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Abstract
Background and Objective: Border strip method of irrigation is a widely used surface irrigation technique which is best adapted to crops
like wheat, barley, fodder crops and legumes. The present study was aimed to design an irrigation border to maximize water application
efficiency which is very important to meet the growing water needs. Materials and Methods: Using the modified water front
advance-time relation, an irrigation border has been designed and its efficiency was evaluated. The derived design procedure ensured
application of uniform depth of irrigation throughout the length of border thus maximizing water application efficiency of the irrigation
borders. In the present study the required optimum border length, entrance stream size and the corresponding Manningʼs ʻnʼ had been
derived to achieve optimum irrigation water application efficiency. The derived design procedure has been applied to the wheat crop
cultivated in sandy loam soil in the Ramiala irrigation command (Orissa, India) to determine entrance stream size and corresponding
optimum border length. Results: The result of the study showed that the optimum border length and entrance stream size required are,
respectively 40 m and 2906 cm3 minG1 cmG1 which gives maximum water application efficiency up to the tune of 83.32%.
Conclusion: The modified design technique increases the water application efficiency of the irrigation borders, which appears very high
as compared to the achieved efficiency of 66.5%, as available in the literature. The suggested method appears very simple and can be
applied easily to crops having different root zone depths cultivated in different soils.
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Barani2 proposed a system-based border irrigation design

INTRODUCTION

technique using border irrigation storage and distribution
efficiencies, border slope and length, inflow rate, cutoff time

The border-strip method of surface irrigation is a widely

and Manningʼs roughness coefficient as constraints.

used irrigation technique which is best adapted to crops like

Using the water front advance-time relationship,

wheat, barley, fodder crops and legumes, where topography
is flat . The design of border irrigation requires many input

Michael and Pandya7 and Michael1 modified the design

parameters and needs extensive engineering calculations and

procedure suggested by Hall9. However, the complexity of

therefore, the experimental trial and error design is frequently

equations used for the determination of water front

1

resorted to Khanjani and Barani . A border irrigation system is

advance-time relation makes the existing design procedure

designed for entrance stream size, the length of run or slope

more complex and less popular. In view of the above, the

of the border in such a way that it can replenish the soil

present study attempts to modify and simplify the Michaelʼs1

moisture in the root zone uniformly before it depletes beyond

design procedure using water front advance-time relation

a specific limit. To derive the maximum application efficiency,

which does not appear to have been reported in literature.

the water is allowed to stay on the surface for a sufficiently

Thus, the objective of the current study was to further modify

long time to permit the desired amount of water to infiltrate

the Michaelʼs1 technique for the design of the irrigation

into the soil1. It is important to mention that in an existing field

borders applying the water front advance-time relations of

layout, the length or slope of the border cannot be altered and

Parhi16 derived using kostiakov (KT)17, modified kostiakov

the entrance stream size forms to be the main controllable

(MKT)18 and improved modified kostiakov (IMKT)19 infiltration

variable that can be designed to increase the efficiency of the

models.

2

system.
MATERIALS AND METHODS

The study of surface irrigation system can be classified
into two basic categories, namely design and analysis. While
determination of water front advance with time is an analysis

Study area: The present study was carried out and applied to

problem, computation of optimum stream size, to achieve

the field data of Ramial irrigation command (Orissa, India). The

maximum irrigation efficiency is a design problem. The

climate of the study area is tropical with fairly hot summer,

analysis of flow in surface irrigation is complex due to the

moderately cold winter and humid rainy season. The

interactions of several variables such as infiltration, inflow rate

temperature of the area varies from a minimum of 12.9EC to

and hydraulic roughness . The design, however, is more

a maximum of 39.9EC having average annual rainfall as

complex due to interactions of these input variables and the

1182 mm. The rainfall is confined from June-October during

involved output parameters like efficiencies, uniformities,

which 90% of annual rainfall is received. The rainfall received

3

in rest of the period is of no agro-irrigational interest as much

4

deep percolation and runoff .
The efforts in analysis and design of surface irrigation

of it is lost in infiltration and evaporation. As border irrigation

have predominated during last few decades. The studies of

system is most suited for the wheat crop, which is largely

are only a few to cite among many

cultivated during Rabi season, a border irrigation system is

others. The design of surface irrigation is however has been

designed using the field data and applied to this area to

previous researchers

5-11

achieve maximum irrigation efficiency.

