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Abstract: Hydraulic characteristics of rill incipience on steep slopes with sandy soils are different from
those of gentle slopes in the mountainous watersheds. In other to better understand the processes of
the incision and expansion of rill, rainfall simulations were conducted in a laboratory soil box with an
inflow device installed at the top of the steep slope. The location and shape of the rill incision were
tested with respect to different slopes (20, 24, and 28°), rainfall intensity (80 and 100 mm/h), and
segment distances with various inflow rates (0.0, 8.8, 17.5, and 26.3 ml/s). The result showed that
rills with heatcut were mostly incised on the 2.4 m segments and progressively moved upslope on
the 3.2 m segments. The steps of rill evolution with increase of inflow are identified as four stages;
(1) sheet flow with impact of raindrops, (2) overland flow with flowpaths, (3) microrill with headcut
incision, and (4) rill enhanced by headcut expansion. It appears that incision and headcut of rill is
prevalent when the Froude number (Fr) changes from subcritical flow to supercritical flow and the
maximum velocity of rill reaches over 0.065 m/s. Unit stream power using the maximum velocity of
rill was the best parameter for estimating rill erosion as rill evolution greatly depends on maximum
velocity of the local flow enhanced by rill incision and expansion As a result, it was found that critical
conditions for rill incipient of sandy soils on steep slope are observed greater than those of loamy
soils or gentle slopes.

Keywords: rill incipience; headcut incision; rainfall simulation; inflow rate; steep slope; sediment
yield

1. Introduction

According to the distribution data of slope and soil in the Republic of Korea, hillslopes
with a slope of 20° or more account for 82.8% of forest areas, and sandy loam occupies
the largest proportion [1]. On most hillslopes of forest and rangeland, the interrill erosion
occupies the dominant area rather than rill erosion due to interception and infiltration
enhanced by ample vegetation cover [2-6]. However, rill erosion is more important than
interrill erosion because the amount of sediment transported from rills is significant as
opposed to the amount removed from interrill areas [6-12]. Several studies reported that
the sediments occupying more than 70% of soil loss from hillslopes are transported from
rills [13-16]. In the Republic of Korea, rill erosion has increased significantly, driven by
highland agriculture, constructions, and serious wildfire [17-23]. The strong disturbances
not only changed coverages of vegetation, and roughness, micromorphology, hardness,
and pores of hillslope beds but also exposed extensively subsoil containing few loams and
coarser grains [20,23-26].

Research on rill development on gentle slopes with agricultural soils has been
actively conducted for several decades due to the serious increase of sediment yield
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worldwide [6,7,27-37]. Abrahams et al., [33] and Nearing et al. [6] stated that slope and
soil materials are as influential on flow velocity as is the discharge of rill on a rangeland
hillslope. The incision and evolution of rill depends on the hydraulic capacity of over-
land flow to detach and transport sediment. In recent years, rill studies have expanded
to steep hillslopes in agricultural highlands, rangelands, and construction and wildfire
areas [23,33,38-46]. Soil particles located on the surface of a steep slope are susceptible to
erosion because their potential energy is high, but critical shear stress for initial motion is
small compared to gentle slopes [25,39,47]. Density, volume, and the erosion rate of rills
increase exponentially with slope gradient and flow rate as higher flow rates and steeper
slopes can increase flow velocity, flow shear force, and erosivity [37,48,49].

Rill erosion is more sensitive to hydrodynamic characteristics of rill flow rather than
hydraulic parameters of overland flow [6,36,42,45,46,48-51]. Rill experiments on field or
laboratory of steep slope can help to understand hydraulic and hydrodynamic characteris-
tics of rill development and processes [33,37,38,40,42-45,48,52,53]. Studies showed that silt
and loamy soils are much more susceptible to interrill and rill erosion than clay or sandy
soils [12,54,55]. Most of their studies, therefore, have been conducted on silt loam, loam, or
sandy loam. There are little studies on the incipience and evolution of rill on sandy soil
containing few loams and coarser grains as we demonstrate in this paper.

