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Abstract

This paper reports the results of field investigations aimed to establish relationship between morphologic and
hydraulic characteristics of rills. A rill network within a small Rangamati Gully Basin, on the bank of Kansai at
Paschim Medinipur, in West Bengal, India of 256 m” was mapped. Experimental basin is exposed to natural
rainfall of varying intensity and characterised with an average of 25-35% slope gradient. The depth, length,
gradient, width, runoff contributing areas of all the 33 rills within the basin were recorded and thoroughly
mapped. Present study incorporates close monitoring of runoff and velocity along the channels during a storm on
31.08.2010 at 15 minutes interval using dye tracer technique. The velocity along each rill was linked with
gradient, width-depth ratio and Manning’s roughness coefficient. Analysis shows that flow velocity is not
directly controlled by rill gradient (R*=0.15), but is influenced by hydraulic roughness coefficient (R*=0.53).
Finally, the relationship between Reynolds number and Froude number reveals that sub-critical turbulent flow is
responsible for rilling process. No significant relationship between W/D ratio and channel roughness (n) can be
established (R?=0.083) by the present study.
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1. Introduction

Rills are an integral part of the runoff system of many environments. Rills are small, ephemeral concentrated
flow paths which function as both sediment source and sediment delivery systems on upland area. Hydraulic and
geomorphic factors of rills are important for understanding the mechanism of rills formation, and spatial as well
as temporal variation of geometric characteristics. The geomorphic factors influencing the location and geometry
of rills are also related to the variability of soil properties and the landscape (Mancilla et al., 2005). The
geomorphic factors reveal that rill initiations are affected by the flow, the roughness of the soil surface, the slope
gradient, and the erodibility of the soil (Van et al., 1983; Foster et al., 1984; Bryan et al., 1989; Gilley et al.,
1990; Slattery et al., 1992; Obiechefu et al., 1994; Favis-Mortlock et al., 2000).

On the other hand, the hydraulic factors consider flow-related parameters. Flow depths in rills are typically of the
order of a centimeter or less on steeper slopes. These conditions constitute a very different hydraulic
environment that typically found in channels of streams and rivers (Nearing et al., 1997). No widely accepted
formula exists to represent the relationship of discharge, flow velocity and gradient. The flow velocities in rills
were developed in loose, non-layered materials depending on flow discharge, while bed slope and hydraulic
roughness are irrelevant (Nearing et al., 1997; Govers, 1992; Nearing et al., 1999). Gimenez and Govers (2001)
also showed the slope independence of rill flow velocity by identifying feedback mechanism between rill bed
roughness and flow hydraulics. On the contrary, the mean flow velocities appeared to depend on both flow
discharge and slope of the rill (Foster et al., 1984; Abrahams & Li, 1996). Yet, for situations where a rill is able
to adjust freely its geometry to the flow condition impact of slope on flow velocity becomes insignificant
(Takken & Govers, 1998). Later, Gimenez and Govers (2000) showed that runoff velocity depends on slope
when the flow is not capable of eroding the rill channel.

Width-discharge relationship may be extended to channels as small as rills and gullies (Nachtergaele et al., 2002).
Torri et al. (2006) established width-discharge relationship for rills and ephemeral gullies on arable land that
shows variable discharge exponent depending on rill width. Savenije (2003) stated that the power relationship
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between discharge and channel width is theoretically derivable for the case of bankfull discharge and may be
applied to rills and gullies at episodic bankfull discharge condition.
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Figure 1. The study area

Various studies have investigated of the hydraulic roughness of rills. Chow (1959) and Savat (1980) studied the
flume experiments on rill; the results indicate a progressive decrease in hydraulic roughness (n) with increased
Reynolds number (Rn). In a case, if depth of water is less than the size of the physical roughness coefficient,
then Mannings Roughness coefficient increases in correspondence with increase in Rn values (Govers, 1992;
Abrahams et al., 1986; Abrahams & Parsons, 1994; Gilley et al., 1992; Prosser & Dietrich, 1995). The spatial
variability of rilling process depends on flow character controlled by channel roughness and expressed as
Reynolds number (Rn) and Froude number (Nearing et al., 1997).