12

summarized in a few reports only. For example, Hall

developed a design procedure based on the calculation of rate
of advance from the observed or expected infiltration

Data used: Due to non-availability of infiltration data of the

characteristics, allowable range of slope, possible value of

study area, which is essential for the design of a border

roughness and maximum allowable stream size, which was

irrigation system, the data employed here is taken from the
infiltration tests carried out by Michael20, on sandy loam soil

1

further modified and simplified by Michael . The Soil
developed a design procedure for

(same to the study area). The data has been used to determine

several types of surface irrigation systems. Walker and

the functional form of y (t). The field capacity and wilting point

Conservation Service

13

proposed a design procedure for graded

of the sandy loam soil in study area have been considered as

borders, furrows and basins. Clemmens et al.15 developed a

16 and 4%, respectively21, thus making the water holding

dimensionless solution for level basin design. Using Kostiakov

capacity of soil as 12% (12 cm mG1 depth). The root zone

Skogerboe

14

infiltration model, Alazba,

4

depth of wheat crop has been taken as 1-1.5 m and average

presented a border design,

being 1.25 m22.

applicable to sloping open-ended borders only. Khanjani and
116

Int. J. Agric. Res., 12 (3): 115-122, 2017
and

Parameter estimation of infiltration data: To find the
equation of a specified type that best fits the set of
observations, the optimal values of parameters of various
infiltration models i.e. KT, MKT and IMKT, were estimated using
the method of least squares. The method suggests that, for
the best fits, the sum of the squares of differences between
the observed and the corresponding estimated values are
minimum23, which can be expressed as:

 t1 n
 c t1 2n   c12 t13n  
 1


 
x 1  (2  n)  (2  2n)   (2  3n)  


q k  c13 t1 4n   c14 t15n 


 .  ....  ......
 (2  4n)   (2  5n) 


where, q is the constant rate of flow per unit width introduced
at the upstream end of the border (cm2 minG1 cmG1 width of
border), t is the total time for which irrigation water has been
applied (min), x is the distance, the irrigation stream has
advanced in timeʻtʼ (cm), d is the average depth of flow over
the ground surface (cm):

N

Min Z   {f obs (i)  f com (i)}2

(3)

(1)

i 1

where, Z is the error, N is the number of observations or times,
fobs (i) is the observed infiltration rate at ith time and fcom(i) is the
computed infiltration rate at ith time.
In this study, the software package, Language for
Interactive General Optimizer (LINGO) was used to minimize
the errors. The accumulated infiltration-time relationship,
using the infiltration data for the soil type in question,
resulting from the employment of above mentioned models,
exhibited a form as y = 1.459t0.697. This appears to be in the
form KT, where y equals accumulated infiltration at any time
t.

c

k
bd 1
, c1 
 , m(n  1)  k
(b  d)
k
c

and m, n and b are infiltration parameters determined by
optimization. The Eq. 2 and 3 works best for small and large
values of t, respectively.
RESULTS AND DISCUSSION

Performance evaluation: Among the several statistical
Design of border irrigation system: The depth of water

measures available for evaluating the performance of a model,
such as correlation coefficient, relative error, standard error
etc., the Nash and Sutcliffe24 efficiency is most frequently
used23 and it has been employed in this study.
The efficiencies resulting from the employment of KT,
MKT and IMKT models to infiltration data in a wheat field in
predicting accumulated infiltration-time relationship,
performed identically and yielded 99.9% efficiency value,
exhibiting a more than satisfactory performance.

required to replenish the soil moisture in the root zone to field
capacity is calculated as the product of water holding capacity
and average depth of root zone (15 cm in the present study).
Considering different possible values of stream size (q) as
3000, 3200, 3400 and 3600 cm3 minG1 cmG1 width, the
approximate values of Manningʼs roughness ʻnʼ is calculated
using equation1 as:

v

Water front advance-time relation: As KT, MKT and IKMT
showed identical results in predicting the accumulated
infiltration-time relationship, the water front advance-time
relationship is computed using KT, because it provides the
simplest form of water front advance-time relationship,
converges satisfactorily and rapidly for almost all values of t
giving satisfactory results19. In the context of present
discussion it is pertinent to present here the water front
advance-time relationship using KT which forms the most
important component in design of border irrigation system19,
which can be written as:
  ct n 1   c2 t 2n 1 

t  



x
1   (n  2)   (2n  2) 



q b  d  c3 t 3n 1   c4 t 4n 1 


  .....  .... 
 (3n  2)   (4n  2) 