The experiments are divided into the inflow supply conditions [33,37,38,44,45] and
the simulation of rainfall on plot of long length (>5 m) [40,43,48,52,53]. Tian et al. [42]
stated that the interaction of rainfall and inflow enhances rill erosion. The simulation test
of rainfall on a plot of long length makes more meaningful than inflow supply conditions
in identifying the process by which the rill is initiated and developed by interaction of
rainfall and overland flow. However, it is not easy to measure accurately flow velocity and
overland flow rate in the incipience of rill incised by rainfall impact and inflow. Separate
measurements are required for the segments of a long plot on which rills may form. In this
study, rill experiments were performed by using short plots in which rainfall and runoff
were supplied simultaneously. The objectives of this study were to: (1) find out the critical
conditions of rill incised by raindrop-induced overland flow; and (2) evaluate the hydraulic
and hydrodynamic characteristics of rill evolution on a steep slope with sandy soil.

2. Rainfall Simulation
2.1. Experimental Condition

The experimental equipment for rill erosion as shown in Figure 1a had been invented
by Shin et al. [56] and have been used by Nam et al. [57] and Shin et al. [58] to study interrill
erosion by interaction of raindrops and sheetflow. The rainfall simulator used VeeJet80100
nozzles connected with a half-oscillating motor. Soil boxes of 0.6 m x 0.8 m size were
designed to control the slope from horizontal to steep slope (<30°) and induce subsurface
runoff and surface runoff. At the outlet of the soil box, a guide plate is installed to collect of
surface runoff and sediment. Drainage nets and guide plates are installed so that infiltrated
water flows out in the form of subsurface flow. The rainfall intensity of simulated rainfall
was measured using a steel container. A specific PVC pipes to supply inflow were installed
at the upslope end of the soil box as the method presented by Tian et al. [42]. Four inflow
conditions were established to reproduce the long hillslope of 3.2 m length using a soil box
0.8 m in length (Figure 1b). According to the research of Yao et al. [40], it was confirmed that
the incision of the rill appears within 3 m in the case of a steep slope. Although the division
of segments is difficult to assess the continuity of rill development, it is easy to evaluate
the hydrologic response and hydraulic characteristics of each stage. The first segment was
supplied only rainfall without inflow water, while the second, third, and fourth segments
were supplied both constant rainfall and inflow increasing with the distance of segments.
The accumulated overland flow (= inflow) increases as it moves to the lower slopes, as
shown in Figure 1b.
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(a) Rainfall and inflow simulator for rill erosion (b) Schematic of connected segments for the long
experiment hillslope

(c) Velocity measurement using the dye: rainfall of 80 mm/h and the length of 3.2 m

Figure 1. Processes and methods to rill erosion experiment; (a) schematic of a rainfall and inflow
simulator; (b) schematic of connected segments for the long hillslope; (c) velocity measurement of
overland flow using the dye.

The experimental slopes were three steep slopes of 20°, 24°, and 28° because the
hillslopes with a slope of 20° or more account for 82.8% of forest areas in the Republic of
Korea. Rainfall simulations were conducted under rainfall intensities of 80 mm/h and
100 mm/h during 10 min. The simulated rainfall is an extreme rainfall with probability
frequency of 200 years or more of the Gangneung area in the Republic of Korea. Discharges
of inflow were calculated by rational method (Q = CIA) as considering runoff coefficient
(C), simulated rainfall intensity (I), and projected area (A) of plot. The runoff coefficient
used 0.8; Shin et al. [58] performed an interrill erosion experiment using the same soil as
in this study. The soil used in the experiment was the mountain soil of Sacheonmyeon,
Gangneung, an existing field site [25], used in the studies of Nam et al. [57], Park et al. [59],
and Shin et al. [58]. The distribution of individual grain sizes separated by a sieve analysis
was used to estimate soil texture and mean diameter. Soil types were classified into 11 types
(e.g., sand with particle size distribution) based on the standards of the Natural Resources
Conservation Service (NRCS). The ranges of erosivity factors, topography factors, and
soil erodibility factors for the rill experiment are shown in Table 1. The velocity of the
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overland flow was recorded by a dye-tracing method using the analysis of images of the
video. The dye injection was carried out four times at the upslope of the plot during the
simulation of 10 min as in Figure 1c. A video camera was also set up to record the entire
experiment. Through the recorded image analysis, the distance of the dye that moved for
a certain time was checked after dye injection to calculate the flow velocity distribution
for the cross-section, mean velocity of overland flow, and maximum velocity of the rill
flow. The discharge of overland flow was obtained from the difference between the total
weight of surface runoff collected in buckets and dry weight of sediment dried in an oven
at 105 °C.

