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ABSTRACT

This paper reports the effect of straight furrow (SF) and meandering furrow (MF) irrigation strategies, as well as inflow rate,
on infiltration and hydraulic parameters including advance time, recession time, and runoff hydrograph. The performance
of SF and MF irrigation in terms of runoff ratio, deep percolation, and application efficiency was evaluated in 6 furrow fields
at Shahid Bahonar University of Kerman, Iran. The required data were collected from the farm, consisting of free drainage
furrows with length 70 m, top width 0.8 m, depth 0.25 m, and slope 0.2%. The advance and recession times were significantly
longer in MF than SF irrigation. The infiltration was estimated by Lewis-Kostiakov equation. The infiltration coefficients were
calculated: The values of k were higher and of a were lower in MF furrows than in SF furrows. The average runoff ratio and
application efficiency for the SF irrigation events were 50.53% and 49.07%, respectively, while those of the MF irrigation events
were 7.04% and 52.94%, respectively. Based on the results, the velocity of water advance in MF irrigation is decreased and,
thus, the runoff, erosion losses, mass of fertilizer lost and surface water contamination were reduced. Using a lower inflow rate
and appropriate irrigation time leads to better management outcomes in irrigation systems.

Keyword: meandering furrow irrigation, straight furrow irrigation, advance and recession time, runoff ratio,
irrigation performance

INTRODUCTION
Furrow irrigation is the most common method of surface
irrigation because of its low cost and energy. However, these
systems are usually associated with low application efficiency
and high labour requirements for land levelling and setting up
the system (Spaskhah and Shaabani, 2007). In Iran, agricultural
water uses over 90% of the water supply (Mergen, 2014). The
application efficiency of surface irrigation is low and a large
volume of water is lost. Improving application efficiency can
reduce water application without affecting productivity. Several
researchers have made recommendations to improve irrigation
performance (Moravejalahkami, 2012; Reddy et al., 2013) or for
the use of alternate furrow irrigation to increase productivity
(Barios-Masias and Jackson, 2016; Mintesinot et al., 2004;
Siyal et al., 2016; Xiao et al., 2015). One of the solutions to this
problem is using innovative and high-tech irrigation methods
(drip, sprinkler, etc.). However, farmers in Iran or other
developing countries often refuse to use these methods because
of the high cost of set-up, performance, and maintenance.
In many countries, farmers cover the furrows and canals
with straw to minimize water velocity and soil erosion in
the first irrigation (Roldán-Cañas et al., 2015). Some farmers
in Iran use meandering furrow (MF) irrigation. In MF
irrigation, compared to straight furrow (SF) irrigation, water
flows in a furrow that has a meandering path and, therefore,
the velocity of water advance decreases, leading to a higher
irrigation efficiency. In addition, decreasing the flow velocity
will increase infiltration volume and decrease runoff and
erosion losses (Mostafazadeh-Fard et al., 2010; Soroush et al.,
2012). Distribution uniformity and application efficiency are
affected by the furrow inflow rate, especially as the inflow is
reduced (Alazba, 1999; Gharbi et al., 1993; Gillies et al., 2007).
Prediction of the values of infiltration parameters is required to
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design surface irrigation (Spaskhah and Afshar-Chamanabad,
2002; Zerhun et al., 1996). The very small changes in the
inflow rate could have a considerable impact on infiltration
parameters (McClymont and Smith, 1996).
Mostafazadeh-Fard and Moravejalahkami (2006) studied
the performance of snake-shaped furrow irrigation. For this
purpose, they used three experimental farms with different
soil textures and field slopes. The results showed that by
increasing the slope and keeping the other parameters the
same, the application efficiency of the snake-shaped furrow
irrigation increases, but the application efficiency of the
straight furrow irrigation decreases. Sepaskhah and Shaabani
(2007) studied infiltration parameters, flow hydraulics, and
geometric parameters in an anguiform furrow, and compared
these parameters with those of straight furrow irrigation.
Compared to the straight furrow irrigation, the recession time
and infiltration rate were higher in the anguiform furrow.
According to Mostafazadeh-Fard et al. (2010), erosion and
runoff are lower in MF than SF irrigation. Soroush et al. (2012)
investigated the influence of the meandering and standard
furrow on distribution uniformity and fertilizer losses. The
results showed that the mass of nitrogen losses is notably less
for meandering than standard furrow irrigation because of the
lower runoff from MF irrigation. Roldán-Cañas et al. (2015)
studied MF irrigation in an experimental field in Bolivia. Ten
irrigation events were evaluated by measuring advance and
recession times, inflow, and runoff rate. The results revealed
that the furrow irrigation system was poorly managed and
performed poorly.
In surface irrigation, run-off losses lead to soil erosion
which can be damaging because it results in the loss of
productive soil on the farm (Lehrsch et al., 2014), especially
when the soil is bare or plant growth is in its early stages, or
in fields that slope steeply. In deep percolation losses, soil
erosion decreases, and part of the applied irrigation water
is unreachable. Deep percolation results in the transport of
dissolved salts from the root zone. Therefore, it is useful for
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saline soils (Letey et al., 2011). Water for irrigation is a major
limitation to agricultural production in many countries.
In Iran, 90% of water use is for agriculture. Therefore, the
management of water consumption is important. When the soil
is saline, leaching by irrigation water is vital. The type of soil
and slope of the field can be important for choosing the type of
furrow irrigation (SF or MF).
The primary objective of this study was to describe,
characterize and evaluate meandering furrow irrigation by
conducting irrigation field experiments at different inflow
rates, and to compare the results with that of standard furrow
irrigation. To this end, the operating and performance variables
were measured by field monitoring of irrigation events.

