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ABSTRACT
Enumerating the relative proportions of soil losses due to rill erosion processes during monsoon and post-monsoon season is a significant factor in predicting total soil losses and sediment transport and deposition. Present study evaluated
the rill network with simulated experiment of treatments on varying slope and rainfall intensity to find out the rill erosion processes and sediment discharge in relation to slope and rainfall intensity. Results showed a significant relationship between the rainfall intensity and sediment yield (r = 0.75). Our results illustrated that due to increase in rainfall
intensity represent the development of efficient rill network while, no rill was found with a slope of 20˚ and a rainfall
intensity of 60 mm·h−1. The highest rill length was observed in plot E with 20˚ slope and 120 mm·h−1 rainfall intensity
at 360 minutes. Positive and strong correlation (R2 = 0.734, P < 0.001) was observed between the cumulative rainfall
intensity and sediment discharge. A longitudinal profile was delineated and showed that the depth and numbers of depressions amplified with time and were more prominent for escalating rainfall intensity for its steeper slopes. Information derived from the study could be applied to estimate longer-term erosion stirring over larger areas possessing parallel landforms.
Keywords: Rill Network; Slope Gradient; Rainfall Simulation; Sediment Yield

1. Introduction
Rainfall simulation is widely used by hydrologists [1-4],
geomorphologists [5-7] and soil scientists [8,9] are involved in theoretical research and its applications to field
problems, providing some possibility for control of a
critical variation. It permits precise replication of storm
events and sequences which recur naturally only over a
prolonged period. Simulators have evolved in response to
precise research requirements and to local technical, financial or logistic conditions [10]. Simulation Rainfall is
needed to understand the basic processes and mechanisms of rill formation, rill density, rill networks, rill
distribution, and the magnitude of flow rate and associated transport capacity, rill erosion and development [1014]. However, several laboratory studies have been documented by the earlier workers on river and rill networks
[15-18].
Alternatively, flume experiments have added great attention to our understanding of the complex dynamics of
the fluvial system [19]. Although flume experiments are
no substitute for field studies, field work often cannot
easily address questions of how landforms within the
*
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fluvial system evolve and interact through time, particularly at large scales. The processes acting in a flume may
be different from those of larger basins. However, the
model basins in large flumes suggest that the natural and
large model basins are at least qualitatively similar [16,
19-21]. In the present study, we focused on two objectives such as: 1) to evaluate the rill network with simulated experiment of treatments on varying slope and rainfall intensity and 2) to determine the rill erosion processes and sediment discharge in relation to slope and
rainfall intensity.

2. Experimental Set-Up and Procedures
2.1. Flume and Soil Preparation
The experiment was conducted in the Laboratory of Geography and Environment Management, Vidyasagar
University, West Bengal, India. A small runoff plots (1 ×
1.5 × 0.30 m) was used with a rainfall simulator (Figure
1). The soil material was used in the laboratory experiments consisted of 18% clay, 22% silt and 60% sand, as
defined by the United States Department of Agriculture
(USDA) classification system. The soil samples were
collected from Rangamati gullies affect area, located on
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the packed soil was saturated and allowed to equilibrate
for the least 48 hours, while the plot remained in a horizontal position to ensure a uniform and homogeneous
soil moisture contents close to field capacity.

2.2. Rainfall Simulator
A tripod mounted Guelph Rainfall Simulator followed by
Tossell et al., [22]; Mandal et al., [23]; Yao et al., [24];
and Berger et al., [9] was used to generate rill develop
and soil loss over time (Figure 1(a)). The rainfall simulation system provided rainfall intensities ranging from
20 to 150 mm·h−1 over an affective simulation area of 2.5
× 2.5 meter. The nozzle height of 3 m ensured that the
raindrops would reach terminal velocity of the highest
point of the plot. Rainfall intensity was verified with two
rain gauges distributed evenly within the rainfall simulation area.

2.3. Treatments
(a)

The treatments were carried out on three different slopes
(e.g., 26.79˚, 36.40˚ and 46.63˚), each with three varying
levels of rainfall intensity (e.g., 60, 90, and 120 mm·h−1)
(Table 1). However, the slope and rainfall intensity were
selected to cover the storm and field condition observed
naturally in the western part of West Bengal in India.