Table 1. Ranges of subfactors for erosivity, topography, and soil erodibility for the rill experiment.

Factors Subfactors Range

Erosivity Rainfall intensity, I (mm/h) 80.0 +£1.2,100.0 £ 1.8

Inflow discharge, Qj;, (ml/s) 0.0,884+1.1,175+22,263+3.3

Duration of simulation (min) 10
Topography Length, L (m) 0.8

Width, W (m) 0.6

Slope, S (°) 20, 24, 28
Erodibility Clay (%) 1.1

Silt (%) 39

Sand (%) 73.3

Gravel (%) 21.7

Mean diameter, Dm (mm) 0.936

Bulk density, ps (g/ cm?) 1.78

Organic matter content, Om (%) 2.05 + 0.08

Share strength, 75 (kg/cm?) 0.312 £ 0.033

2.2. Rill Erosion

Rills were initiated when the overland flow had the ability to detach and transport
significant soil particles and create microchannels [27,60]. Merritt [28] presented four stages
in the development of rills: unconcentrated overland flow (sheetflow) overland flow with
concentrated flow paths (flowlines), microchannels without headcuts, and microchannels
with headcuts. The flow condition of the four stages changed smoothly as the Froude
number (Fr) increased from subcritical to supercritical [27,32,61]. The formation of the
rill was controlled by the effects of the raindrop impact on the flow, the shear strength of
the soil particles, the effect of gravity by slope steepness, cohesion of the soil, changes of
sediment concentration, and so forth [54,62].

Overland flow with increased flow depth increases the capacity of detachment and
transport. The discharge of overland flow was determined by the infiltration rate of soil
on the hydrological process. The runoff coefficient was calculated as the runoff discharge
divided by the supply water discharge.

The hydraulic characteristic of overland flow with rill form is generally expressed by
the Reynolds number (Re) and Froude number (Fr), which is calculated as:

v
Y

Fr= v (2)

Vgh
where, V is the mean velocity of overland flow (m/s), h is the mean depth of overland flow
(m), v is kinematical viscosity (m?/s), and g is acceleration of gravity (m/s?).
The hydrodynamic parameters of rill flows are shear stress, stream power [63], and
unit stream power [64], which are calculated as:

Re 1)

T = pghS 3)
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W=r1V (4)
VS = VypaxS )

where 7 is the flow shear stress (N/m?), p is the density of water (kg/s®), S is surface slope
(m/m), W is flow stream power (N/m/s), V'S is unit stream power (m/s), and V,y is the
maximum velocity of overland flow (m/s).

Each type of soil has a threshold under which the flow velocity does not produce
sufficient force to dislodge the soil particles to form rills [65]. On many non-cohesive slopes,
the shear velocity shows between 3.0 and 3.5 cm/s around at an angle of 2° [66]. Shear stress
of flow within rill determines the rate of detachment of soil particle [67]. Torri et al. [61]
stated that the criterion for rill formation is the relationship between shear stress exerted by
the flow and shear strength of the soil. Gover [62] stated that the exponent of unit stream
power increases with increasing grain size and presented the critical value which V,S is
0.4 cm/s.