However, the hydraulic considerations must involve flow velocity, which is a key factor of the energy needed for
rill development and soil erosion (Mancilla et al., 2005). Flow velocity has been directly related to rill formation
and development (Lei et al., 1998) and leads to variable rates of soil loss (Nearing et al., 1999; Mancilla, 2001).
Rill flow velocity has been also related to the transport capacity of the flow regime and thus to sediment delivery
(Lei et al., 1998; Mancilla, 2001). In particular, rill morphology at a given time is associated to hydraulic
roughness features, rills width, and rills depth which are functions of the eroding material, runoff rate, and prior
rill structure. Erosion creates the morphology of a rill channel and in turn the rill structure influences the erosion
(Nearing et al., 1997).
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Present research focused on rill morphology and its hydraulic characters in lateritic upland area as limited
research has been done on this specific field. Specific objectives of this paper were: (1) to establish relative
importance of either roughness coefficient, slope gradient and width-depth ratio to control flow velocity and (2)
to identify the hydraulic regimes through relationship of Froude numbers and Reynolds numbers in the present
situation of rill-gully development.

2. Study Area

The study area covers an area of about 256 sq m and is bounded by 22°24'42.0" to 22°24'43.2 "N latitude and
87°17'48.1" to 87°17'48.09" E longitude (Figure 1). Total network of the basin is composed of 33 rill links and
are marked with certain identity. These rills are classified following Strahler (1964) ordering scheme (Figure 2).
A tropical, monsoonal climate prevails in, with mean annual temperature of around 28.4°C, and average summer
(May) and minimum winter (December) temperatures of 40.9°C and 7.5°C respectively. Mean annual rainfall is
about 1850 mm. Rainfall distribution is irregular, experiencing high-intensity rainstorms during June to
September. Erosive potential of rain is very high where the rainfall erosivity factor (R) varies between 1200 and
1500 MJ mm ha'h'year”. The soil is lateritic in type having sandy loamy characters with a weak geological
formation consisting of Tertiary to early Quaternary unconsolidated sandstones (Shit & Maiti, 2008).
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Figure 2. Rill networks with nomenclature identity and Hierarchical Order of Gully Basin

One of the main characteristics of the area is the dissection of the landscape by a dense and deep network of rills
and gullies. Inter-gully areas are usually undulating and rolling. The average slope of this area is between 25%
and 35%. The most frequent landforms are complex slopes and gullies. The rills are characterized by vertical
sidewalls of 7-13 cm and are 90 cm wide on an average. Rill has a high degree of lateral as well as head retreat.
The nick points, developed at the vertical head near the source, sometimes shows the tension cracks for toppling,
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where centre of gravity overlies the centre of mass (Shit & Maiti, 2008). Sediment, mobilized from the walls and
vertical heads, is usually removed by flowing water during high intensity rainstorms. In other cases, the
sediments are deposited on the base of walls or on the gully bottom, which may lead to some degree of
stabilization.

3. Materials and Method
3.1 Monitoring Networks

33 rills under a gully basin are monitored to study morphological and hydrological attributes like rill length (RL),
gradient (S), width (W), depth (D), runoff contributing area (RCA), velocity (v), and discharge (Q) with
appropriate field techniques (Figure 3). The gradients (S) of the channels were measured with clinometers. The
junctions were mapped and attributed with identity for recording hydrological and morphological parameters of
the links connecting those nodal points. Longitudinal profile and gully cross-sections were monitored after peak
rain intensity. Runoff contributing area for each tributary rill is identified from detailed contour map prepared at
0.1 m interval. Width, depth and lengths are monitored at each junction with pegging techniques.

Figure 3. Measurement of Width, Depth, Gradient and Surface Runoff in Gully Basin during study period

3.2 Runoff and Velocity Measurements

The experimental methodology involved collection of surface runoff by ‘V’ flume using bottle at each junction
points of the gully basin. Rainfall was measured by self recoding rain gauge during the monitoring period
following Jehangir and Zokaib (2000) and Zokaib et al. (2005). The average flow velocity was measured in
individual rill using a dye-tracing technique following Abrahams et al. (1986), Gilley et al. (1990) and Govers
(1991, 1992). Potassium permanganate solution was used as a dye, where a small amount of which was injected
at the source of the links. Flow velocities were then measured by recording the travel time of the dye cloud over
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the distance of link length. The average travels time was taken as the mean of five measurements (Finkner &
Gilley, 1988).