2.4. Measurements
Each test was carried out after 7.00 hours of the initial
rainfall and pre-wetting subsequent the soil grounding.
The opening time of the simulated rainfall, the time when
runoff reached the outlet of the plot, and the time when
rill initiation occurred were documented from the experimental plot (Table 2). During each rainfall simulation runoff samples were taken at the flume outlet at 1
hour interval from the moment when runoff was started.
Discharge was measured in every 1 hour by collecting
the runoff from the outlet gutter at the lower end of the
plot in a bucket. Runoff volumes were determined by
weighing each bucket. To separate the suspended sediments from water in the samples, the runoff samples
containing buckets were allowed to settle overnight. The
(b)

Figure 1. (a) Rainfall simulators; (b) Measurements of each
rill during the experiment by ruler and protector.

the left bank of Kasai River in the city of Medinipur,
West Bengal. The soil samples were packed in the plot,
with a bulk density of 1.13 to 1.15 g·cm−3. During the
packing process, a static weight method was used to pack
the soil uniformly in the box; the packed soil surface was
smoothed manually with a rake. After the initial rainfall,
Copyright © 2013 SciRes.

Table 1. Slope steepness values and rainfall intensities for
each treatment.
Rain intensity
(mm·h−1)

Slope
15 deg (26.79˚) 20 deg (36.40˚) 25 deg (46.63˚)

60
90
120

B
A

C

E

D
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buckets were weight before and after decant of water.
The remaining water and sediment were transferred into
containers that were dried in ovens at 105˚C for at least
24 hours, or until the samples were completely dry. The
mass of the sediment was then measured and used to
calculate the sediment concentration.
The observations were made during and after the experiment including photographs, the rill formation and
video-recording the change in rill morphology followed
by Yao et al., [24]. The plane patterns of rill were recorded photographically at specified time intervals of 1
hour after developing and producing enlargements from
this film. We also reproduced the plane patterns of rill by
tracing the edge of rill drainage on the tracing paper, and
input the plane co-ordinates along the rill boundary (x, y)
to a personal computer using heads-up digitizing. The
variation of sectional patterns over time was also measured by collecting photographs via measuring bars. Several measurements were performed of each rill during the
experiment by ruler and protector (Figure 1(b)).
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Table 2. Experimental data at point of rill initiation.
Rainfall intensity
(mm)

Slope (˚)

Slope length to rill
imitation (cm)

60

36.40

141.0

90

26.79

142.0

90

36.40

137.0

90

46.63

136.8

120

36.40

132.4

Table 3. Role of runoff and rainfall intensity in sediment
yield.
Slope
(in degree)

Rainfall intensity
(mm·h−1)

Mean total
runoff (litre)

Sediment yield
(kg)

20

60

83.4

1.7

15

90

78.1

1.4

20

90

81.2

2

3. Experimental Results

25

90

82.2

2.7

3.1. Role of Slope and Rainfall Intensity on
Erosion

20

120

88

3.5

The rainfall intensity was detained constant during the
test and sediment and runoff samples were collected at
the outlet of the discharge panel sheet every minute during the first 60 minutes. Variation in rainfall intensity
and associated runoff affect the soil detachment and sediment concentration.
Mean total runoff did not vary significantly between
the different treatment (F-test p < 0.000), both with regard to slope and rainfall intensity. However, important
dissimilarities between three groups of experiments were
recognized when applying the same test to mean total
sediment yield. By varying slope at steady rainfall intensity of 90 mm·h−1, cumulative sediment yield after 210
mm was appreciably diverse for the treatment with 15˚
slope (Table 3). The treatment with 20˚ and 25˚ slope
illustrated inconsequential difference (p < 0.40). However, in our study, there is a significant relationship was
found between the rainfall intensity and sediment yield (r
= 0.75; p < 0.002). By contrasting both the treatment
series, the treatment with lowest rainfall intensity (e.g.,
20˚ slopes with rainfall intensity of 60 mm·h−1) and slope
(e.g., 15˚ slope with rainfall intensity of 90 mm) formed
part of the group with smallest mean total sediment yield
after 210 mm rainfall. Therefore, variations of slope from
15˚ to 25˚ slope have a positive and significant effect on
the sediment yield (r = 0.54, p < 0.05). Additionally,
discrepancies of rainfall intensity from 60 mm·h−1 to 120
mm·h−1 showed strong and significant correlation (r =
0.75, p < 0.000). The group with the highest total sediCopyright © 2013 SciRes.