3. Results and Discussion
3.1. Rill Evolution

The rill evolution showed a different formation and size under the conditions of
slope steepness, the segment location, and rainfall intensity, as shown in Figure 2. The
longer the segment distance, the more clearly active the rill development. However, no
real rill developed until 1.6 m segments. A rill with headcut clearly appeared on the
2.4 m segments except the segment of slope of 20° and rainfall intensity of 80 mm/h. This
is similar to the study results of Yao et al. [40] that the distance of rill initiation was in
the range of 2.11-2.40 m under conditions of rainfall intensity of 100 mm/h and slope of
20°-25°. Rill incisions began within 2—4 min on the 2.4 m segments and 0.5-1.5 min on
the 3.2 m segments. The steeper the slope, the shorter the rill incision time. On the 3.2 m
segments, the headcut of the rills moved progressively to the upslope and sidewall collapse
and bed incision of rills appeared except the segments of slope of 20° and rainfall intensity
of 80 mm/h. In general, the flow velocity and rill expansion increased with an increasing
slope gradient. Although all rills were associated with headcut development, all headcuts
did not develop into rills as presented by Slattery and Bryan [32]. The steps of rill evolution
according to location of the segments are arranged as follows; (1) sheet flow with impact of
raindrops, (2) overland flow with flowpaths, (3) microrill with headcut incision, and (4) rill
enhanced by headcut expansion.

3.2. Velocity of Overland Flow

The rates of overland flow increased with an increase of rainfall intensity and inflow
rate. Table 2 shows the unit flow rate, runoff coefficient, and mean flow velocity of overland
flow according to segment distance. The runoff coefficient of mean 0.73 £ 0.07 generally
decreased with an increase of rainfall intensity, inflow rate, and slope steepness because
expansion and incision of rills increase the infiltration rate. The study of Shin et al. [16] for
micromorphological changes of rill developed by simulated rainfall and inflow on steep
slopes with length of 5.5 m also showed the result that the runoff coefficient decreased
from 0.73 to 0.61 with an increase of rainfall intensity and inflow rate and slope steepness.
The 2.4 m segments including headcut incision mostly showed the least runoff coefficient
under each experimental condition. As the overland flow infiltrates easily into the sidewall
and headcut of rill incision in 2.4 segments, the runoff coefficient consequently decreased.
The result is presented in the study of Slattery and Bryan’s [32] study, which found that rill
incision reduces runoff rate due to increased infiltration of the rill channel, but increases
sediment yield. The mean velocity of overland flow greatly depended on inflow rate
rather than the rainfall intensity and was influenced dominantly by the overland flow rate.
The mean velocity of overland was the range of 0.006 to 0.116 m/s. Figure 3 shows the
relationship between maximum velocity and discharge of overland flow. The maximum
velocity of overland was the range of 0.010 to 0.205 m/s. The relationship as shown in
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Figure 3 exhibits a quadratic polynomial function under the general truth that if there
is no flow discharge, then the flow velocity is zero. It is compared to the exponential
functions from Govers [52], Abrahams et al. [33], and Nearing et al. [38] who presented the
relationship between discharge and velocity of overland flow in different slopes and soil
conditions. The velocity of rill flow responded more to inflow discharge rather than rainfall
intensity on steep slope. The flow velocity increased generally with slope steepness (See
Figure 3). Abrahams et al. [33] and Nearing et al. [38] stated that flow velocity is influenced
by slope, bed roughness, and soil resistance to erosion as well as discharge.

20°,0.8 m, 20° 1.6 m, 20°,2.4m, 20°,3.2m, 20°,0.8m, 20°, 1.6 m, 20°,2.4m, 20°,3.2m,
80 mm/h

80 mm/h 80 mm/h 80 mm/h 100 mm/h 100 mm/h 100 mm/h 100 mm/h

24°,0.8 m, 24°, 1.6 m, 24°,24m, 24°,32m, 24°,0.8 m, 24°,1.6 m, 24°,24m, 24°,32m,
80 mm/h 80 mm/h 100 mm/h 100 mm/h 100 mm/h

28°,0.8 m, 28°,1.6 m, 28°,2.4m, 28°,3.2m, 28°,0.8 m, 28°,1.6 m, 28°,24m, 28°,3.2m,
80 mm/h 80 mm/h 80 mm/h 80 mm/h 100 mm/h 100 mm/h 100 mm/h 100 mm/h

Figure 2. Views of rill development according to slope steepness, segment location, and rainfall in-

tensity.
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Figure 3. Relationship between maximum velocity and discharge of overland flow at three different
steep slopes.
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Table 2. The results of mean flow velocity, runoff coefficient, and unit flow rate of overland flow
according to slope steepness, rainfall intensity, segment location, and inflow fate.