In any erosion experiment involving rills, it is important to characterize the flow (Polyakov & Nearing, 2003).
We calculated the nondimensional Reynold’s and Froude numbers for these experiments. Reynold’s number is
calculated as the ratio of flow velocity multiplied by hydraulic radius to the kinematic viscosity of water. It is
essentially a ratio of kinetic to viscous forces of the flow. Froude number is the ratio of flow velocity to the
square root of flow depth multiplied by the gravitational constant. It represents a ratio of kinetic to gravitational
flow forces. Depth of flow during target storms is measured in the field directly. Manning’s roughness
coefficient was calculated for each segment of rills using measured velocity; hydraulic radius (depth of flow) and
gradient.

4. Results and Discussion

Rainfall received during 10:43 am to 2:13 pm on 31.08.2010 was monitored with a self recording rain gauge at
15 minutes interval. Maximum intensity of 4.5 mm h™ was recorded at 12:28 pm after 1:45 hrs of initiation of
rain. A maximum of 5.6 Ls™ discharge was collected from the entire catchment after 30 minutes of peak rain
(Figure 4). The hydrologic and geomorphic response to this rainfall stimuli is monitored in the present work .The
velocity of runoff along the channels, monitored by dye tracer, were linked with width-depth, and roughness
coefficients for the present situation. Manning coefficient is a good indicator of hydraulic roughness (Gilley et
al., 1990; Nearing et al., 1997) and analysis shows that this roughness tends to decrease flow velocity. Gradient
and hydraulic radii are considered as important factors of channel roughness and both are the result of
distribution of materials with in channel system. Flow velocity increases with decreasing manning are roughness
value (Figures 7 and 8). The correlation between these two attributes is moderately strong (R*= 0.5389), (Figure
5), because the manning’s equation has its maximum usefulness in bank full discharge (Savenije 2003; Sanchis
et al., 2009). In the present study under the target storm, flow depth was not sufficient for bank full condition.
Although channel slope is considered as an important factor of hydraulic roughness, flow velocity in small rills
are proved to be independed of gradient (Gimenez & Govers, 2001; Govers et al., 2007). Slope does not
influence the velocity of eroding rill because bed roughness increase with erosion, counterbalancing the expected
effect of slope on flow velocity (Figures 6, 7 and 8) (Gilley et al., 1990).
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Figure 4. Rainfall and resultant runoff from target storm (date-31.08.2010) of the entire gully basin

In the present study, relations between gradient and channel runoff velocity, and that between width-depth ratio
and velocity are found to be insignificant (Figure 5; Table 1). Manning’s roughness coefficients are proved to be
important for predicting runoff velocities (Nearing et al., 1997), and for constructing runoff hydrograph, lagtime
calculation and analyzing runoff of upland areas (Poesen et al., 2003). The Reynold’s number ranged between
300 and 61138 and Froude number varied from 0.02468 to 0.487169. Most of the data represent subcritical
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turbulent hydraulic regime (Figure 9).The correlation between W/D ratio and flow velocity seems to be
insignificant in present condition. Bunte and Poesen (1993) showed that on surface with roughness elements,
localized turbulence remained present and remained active in causing scour under the condition when Reynold’s
number varies above 250 (Nearing et al., 1997; 1999).

Sediment concentration was linked with runoff contributing area, but no significant relation was established.
Sediment supply to the outlet depends mainly on the local factors like, discharge and localized slope failure and
erosion potentials. However, total runoff of each rill has significant relation with runoff contributing areas.
Visual observation of the sediment in the rill suggests that the bedload moves in the shallow flow by rolling
along the bed, a process that, in either turbulent or laminar flow. In present analysis, by associating Reynold’s
Number against Froude Number, it is revealed that sub-critical turbulent flow is dominant along the channels (i.e.
rills).
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Table 1. Hydro-geomorphic characteristics of rill network in Rangamati gully catchment area (Data Source:

Author’s Field Survey, 2009-2010)

