoretically, the equation will give
the average depth only when the rate
of advance is a linear function of
time.

EVALUATING THE SOIL
INTAKE RATE FROM BORDER

DYKE TESTS

Inasmuch, as advance is highly de
pendent on soil intake, it seems
plausible that the soil intake rate
could be evaluated during rate of ad
vance tests. Consider the distribution
of the depth of water infiltrated along
a border strip in length, D, which is
traversed by the wet front in time, T,
(see figure 1). At any point in the
strip at distance, L, from the supply
ditch which is traversed by the front
in time, t, the depth of water infiltra
ted, d, is

d = f fdt'

in which t1 is the infiltration oppor
tunity time.

/
y_

(D.T)

DIRECTION OF FLOW

Figure I. Schematic diagram of the depth of water
absorbed during advance of the wet front.

If it is assumed the intake rate, f,
varies with time according to a power

equation (see Eqn. 2), then 4 can be
written,

d —J^ t]n+]
n+1

But ti = T - t,

Therefore, d = K (T - t)"+i .... 5
n+1

Consider now, the incremental vol
ume of water absorbed by the strip
per unit width, dV, in the differential
length, dL. That is,

dV = (d) (dL) =_K_ (T - t)n+idL

6

The total volume of water, Vff added
per unit width to the strip of length,
D is

D

Vf =
K (T-t)^dL 7

(n+1)

According to 1, the rate of advance
of a wetted front down a strip follows
a simple power law, or,

L = CHml

where C1 = (1/C) V» and
m1 = 1/m

Thus dL = C^W-idt 8

Substituting 8 into 7, one obtains an
expression for, Vf, as a function of the
single variable, time, or

T

V{ = K (T-t)"+i lCimW-idt

(n+1)

Equation 9 is readily integrated to
obtain

Vf= CWK Tn+i+^0 (n, mi)

(n+1)"

where,

<9(n,mi) = 1 -n+1 + (n + 1) (n) -
m1 m' + l 2! (m*+2)

(n+l)W(n-i; ("l)r(n+l)!

10

+3! (m*+3) (n+l-r)! (r!) (n^+r)

Equation 10 gives an expression for
volume of intake to a strip as a
function of the rate of advance and
soil intake properties. Inasmuch as the
advance curve can be readily measured
during border dyke trials, the prob
lem remains to develop a method for
evaluating the soil intake properties.

To accomplish this objective, con
sider the mass water balance on a
strip of unit width. The disposition
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of inflow may be divided to three
components, (a) the volume of intake
absorbed by the soil, Vf (b) the
volume of water in surface or sheet

storage, S, and (c) the volume evapora
ted, E. That is,

qT = Vf+S + E 11

where q = inflow rate to a strip of
unit width.

By assuming the evaporation from the
strip to be negligible and using the
value of Vf given by 10, the equation
of continuity can be written as

qT = C^K Tn+i+^6* (n, mi)
n+1

+ S 12

Equation 12 can be solved for the
constants of the intake rate equation
by simultaneous solution when, (a)
the rate of advance for a constant in-
flow and (b) two or more values of
storage during advance are known.

EXPERIMENTAL TESTS

During 1962 and 1963 several field
trials were conducted on existing bor
der dyke systems located at Outlook,
Saskatoon and Battleford. At these
sites, a total of seven border strips
were investigated. Each strip differed
from another either in soil type, width,
length or slope. All strips were crop
ped to an established forage crop of
either alfalfa or an alfalfa brome
grass mixture.

In total, fourteen irrigation trials
were conducted. The differences be
tween individual field trials on a given
strip were that different inflow rates
were used. In conducting the tests a
constant inflow was applied to the
border strip, and observations were
made of (a) inflow, (b) rate of ad
vance, (c) accumulation of surface
storage on the strip during advance,
and (d) rate of recession. In addition,
at Outlook, in several tests, soil mois
ture measurements were taken at 50-

feet or 100-feet stations along the strip
to a depth of 6 feet before and after
irrigation (1).

RESULTS AND DISCUSSION

Parameters of the Soil Intake
Rate Equation

Using data procured in the advance
and recession tests, equation 12 was
solved for the constants, K and n, of
the intake capacity equations for the
different strips. These values are tab
ulated in table 1.

The values of n (table 1) give the
slopes of the intake rate curves. In
comparing these, it can be observed
that for a given border strip, over a
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