R 2/3s1/ 2
n

(4)

where, v is the velocity (m secG1), R is the hydraulic radius (m)
s is the soil surface slope (%). The values of Manningʼs ʻnʼ
computed using Eq. 4 for a vegetated (wheat crop) field
having sandy loam soil are 0.257, 0.256, 0.255 and 0.254,
respectively for stream sizes 3000, 3200, 3400 and
3600 cm3 minG1 cmG1 width.
Using the values of ʻqʼ and ʻnʼ, the depth ʻdoʼ at the
upstream end of the border is calculated 1 as.

n

d 5/3s1/ 2
q

(2)
where, q is the entrance stream size.
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(5)
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Table 1: Calculation procedure for the estimation of average depth of flow (d) for ʻqʼ and ʻdoʼ of 3000 cm3 minG1 cmG1 and 9.03 cm, respectively
Stream

Depth at upstream

Time

Accumulated

Distance

Volume of water

Stream size at any point

size (q)*

end (do) (cm)

(min)

infiltration(yt) (cm)

advanced L(cm)

infiltrated (qi)*

down the border (qo)*

3000

9.03

2

3.69

509.34

470.28

2529.72

2529.72

8.15

4

5.16

855.17

551.84

2448.16

2448.16

7.99

6

6.41

1176.12

628.69

2371.31

2371.31

7.84

8

7.54

1448.77

683.09

2316.91

2316.91

7.73

10

8.59

1690.73

726.17

2273.83

2273.83

7.64

12

9.57

1907.00

760.74

2239.26

2239.26

7.57

14

10.51

2102.63

789.19

2210.81

2210.81

7.52

16

11.40

2280.88

812.91

2187.09

2187.09

7.47

18

12.27

2444.31

832.90

2167.10

2167.1

7.43

20

13.10

2595.02

849.91

2150.09

2150.09

7.39

22

13.91

2734.51

864.43

2135.57

2135.57

7.36

24

14.70

2864.14

876.90

2123.10

2123.1

7.34

26

15.46

2984.91

887.60

2112.40

2112.4

7.31

28

16.21

3097.72

896.80

2103.20

2103.2

7.29

30

16.95

3203.31

904.69

2095.31

2095.31

7.28

32

17.66

3302.24

911.42

2088.58

2088.58

7.26

34

18.37

3395.01

917.10

2082.90

2082.9

7.25

36

19.06

3481.95

921.83

2078.17

2078.17

7.24

38

19.74

3653.36

949.04

2050.96

2050.96

7.19

40

20.41

3729.20

951.55

2048.45

2048.45

7.18

42

21.07

3832.85

961.55

2038.45

2038.45

7.16

44

21.72

3919.64

967.61

2032.39

2032.39

7.15

46

22.37

4006.95

974.11

2025.89

2025.89

7.13

48

23.00

4090.11

979.88

2020.12

2020.12

7.12

50

23.62

4169.99

985.14

2014.86

*Unit cm3 minG1 cmG1
Table 2: Values of ʻnʼ and ʻdoʼ for different values of ʻqʼ under consideration
Stream size (q) (cm3 minG1 cmG1)

Manningʼs roughness (n)

Depth at upstream end (do) (cm)

Average depth of flow (d) (cm)

3000

0.254

9.02

7.48

3200

0.255

9.36

7.77

3400

0.256

9.68

8.06

3600

0.257

10.00

8.35

border (d) is estimated as 7.48. Table 1 shows the detail
calculation procedure involved in estimating the average
depth of flow down the border for a ʻqʼ and ʻdoʼ as
3000 cm3 minG1 cmG1 and 9.02 cm, respectively up to 50 m
length of border and Table 2 shows the values of n, do and d
for different values of q under consideration.
A family of advance curves is calculated applying Eq. 2
and 3, for different values of stream sizes (3000, 3200, 3400,
3600 cm3 minG1 cmG1) having different average depths of flow
as 7.48, 7.77, 8.06 and 8.35 cm, respectively, using the
computed infiltration parameters (m = 1.459, n = 0.697 and
b = 1.328) for the soil in question. Figure 1 shows the family of
advance curves showing the water front advance time
relationship as a function of q, d and infiltration parameters.
Considering y, yo and yd, respectively as accumulated total
depth of water entering the soil at any point, total depth of
water entering the soil at upstream end of border and design
depth of application of water corresponding to an infiltration
opportunity time of ʻTʼ for a border length ʻLʼ, the first design