Name Length Average Average  Average Micro RCA  Width/ Flow Roughness  Froude Reynolds
(m) Gradients ~ Width Depth in relief (m®)  Depth velocity  Coefficient ~Number Number
(Degree) (cm) cm in ratio (cm/s) (Manning)
(cm)
CxNy 0.6 36 7 1.34 39 1.687 5.223881 4 0.03576 0.110325 2680
CuNy 0.7 56 8 1.65 76 0360  4.848485 5.8  0.071869 0.069596 2310
CN 1.0 40 9 3.42 64 0.135 2.631579 3.8 0.098321 0.034529 1420
CN; 08 45 13 2.68 45 0.090  4.850746 6 0.038778 0.117017 8040
CGN; 09 50 12 2.97 43 0.157  4.040404 6.7 0.041817 0.055579 1440
CsN;, 085 35 15 241 35 0.203 6.224066 52 0.082869 0.02468 300
1J 10.65 14 16 2.54 186 59.89 6.299213 10.1  0.021692 0.202335 12827
GH 5.6 25 18 3.45 150 16.51 5.217391 3.9 0.048837 0.101416 10177
CxNy 13 26 9 2.46 79 2.025 3.658537 3.6 0.032784 0.154708 9348
CsNs 335 27 12 3.69 86 3.577 3.252033 48 0.031411 0.162884 18081
C;N; 087 35 10 1.98 59 0.383 5.050505 52 0.03541 0.140677 61138
CsNs  1.16 40 8 1.89 34 1.867  4.232804 6.1  0.040641 0.141666 5764
CsNg 125 24 10 2.45 28 2.835 4.081633 3.8  0.013652 0.342682 20580
EF 3.30 18 17 3.69 157 8.393 4.607046 2.1 0.091585 0.066483 7380
CoNo  0.70 40 14 1.02 46 0.315 13.72549 5.8 0.03076 0.164387 2652
E F, 2.0 21 12 1.65 89 4.387 7.272727 3.6 0.011401 0487169 16170
CD 1.80 19 21 1.88 97 5.435 11.17021 1.4 0.03406 0.195599 7896
C,D; 105 35 14 1.45 82 2.407 9.655172 42 0.058946 0.11136 3045
CioNyp  1.10 37 10 2.97 56 0.202 3.367003 4.1 0.088919 0.092631 7425
KL 18.05 3 23 2.43 402 112.1 9.465021 29 0.011532 0.387101 22963
CuNy 2.0 7 25 2.54 14 8.640 9.84252 1.8 0.049997 0.096159 6096
MN 9.20 10 18 1.95 286 33.23 9.230769 2.7 0.028348 0.195943 8355
VU 6.20 17 15 1.54 324 15.61 9.74026 1.9 0.01769 0.306163 9163
CiNi 15 20 13 1.04 43 1.575 12.5 2.8 0.031574 0.181584 3016
CiNy 1.0 28 12 1.59 58 0.833 7.54717 3.5 0.050163 0.126601 3975
CuNy  1.05 37 12 2.51 74 0.675 4.780876 34 0.089231 0.08061 5020
CpNp  1.00 38 10 1.34 56 0.405 7.462687 24 0.102287 0.066195 1608
TS 3.40 20 10 2.94 125 4.523 3.401361 7.9 0.053347 0.147102 11613
CiuNy  1.00 30 9 1.52 49 0.607 5.921053 47 0.05018 0.121714 3572
CisNis  1.00 39 10 1.02 43 0.585 9.803922 4.1 0.085143 0.066387 1071
CiNjg  1.35 28 15 1.72 27 0.923 8.72093 3.6 0.045733 0.136329 4816
0,0, 230 29 12 2.54 71 3.105 4.724409 2.5 0.042317 0.150248 9525
CisNig  0.80 48 9 224 26 0.945 4.017857 7.6 0.082031 0.076797 4032
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Figure 9. Hydraulic flow regimes for the experimental data

5. Conclusions

Process based models for predicting runoff and erosion on upland areas require information on flow hydraulics
specially roughness coefficients. Dye tracing procedures were used in this study for precise monitoring of flow
hydraulics channels. The velocity and flow channels of dye cloud led to some important understanding of
processes acting in concerned area. Sub-critical turbulent flow in the channels is mainly controlled by hydraulic
roughness. The ability to understand flow processes will improve the cognition of process-response system
operating in gully system of lateritic uplands. Material transfer along the rills is not directly controlled by the
slope, but by the hydraulic roughness, where gradient may be a factor but not the sole determinant. For
predicting flow velocity, roughness coefficient (Manning) and material transfer had to be given more importance
over gradient and other hydraulic variables of channels. The accurate monitoring and prediction of hydraulic
roughness coefficients will improve our ability to understand and properly model upland flow hydraulics.
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