Table 1. Soil properties of the research farm
Depth
(cm)
0–30
30–60

Sand
(%)
67
59

Silt
(%)
22
26

Clay
(%)
10
14

pH
7.8
8.0

Table 2. Furrow cross-sectional parameters in the experimental field
σ1
0.43

σ2

c

m

ρ1

ρ2

1.51

0.65

0.51

0.268

2.689

cross-section parameters are based on the furrow geometry
equation:
σ2
A σ=
cy m ,=
A2 R 3/4 ρ1 Aρ2
			 =
1 y ,T

MATERIALS AND METHODS

EC
(ds∙m−1)
3.8
3.9

(1)

where A is the cross-sectional area, T is the top width, y is
The furrows (straight and meandering) were constructed in
the furrow depth, and R is the hydraulic radius, presented in
the agricultural farm of Shahid Bahonar University of Kerman
Table 2 as measured before the first irrigation.
(SBUK), Iran. The research farm is located in Southeast Kerman
Infiltration parameters can be estimated by the observed
(57°10´E, 30°20´N) on sandy loam soil, at 1 750 m amsl. The field
advance data (Elliott et al., 1983; McClymont and Smith, 1996)
had been prepared for planting tomatoes, but the experiments
or by a combination of advance and runoff data (Gillies and
were performed on bare soil. Soil properties of the research farm
Smith, 2005; Scaloppi et al., 1995). The two-point method
are presented in Table 1. The experiment was laid out using a
computes infiltration parameters with the measured advanced
complete randomized design with 3 replications. During the
data (Gillies and Smith, 2005; Gillies et al., 2007; Guardo et
field experiments, advance times, recession times and runoff
al., 2000). Infiltration in the furrow was computed by the
were measured. The experiments were conducted on furrows
Lewis-Kostiakov equation Z = kτa + f0τ, where Z is the water
of 70 m length and 0.75 m width. Inflow and outflow discharge
infiltrated volume per unit length of the furrow, τ is the intake
values were measured by a V-notch weir and 1-inch Parshall
opportunity time, f 0 is the final infiltration rate, and k and a
flume, respectively. For the MF irrigation method, the width of
are empirical parameters. The advance equation can be used to
each bend was 4 m. The longitudinal slope of both furrows was
calculate infiltration parameters a and k in furrow irrigation as
0.2% and the lateral slope in MF was zero. Twenty-four stations
follows (Walker, 1989):
were marked along the length of the furrows, and the advance
r
Assessment
of straight
and by
meandering
under different inflow
and recession times
were measured
at each station
recording furrow irrigation
(2)
x =strategies
pt adv
			