Further, the flow depths d1, d2, d3.... dn at successive points
along the border is calculated by considering the distance
advanced at equal time increments using water front
advance-time relation (Eq. 2, 3) and its average is taken as d.
The water depth required at successive points down the
border will decrease as the total flow along these points
decrease. Hence the water depth is a function of the distance
down the border. Thus the stream size (qo), at any point down
the border equals the difference between the entrance stream
size (q) and the average rate of the volume of water (qi)
infiltrated over the area from the upstream of border.
In the present study considering the value of ʻqʼ as
3000 cm3 minG1 cmG1 the approximate value of ʻnʼ is estimated
(using Eq. 4) as 0.257 for a wheat field. Subsequently using ʻqʼ
and ʻnʼ as 3000 cm3 minG1 cmG1 and 0.257, the depth ʻdoʼ at the
upstream end of the border is calculated (Eq. 5) as 9.02 cm.
Further, using ʻqʼ and ʻdoʼ as 3000 cm3 minG1 cmG1 and 9.02 cm,
respectively, the depths d1, d2, d3.... dn up to 50 m length of
border is estimated and the average depth of flow down the
118
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q = 3400 cm minG cmG
3

70

1

1

q = 3200 cm3 minG1 cmG1

60

q = 3000 cm minG cmG
3

1

1

Time (min)

50
40
30
20

q = 3600 cm minG cmG
3

1

1

10
0
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10

20

30

40

50

60
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80

Distance from upstream and of border (m)

Fig. 1: Water front advance curves for different stream sizes (q)
40000
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Volume balance function (B) and
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correction factor (Bd) cm )

Bd (yo) for L = 30 m
32000

Bd (yo) for L = 60 m
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24000

B (yo) for L = 60 m
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0
0
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B (yo) for L = 50 m
20
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30

Accumulated inf iltration at upstream end of borders (yo) cm)

Fig. 2: Determination of optimum values of (L) and (q) using volume balance function
criteria needs to be satisfied is volume of water entered to the

where, f1 is a measure of excess water entered to the

border till the advancing water front reaches the end must at

border.
Assuming border length selected for design trials as 30,

least equal to volume required by the soil. This can be

40, 50, 60 and 70 m, the values of T, yo, B and Bd for different

expressed as:
qT = yL

(6)

border lengths and entrance stream sizes are estimated. The
value of f1 is determined by experience and from the factors

Further, a volume balance function (B), is derived

affecting the lack of parallelism of advance and recession

expressing the difference between volume of water applied till

curves16. To allow for non-parallelism of advance and recession

the advancing water front reaches the end of the border and

curves, considering the factor of safety or a measure of the

application of uniform depth (y0) of water over the entire

excess water (f1) as 0.216, the values of Bd are calculated for

1

border length as:

different border lengths and entrance stream sizes. Table 3
shows the values of T, yo, B and Bd for different border lengths
(7)

and entrance stream sizes. Considering, B and Bd as ordinate

It is important to note that to allow for non-uniformities

a plot of B and Bd versus yo is obtained which is shown in

B = qT-y0L

against yo as abscissa with length of border (L) as parameters,
and non-parallel advance and recession curves, only values of

Fig. 2. The intersection of B(yo) and Bd(yo) for a given length

ʻBʼ greater than some minimum values of ʻBdʼ can accomplish

represents the minimum value of B which is acceptable for

adequate irrigation1, which can be expressed as:

that length, since lower values would not provide adequate
irrigation to all parts of the field. This point also represents the

Bd = f1yL

point of optimum application efficiency. In Fig. 2, the point of

(8)
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Table 3: Values of T, yo, B and Bd for different trial border lengths and stream sizes
Entrance stream size (q) (cm3 minG1 cmG1)
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------3000
3200
3400
3600
Border
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------B (cm3)
Bd (cm3)
T (min)
yo (cm)
B (cm3)
Bd (cm3)
T (min)
yo (cm)
B (cm3)
Bd (cm3)
T (min)
yo (cm)
Bd (cm3)
Bd (cm3)
length (m)
T (min) yo (cm)
30
15.2
11.1
12514
6641
14.2
10.6
13680
6366
13.4
10.2
14848
6138
12.7
9.9
15970
5939
40
24.0
14.7
13201
11753
22.0
13.9
14857
11146
20.5
13.3
16494
10646
19.2
12.8
18081
16025
50
36.3
19.2
13092
19168
32.6
17.8
14907
17869
29.7
16.8
16869
16852
27.5
16.0
18862
16025
60
48.4
23.1
6440
27746
44.1
21.7
10633
26122
42.4
21.2
17007
25464
38.3
19.8
18911
23836
70
65.2
28.1
-1503
39413
58.4
26.2
3695
36653
53.1
24.6
8561
34436
49.0
23.3
13250
32650
T, yo, B and Bd, respectively represents infiltration opportunity time, total depth of water entering the soil at upstream end and volume balance function which is derived expressing the difference between volumes
of water applied till the advancing water front reaches the end of the border and some minimum values of B that can accomplish adequate irrigation