Rainfall

Segment Inflow Rate, Unit Flow Rate, Runoff

Sl(g;)e Intensity, I Distance, Seg Qin Qout Coefficient, Flo‘{}’ (Vr:l:;:)mty,
(mm/h) (m) (ml/s) (10-5 m?/s) C

20 80 0.8 0.0 1.49 0.81 0.006
1.6 8.0 2.72 0.86 0.030

2.4 15.8 3.35 0.75 0.046

3.2 26.0 4.68 0.76 0.089

100 0.8 0.0 1.55 0.68 0.006

1.6 11.0 3.01 0.73 0.026

2.4 19.3 3.48 0.64 0.063

3.2 31.0 5.69 0.77 0.098

24 80 0.8 0.0 1.33 0.75 0.005
1.6 7.9 2.26 0.73 0.036

2.4 15.9 3.15 0.71 0.051

3.2 23.0 4.02 0.71 0.068

100 0.8 0.0 1.78 0.79 0.008

1.6 9.8 2.65 0.69 0.031

2.4 19.7 3.17 0.58 0.047

3.2 30.0 5.43 0.75 0.106

28 80 0.8 0.0 1.34 0.75 0.006
1.6 7.5 2.49 0.82 0.025

2.4 15.1 3.33 0.78 0.056

3.2 23.0 4.30 0.76 0.116

100 0.8 0.0 1.88 0.84 0.009

1.6 9.7 2.60 0.66 0.036

2.4 18.8 2.94 0.55 0.057

3.2 29.0 5.03 0.71 0.084

Re and Fr were calculated by mean velocities of overland flow. Re for overland flow
increased with distance. The increase of Re slowed down at 2.4 m distances, where the
headcut of rills was incised by concentrated flow (Figure 4a). It seems that flow velocity
decreased due to the loss of surface runoff in the rill incision. The range of Re of overland
flow clearly corresponds to laminar flow, but the actual flow was disturbed by the impact
of raindrops. Fr showed mostly subcritical flow within a 2.4 m distance, and critical flow
and supercritical flow at a 3.2 m distance (Figure 4b). When Fr for the mean velocity of
overland flow was more than 0.56, rill incision appeared in all segments. This is a slightly
larger value than Fr = 0.45-0.5 [61] that was shown for sandy soils on gentle slopes. When
the maximum flow velocity of concentrated flow is used, Fr of the rill incision was more
than 0.8. This is the same result with the previous studies for the flow process of rill incision
as the Froude number (Fr) changes from subcritical flow to supercritical flow [27,32,61].

The accurate flow velocity is required to evaluate hydraulic factors such as the
Reynolds number (Re) and Froude number (Fr). The velocity of the overland flow by a
dye-tracing method was obtained from the analysis of images of a dye trace. Figure 5 shows
the velocity distribution of overland flow according to the distance of the cross section of
0.6 m. The velocities of overland flow on the 0.8 m segments with impacting raindrops
without inflow water did not exceed 0.02 m/s. They on the 1.6 m segments with impacting
raindrops and inflow water were mostly smaller than 0.05 m/s. The maximum velocity
of overland flow was 0.064 m/s on 2.4 m segment with slope of 20° and rainfall intensity
of 80 mm/h that the headcut incision of rill was unclear. All maximum velocity of other
segments with microrills exceeded 0.065 m/s, which is the critical velocity for rill incision
in this study. The relationship between maximum velocity and mean velocity of overland
flow showed a quadratic polynomial function (Vyx = 2.76Vipe? 4+ 1.378V,0e, RZ = 0.962).
Using this formula, the mean velocity of overland flow to incise rill was estimated about
0.044 m/s. The maximum velocity (0.195 m/s) of rill appeared on the 3.6 m segment with
a slope of 28° while rainfall intensity of 80 mm/h and inflow of 23ml/s form the biggest
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width and depth due to sidewall collapse and bed incision of the rill. Figure 6 shows
the distribution of mean velocities of overland flow according to slope steepness, rainfall
intensity, and segment distance. The mean velocity of sheet flow with raindrops impact
was 0.0067 m/s on 0.8 m segments and that of overland flow with flowpaths was 0.031
m/s on 1.6 m segments. The mean velocity of microrills with headcut incision was 0.053
m/s on 2.4 m segments and that of rills enhanced by headcut expansion was 0.093 m/s on
3.2 m segments.