when the water reached a station and when it disappeared from
rates
it. Figure 1 presents an overview of the experimental furrows.
where x is the advance distance, tadv is the advance time, and
*
S. Sayari,
Rahimpour
, M.
Zounemat-Kermani
Data were collected from the first irrigation
in eachM.
furrow.
p and
r are
advance parameters. Walker and Skogerboe (1987)
Inflow rates were determined by control valves connected
combined Lewis-Kostiakov, advance, and water balance
Water Engineering Department, Shahid Bahonar University of Kerman, Iran
to a concrete pipe at the upstream end of the field. Furrow
equations and obtained the following equation:

0.75 m

4m

b

Sub ditch

a

Main ditch

0.75 m

70 m

Figure 1. Overview of the field during storage phase: (a) meandering furrow, (b) straight furrow

Fig.1- Overview of the field during storage phase a) Meandering furrow b) Straight furrow
122:1(49).
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Qint =σ y A0 x + σ z kt a x + ( f 0tx) / (1 + r )

(3)

where Qin is the inflow rate; A0 is the water cross-sectional area
upstream of the furrow calculated from A0 = (Qinn/(ρ1S1/2))1/ρ2
(Walker, 1989), n is the Manning coefficient, ρ1 and ρ2 are the
furrow geometrical parameters, σy is the surface storage water
profile shape factor assumed to be 0.75, and σz is the infiltrated
water profile shape factor computed by the following equation
(Walker, 1989):
			

σ z = (a + r (1 − a) + 1) / ((1 + r )(1 + a))

(4)

where a is the exponent of the Lewis-Kostiakov equation and r
is the advance curve parameter. Instead of using the two-point
method, all the data from the stations have to be used to estimate k and a for each irrigation, since the slope and inflow rate
are different throughout the furrow length. Therefore, Eq. 2 can
be rewritten as follows (Sepaskhah and Shaabani, 2007):

Figure 2. The advance and recession curves for irrigation events
S1 and M1

Vx = σ z kt a
			 Vx =
Qint − σ y A0 x − ( f 0tx) / (1 + r )

(5)

The infiltration of the Lewis-Kostiakov equation can be
calculated from Eq. 5. The values of Vx1 (the Vx parameter at 1
min interval) and a are estimated by regression analysis for Vx
and t. Then, the k parameter is computed from K = Vx1/σz.
The infiltration parameters and properties of the experimental furrow for each irrigation event are shown in Table 3.
The application efficiency (Ea) for each experiment was
computed by Eq. 6:

Ea =

Vreq

Figure 3. The advance and recession curves for irrigation events
S2 and M2

V in

=
V
z=
.w.L, V
t .Q

req
in
co
o
(6)
			 req
where Vin is the total volume of water applied at each irrigation;
Vreq is the water volume required in the soil profile; zreq is the
soil moisture extracted by the crop between irrigations; L is
furrow length; w is furrow spacing; tco is cut-off time; and Qo is
inflow rate. The amount of water required in the root zone was
assumed to be 50 mm for all experiments.
Runoff ratio was calculated from the following equation:

					 R =

Vin − Vinf
.100
V in

(7)

where Vinf is the infiltrated volume. Deep percolation (Dp) is the
percentage of the infiltrated water that is unreachable for the plants
and penetrates to the lower depths. Dp was obtained from Eq. 8.
					