ment yield consisted of the experiment with 120 mm·h−1
and 20˚ slope. Moreover, our results also indicated that
rainfall intensity had a stronger effect in sediment yield
than the amends in slope for the given treatments. This
study is also corroborated with the previous study conducted by Favis-Mortlock et al. [13] and Berger et al.,
[9].
Additionally, a scatter plot has been drawn to estimate
the relationship of cumulative sediment yield after 90
minutes experimental time increased exponentially with
cumulative runoff when the rainfall intensity increased
(Figure 2). The result showed that larger the rainfall intensity the larger was the sediment concentration in the
runoff. A similar observation was also described for field
experiments by Chaplot and Le Bissonnais [25].

3.2. Observation of Erosion Processes
An observation has been made for 7 hours period in five
experimental plots and in different slopes to understand
the rill erosion process in each experimental plot. In the
early stage of the experiment, seepage lines begin to appear on the lower part of slope within one hour. It also
found that the splash of soil particles was predominant by
the raindrop impact on the slope. Subsequently, as the
surface flow began to generate at the lower part of slope,
the seepage line gradually moved up, and the sheet erosion and rill erosion was started by transported sand silt
and clay through the surface flow and channels (Figure
3).
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136

P. K. SHIT

ET AL.

Figure 2. Relationship between cumulative rainfall intensity and sediment yield in the experimental plot.

3.3. Rill Network Development

3.4. Rill Density and Its Effect on Erosion

As the sheet erosion continued, many small rills appeared
on the lower part of the slope. Some of the them increased in size, and grow into small channels or first
stage of rill by concentrated flow. These rills generally
spared upward to the slope through spreading their plan
size, branching and bifurcation. Rills growth was very
unstable became a channel sometimes jointed another
one, or a rill which had been just formed was buried by
the sediment yield, and the time at which rill generally
began, depends on the rainfall intensity and slope gradient (Figure 3). However, the analysis of our results also
showed that due to the less intensity of rainfall in the
experimental plot, no rill has been developed with a
slope of 20˚ and a rainfall intensity of 60 mm·h−1, and
afterwards few rills have been developed. Conversely,
due to increase in rainfall intensity represent the development of efficient rill network. The strong persuade of
high-intensity phases in the initial stages of a storm on
rill development was mentioned by earlier researchers
[26,27]. This particular treatment chop below a threshold
possibly persuaded by the cohesion of the soil where no
change was demonstrable, meaning that no rill network
could develop. Moreover, slope is also played an important role in rill development. The result of our study also
illustrated that maximum rills have been recorded in the
20˚ and 25˚ in respect to 15˚ slope.

Rill density is the number of rills per unit width. Hansen
et al., [28] reported that rill density varies with a number
of factors such as slope steepness and length, runoff rate,
soil texture, soil erodibility and the amount of rainfall.
For each experimental plot rill length, width, depth and
areal coverage were recorded accordingly (Table 4). The
highest rill length (e.g., 9 cm) was observed in plot E
with a slope of 20˚ and a rainfall intensity of 120 mm·h−1
at 360 minutes. Among the experimental plots, the average length of rill was maximum in plot E, while the average low length was recorded from the plot B (slope of
15˚ and a rainfall intensity of 90 mm·h−1). Similarly, the
average rill width is also maximum in the plot E (35.47
cm), whereas the average minimum density was documented in plot B (27.245 cm). Largest rill depths occurred at high rainfall intensity and steep slopes. Our
results also illustrated that the average rill depth of plot A
is minimum among the experimental plot (1.68 cm), and
the highest depth is evidenced in the plot E (3.70 cm). In
the experimental series with 20˚ slope and a rainfall intensity of 60 mm·h−1, and a slope of 15˚ and a rainfall
intensity of 90 mm·h−1 (Figure 3), slight surface change
could be noticed and low sediment yields were calculated.
These two tests smudge the experiments with the minimum rainfall intensity and slope, respectively. As such,
the observations during the experiments it was presumed

Copyright © 2013 SciRes.