intersections of B(yo) and Bd(yo) for 30, 40, 50, 60 and 70 m
lengths are shown. From the Fig. 2, it is clear that if the design
depth of application of each irrigation is 12.8 cm, the optimum
border length is 30 m and if the depth of application is 15 cm,
the optimum border length is 40 m and so on.
Considering the wheat crop on sandy loam soil under
study, for which depth of water required to replenish the soil
moisture in the root zone to field capacity is 15 cm, the
optimum border length required is 40 m. Figure 3 clearly
shows the intersection of B(yo) and Bd(yo) for 40 m length and
the point of optimum application efficiency for wheat crop.
Considering the optimum border length (L) as 40 m, design
depth of application (yd) as 15 cm, time of application (T) as
24.78 minute and volume balance function (B) as 12000 cm3
(determined from Fig. 3), the optimum stream size is
determined using Eq. 7, which equals to 2906 cm3 minG1 cmG1.
The optimum border length and entrance stream size required
to achieve maximum water application efficiency for crops
other than wheat having different root zone depth, thus
having different depth of water (yo) required to replenish the
soil moisture in the root zone to field capacity, can be
determined from the Fig. 2.
Application efficiency: The water application efficiency (Ea) is
a measure of how efficiently the water is applied to the field.
The definition of Ea has been fairly standardized 25 as:
Ea 

Volume of water added to the root zone
Volume of water applied to the field

(9)

Using the notations as used in the text, volume of water
added to the root zone and volume of water applied to the
field corresponds to (yd L) and (qT), respectively. Hence Ea can
be represented as:

Ea 

yd L
qT

Considering the derived values of yd, L, q and T as 15 cm,
40 m, 2906 cm3 minG1 cmG1, the water application efficiency
equals 83.32%.
The results of this study give an application efficiency of
the designed irrigation borders as 83.32%, which appears very
significant as compared to the earlier studies carried out by
different researchers26-29. Mangrio et al.26 studied the average
water application efficiency under border irrigation method
using different techniques and observed the average value as
67%. According to FAO27, the water application efficiency for
120
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Volume balance function (B) and
3
correction factor (Bd) cm )

20000
16000
12000
8000
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0
0
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Accumulated inf iltration at upstream end of borders (yo) cm)

Fig. 3: Determination of optimum value of (L) and (q) using volume balance function for wheat
Figure shows the intersection of B (yo) and Bd (yo) for 40 m length and the point of optimum application efficiency for wheat crop. Considering the optimum
border length (L) as 40 m, design depth of application (yd) as 15 cm, time of application (T) as 24.78 min and volume balance function (B) determined from
graph as 12000 cm3, so that Eq. 9 can be applied to determine water application efficiency

border and furrow irrigation methods is up to 60%. The study
carried out by Shaikh et al.28, in different areas reveals that
C

application efficiencies for border irrigation method are within
the ranges of 65-68% under medium textured soils. Further a
study carried out on irrigation borders by Zerihun et al.29

advance-time relationship make the procedure simpler
thus enhancing its field adaptability
The derived simplified method is also applicable to crops
different from wheat and having different root zone
depths

achieved an application efficiency of 66.5%. In the above
SIGNIFICANCE STATEMENTS

context, the maximum application efficiency that can be
achieved is around 68% which is significantly low as compared

This study discovers the methodology for the design of an
irrigation border for all types of soils such that the water
application efficiency becomes maximum. This study will be
beneficial to researchers to design irrigation borders in the
most efficient manner which many researchers were not able
to explore.

to 83.32% achieved in the present study. Hence the present
design methodology appears most appropriate in the of
growing water needs of present days.
CONCLUSION
Following conclusions can be derived from the present
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