Dp =

Vinf − Vreq
V inf

.100

(8)

Figure 4. The advance and recession curves for irrigation events
S3 and M3

Table 3. Properties of the experimental furrows for each irrigation event
Type
Straight

Meandering

Events

Q inflow (L∙s−1)

S1
S2
S3
M1
M2
M3

0.6
1.2
2.4
0.6
1.2
3.6

Time of
cut-off (min)
85
71
71
85
71
40

a
0.11
0.4
0.14
0.0884
0.214
0.16
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Infiltration parameters
f0 (m3∙m −1∙min−1)
k (m3∙m −1∙min−1)
0.0106
0.000068
0.0059
0.000078
0.0175
0.000107
0.013
0.00018
0.018
0.00041
0.027
0.0015
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RESULTS AND DISCUSSION
The advance and recession curves for both irrigation methods
are presented in Figs 2 to 4. The advance times in the irrigation
events S1, S2, S3, M1, M2, and M3 were 40.25, 23.16, 19.38,
63.36, 35.28, and 15.83 min, respectively. It can be observed
that the advance time was significantly greater in MF than
SF. In irrigation events M1 and M2, the advance time was,
respectively, 57% and 52% larger than its counterpart in
irrigation events S1 and S2. These results indicate that the flow
velocity was lower in MF than in SF.
While the flow rate increased from 0.6 to 1.2 L∙s−1, the
advance time was reduced 42% and 44% for SF and MF
irrigations, respectively. By varying the flow rate from 0.6
to 2.4 L∙s−1 for SF irrigation and from 1.2 to 3.6 L∙s−1 for MF
irrigation, the advance time decreased 51% and 55%, respectively.
The impact of changing the flow rate is almost the same for both
irrigation methods, although the reduction of advance time is
slightly greater in MF irrigation than SF irrigation.
The recession time was greater for MF than SF because
of the higher water storage at the stations. During irrigation
events M1 and M2, the recession time was 17% longer than its
counterpart in irrigation events S1 and S2. The disappearance
of water in the recession phase of MF irrigation is mostly
because of the infiltration and not because of the outflow
downstream of the furrow. The advance and recession curves
were almost parallel for both furrow irrigation methods, which
shows uniform infiltration throughout the furrows. As can be
seen from Figs 2 and 3, advance times decrease when inflow
rate increases and the difference in advance times between the
two irrigation methods also decreases.
The values of inflow during irrigation events were 0.6, 1.2,
2.4, and 3.6 L∙s−1. The runoff hydrographs of each irrigation
event are presented in Figs 5–7. Runoff was notably less in MF
than SF irrigation. As water flows in the MF, the direction of
flow changes along the furrow, leading to an increase in the
wetted perimeter and the infiltration depth. Furthermore,
because of the lower velocity in MF irrigation, soil erosion
is less compared to SF irrigation. The volumes of inflow and
outflow during each irrigation event are shown in Table 3.
The flow rate and depth of water are affected by the basic
infiltration rate (Sepaskhah and Afshar-Chamanabad, 2002),
as confirmed by the findings of the present study (Table 3).
According to Table 3, the basic infiltration rate for the same
inflow is greater in MF than SF irrigation due to a higher wetted
perimeter and flow depth. The parameters of the KostiakovLewis equation for each experiment are presented in Table 3. In
MF irrigation, the value of k is higher and the value of a is lower
than in SF irrigation.
The values of k in MF irrigation with inflow rates of 0.6 and
1.2 L∙s−1 are 18% and 67% higher than that for SF irrigation. By
increasing the flow rate, the value of k is also increased in MF

Figure 5. The runoff hydrograph during irrigation events S1 and M1

Figure 6. The runoff hydrograph during irrigation events S2 and M2

Figure 7. The runoff hydrograph during irrigation events S3 and M3

irrigation. The values of a decreased 18% and 46% for inflow rates
of 0.6 and 1.2 L∙s−1, respectively, in MF compared to SF irrigation.
The runoff percentage, deep percolation, and application efficiency
for each irrigation event are given in Table 4.