100 3.0
020° 80mm/h 020° 80 mm/h
020° 100 mm/h 020° 100 mm/h
80 4 ©024° 80mm/h 024° 80mm/h
024° 100 mm/h ©024° 100 mm/h
428° 80mm/h 209 e w0 mm/h a
. =
g 60 1 A28 100mm/t 3
€ mm/h o £ A28 100 mm/h
S o S
z A z o
3 o 3
o A 3 [u]
% 40 - o i_’ o
3 A
E 1.0 -
o g °
g Rill incision | A
20 A Q
4 0.56 &
§ 2
0 g y y y T 0.0 — & ; ; . .
0.0 0.5 1.0 15 2.0 2.5 3.0 35 0.0 0.5 10 15 20 25 3.0 35
Distance (m) Distance (m)

(a) Reynolds number

(b) Froude number

Figure 4. Variations of (a) Reynolds number and (b) Froude number with the segment distance.

0.25
20° 80 mm/h 0.8 m 20° 80 mm/h 1.6 m 20°80mm/h2.4m 20°80mm/h3.2m
20°100mm/h0.8m ---- 20°100mm/h1.6m —-—-20°100mm/h2.4m 20°100mm/h 3.2 m
24°80mm/h0.8m ----24°80mm/h16m —-—-24°80mm/h2.4m 24°80mm/h3.2m
24°100mm/h0.8m =---- 24°100mm/h1.6m —-—-24°100mm/h2.4m 24°100mm/h 3.2 m
28°80mm/h0.8m ---- 288 mm/hiém —-—.2880mm/h2.4m 28°80mm/h3.2m
0190 -+ 28°100mm/h0.8m =--- 28100mm/h1.6m —-—-28 100mm/h2.4m 28°100mm/h3.2m

0.15

0.10

Velocity of overland flow (m/s)

0.064

0.05

0.00

Distance of cross section (m)

Figure 5. Velocity distribution of overland flow according to distance of cross section of 0.6 m.
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Figure 6. Distribution of mean and maximum velocities of overland flow according to slope steepness,
rainfall intensity, and segment distance.

3.3. Hydrodynamic for Rill Incipience

The rill erosion that increases with slope steepness is greatly influenced by the hy-
draulic properties of the concentrated flow in the rill evolution process. Figure 7a shows
the relationship between sediment yield and the maximum velocity of overland flow. The
steeper the slope, the greater potential energy of the soil mass and surface runoff, so sed-
iment yield generally increased. However, this is a general trend and not an absolute
phenomenon. In all experiments, the conditions such as raindrop-size distribution, inflow
supply, soil-size distribution, surface roughness, and microtopography are not uniform and
homogenous, so the rill develops disorderly by random incision and expansion. Therefore,
headcut incision, bed erosion, and sidewall collapse of the rill developed by the complex
interaction of extreme rainfall and concentrated flow can cause continuously uncertain
microtopographic changes [16]. Shear stress, stream power [63], and unit stream power [64]
were considered as hydrodynamic characteristics of the disordered rill. Yao et al. [40]
stated that the critical shear stress was lower for the steeper slopes and was in the range
of 1.411-1.755 Pa for a slope of 20°-24°. In this study, the critical shear stress showed a
similar trend according to the slope, and also showed the average value of 2.67 & 0.39 Pa
in 2.4 m segments. However, the inverse relationship between shear stress and sediment
yield is not reasonable, as shown in Figure 7b. As rills are incised, the mean velocity by
maximum velocity of overland flow increases, but mean depth decreases. As the overland
flow is concentrated with the incised rill, the water depth increases in the narrow width of
the rill, and the local shear stress increases in the rill. However, the shear stress using mean
water depth decreases with an increase of overland flow. Since the location and size of
the randomly formed rill cannot be known, it is difficult to measure the water depth with
the width of an evolving rill, and it is extremely difficult to separately measure discharges
from interill flow and rill flow. The critical shear stress presented in this study requires
additional investigation into additional physical processes. Torri et al. [61] presented rill
formation criteria that the rill forms when the ratio of shear strength of the soil for shear
stress exerted by the flow is bigger than 0.0001-0.0005 in a gentle slope (<17°). In this
study, the ratio showed the range of 0.00006-0.00011 in rill incision. Figure 8a,b show the
relationships between sediment yield and stream power and unit stream power indicat-
ing rill incision. The relationship between sediment yield and stream power showed the
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Sediment yeild (kg/m?/s)