JWARP

P. K. SHIT

ET AL.

137

Figure 3. Five series of growth plane patterns of rill network development.
Copyright © 2013 SciRes.
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Table 4. Rill development characteristics in different experimental plots.
Experimental
Plots

Time
(min)

Rainfall
intensity
(mm/h)

Slope (˚)

Av. Rill length Av. Rill width Av. Rill depth
(cm)
(cm)
(cm)

Area of rill
(cm2)

Area affected
by rill erosion
(cm2)

60

A

120

1

9

2.5

1.2

308

180

2

22

2.8

1.4

896

3

32.27

2.9

1.5

2030

300

3

36.7

3.1

1.7

2270

360

3

41.1

3.5

1.9

2660

420

3

49.87

3.9

2.4

3010

120

1

8

1.7

1

140

180

2

11

1.9

1.2

448

2

26.4

2

1.2

1120

300

2

41.8

2.2

1.4

1932

360

3

32.27

2.6

1.5

2142

420

3

44

2.9

1.8

3640

60

1

13

1.8

1.3

238

120

1

17.6

2.2

1.5

308

180

2

22

2.8

1.7

1190

1

48.4

3

2.1

1288

300

4

29.7

3.4

2.3

3290

360

5

33.44

3.8

2.7

4060

420

5

43.12

4.4

2.9

5880

60

1

13.2

1.6

1.2

164

120

1

22.5

2.2

1.5

490

180

2

24.2

3

1.9

868

2

37.4

3.8

2.4

1470

300

3

46.93

4.5

2.7

2968

360

7

37.71

4.9

2.9

5950

420

4

59.4

5.4

3.1

6468

60

1

17.6

1.8

1.3

308

120

1

33

2.5

1.7

672

180

3

24.94

3

2.3

1150

3

35.2

3.9

2.9

2002

300

5

40.48

4.4

3.1

4116

360

9

38.14

4.7

3.3

5250

420

5

58.96

5.6

3.4

7490

240

60

20

60

B

C

D

E

240

240

240

240
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90

90

120

15

20

25

20
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Figure 4. Relation between cumulative rainfall (mm) and sediment yield (kg).

Figure 5. Changes in the plane patterns of rill over time of different experimental plots.
Copyright © 2013 SciRes.
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that sheet and splash erosion were accountable for the
bulk of erosion mostly for the low-intensity treatment.
However, a simple correlation was calculated between
the cumulative rainfall intensity and sediment discharge
(Figure 4), and the result showed highly positive and
strong correlation (R2 = 0.734, P < 0.001). Similar study
conducted by Favis-Mortlock et al., [13] and Gómez et
al., [26] reported that temporal and spatial sequence and
dominance of progressions as in other experiments and
soil erosion models.

3.5. Changes in the Plane Patterns over Time
A longitudinal profile was delineated to illustrate the
changes in plane pattern of rill over time of experimental
plots (Figure 5). Results of our study showed depth and
numbers of depressions amplified with time and were
more prominent for escalating rainfall intensity for its
steeper slopes. In the early stage, the rills were broad and
thin; however, the notched was found with increase of
time and adequate runoff into the soil by back-cutting
and side erosion. Back-cutting was initiated at a local
erosion basis and advanced upwards, developing rills
with steep walls and depths up to a certain time (e.g., 180
minutes); and afterwards, the channel width increased
progressively with the increase of time

4. Conclusion
Five experiments were conducted on three slope gradients and three rainfall intensity using experimental methodologies. The results of this study challenge the assumption often used in hydrologic and erosion models
for better prediction of sheet erosion or actives rill erosion. This result illustrated here the interactions of slope
gradient, rainfall intensity, erosion in the formation of
rills and network. Rills often act as sediment sources and
the dominant sediment and water transport mechanism of
upland slopes. It was found that during simulated rainstorms, the measured amount of interrill erosion in the
sediment progressively declined as that of rill erosion
increased. Since rill erosion sources comparatively greater soil loss than interrill erosion, the outcome of the study
might be useful to determine when rill erosion becomes a
significant contributor to overall soil losses and aids to
take the necessary action for its control.
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