Table 4. Overview of the results for furrow irrigation events
Type

Event

Inflow
Advance
Outflow
Infiltrated
Runoff
volume
time
volume
volume
(%)
(m3)
(min)
(m3)
(m3)
0.706f
1.85k
27.61
Straight
S1
2.556
40.25a
2.684g
2.636fg
50.45
S2
5.320
23.16b
7.52h
2.703fg
73.55
S3
10.224
19.38b,e
0.308I
2.248m
12.05
Meandering
M1
2.556
63.36c
0.119J
5.201n
2.2
M2
5.320
35.28d
0.66f
8.94r
6.87
M3
9.6
15.83e
Note: Means within a column that are followed by the same letter are not significantly different at the 5% level
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Deep
percolation
(%)
0.0
0.74
2.93
6.57
49.52
70.63

Application
efficiency
(%)
72.38
49.17
25.66
82.15
49.33
27.34
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For MF irrigation (irrigation events M1 and M2), the
runoff losses are 11.55–21.86 times lower than they are in SF
irrigation (irrigation events S1 and S2). When the inflow rate
was increased, the runoff also increased in SF irrigation. The
deep percolation losses are significantly greater in MF than SF
irrigation. MF irrigation can be recommended for plants with a
deep root zone, heavy textured soil, and sloping fields.
The water application efficiency ranged from 25.66%
(irrigation event S3) to 82.15% (irrigation event M1). In both
methods, the lowest application efficiency values occurred with
high inflow rates (irrigation events S3 and M3). In contrast,
the highest application efficiency values occurred with low
inflow rates. The application efficiency of MF irrigation is
slightly greater than that of SF irrigation. According to Table 4,
the difference in advance time between the two methods is
not significant at the 5% level in S3 and M3 irrigation events.
Despite the inflow rate in the M3 irrigation event being higher
than in S3, the advance times are 95% similar. The table also
shows that there is no difference in outflow volume between S1
and M3 irrigation events. The inflow rate in the M3 irrigation
event is 6 times higher than for the S1 irrigation event and the
outflow volumes are the same due to the fact that meandering
furrow irrigation reduces the velocity of flow throughout the
furrow and increases infiltrated water volume.
Batista et al. (2012) and Roldán-Cañas et al. (2013) reported
that lower runoff losses and high application efficiency could be
achieved by using low inflow rates. The values of the exponents
and coefficients of the advance equations are presented
in Table 5. These parameters are varied for straight and
meandering furrows since the hydraulic condition is different
in these furrows. These results also indicate that the flow
velocity is lower in MF than SF.
Irrigation events must be carefully implemented to achieve
high efficiency. The MF system often requires a much greater
labour input for construction and deep percolation in sandy
soil is very high. Therefore, the type of soil and available labour
are important factors in choosing the MF system. Harvesting
requires a labour-intensive method in the MF system and
harvest machines are not able to move easily in MF furrows.
Therefore, further research is recommended into conducting,
managing and harvesting with meandering furrow irrigation.

CONCLUSION
Field irrigation events were undertaken to evaluate the impact
of MF and SF irrigation on performance and hydraulic and
infiltration parameters. Advance and recession times were
considerably greater in MF irrigation than SF irrigation.
The average infiltrated water was lower in SF irrigation than
MF irrigation. The recession times in MF irrigation were
higher because of greater water storage in upstream stations.
The parameters of the advance equation were estimated for
MF and SF furrow irrigation and the results showed that
the velocity of water advance was reduced in MF irrigation;
therefore, runoff and erosion losses were also reduced.
The disappearance of water in the recession phase would
mostly be due to infiltration in MF irrigation and runoff in
SF irrigation. The basic infiltration rate in the meandering
furrow is higher than in the ordinary furrow. The coefficient
of the infiltration equation, k, was higher and the exponent
a was lower in the MF irrigation than in the SF irrigation.
The application efficiency was better in the MF irrigation
event with the inflow rate of 0.6 L∙s−1 compared with other
irrigation events. Therefore, selecting MF irrigation, reducing

Table 5. Coefficient (p) and exponent (q) of advance equation (tadv =
pxq) in each irrigation event
Irrigation
Events

Coefficient
(p)

Exponent
(q)

0.303
0.573
0.15
0.227
1.023
0.09

1.152
1.116
1.175
1.192
0.676
1.214

S1
M1
S2
M2
S3
M3

Coefficient of
determination
(R2)
0.993
0.992
0.984
0.998
0.988
0.994

the inflow rate, and choosing an appropriate cut-off time can
lead to improved irrigation efficiency. MF irrigation can be
a viable alternative to expensive irrigation systems such as
sprinkler or trickle irrigation.
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