0.025

0.020

0.015

0.010

0.005

power function as in Figure 8a. The relationship between sediment yield and stream power
showed the quadratic polynomial function as in Figure 8b. It was found that unit stream
power with a high correlation coefficient is better than stream power to estimate sediment
yield from rill erosion. Critical stream power and critical unit stream power were estimated
tobe 0.12 W/m?2 and 0.024 m/s, respectively. Care should be taken in estimating stream
power for overland flow when rill occurs. The mean velocity for sheet flow is useful for
estimating mean flow depth, but as the rill evolves, overland flow is concentrated into
the low micromorphology formed by rill incision, where the flow depth is greater than
the mean depth of the sheet flow. However, even with the development of the rill, the
stream power using the mean flow depth is underestimated than the actual value in rill
flow. According to the correlation analysis as listed in Table 3, sediment yields from rill
and interrill erosion depended on erosivity factors such as inflow discharge and supply
water discharge, which is the sum of rainfall and inflow. It appears that a higher correlation
coefficient with hydraulic parameters is observed rather than hydrological parameters,
and especially the highest with unit stream power, which is the hydrodynamic parameter.
Therefore, it should be reasonable to evaluate rill erosion by estimating the unit stream
power using the maximum velocity of overland.
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Figure 7. Relationships between sediment yield and (a) the maximum velocity of overland flow, and
(b) shear stress.

The early study of threshold conditions for incipient rilling was presented by
Torri et al. [61]. The critical shear stress, which was in the range of 0.45 to 0.50 Pa, was
obtained under the condition for rills in a gentle slope (<17°) with sandy loam to clay
soils. Govers [31] evaluated stream power as well as critical shear stress, but also presented
results for gentle slope (<12°) and presented that the shear velocity value of 0.03 m/s is
a valuable threshold for rill initiation [66]. They provided that soil mechanical resistance
is not too important in rill initiation. In the steep slope, Yao et al. [40] showed critical
velocity and critical shear stress as the critical condition for the rill threshold, but soil was
not sandy soil. Shen et al. [48] and Jiang et al. [43] presented hydrodynamic values for rill
development in the steep slope, but they were not critical conditions. Recently, the critical
velocity of the rill incipience of a steep slope was presented by Zhuang et al. [53]. Table 4
summarizes the results of the above studies involving similar slopes, soils, or analyses.
The critical velocity and unit stream power for rill incision of the sandy soil used in this
study were larger than those by Gover [31] and Yao et al. [40] and smaller than those by
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Tian et al. [41] and Zhuang et al. [53]. The critical shear stress for sandy soil in this study
was larger than those of Torri et al. [61], Govers [31] and Yao et al. [40]. The critical velocity
and unit stream power for rill incision were reasonable, especially compared to the study
results of Tian et al. [42] and Zhuang et al. [53] conducted under similar experimental
conditions of soil texture, slope steepness, and supply water. The results mean that the
critical conditions for rill incipience of sandy soil in a steep slope generally were larger than

that in silt loam or a gentle slope.
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Figure 8. Relationships between sediment yield and (a) stream power, and (b) unit stream power

indicating rill incision.

Table 3. Correlation matrix between sediment yield and sediment concentration and parameters for

o020°

024°

A28

X Rill incision

y=1.6589x2+ 0.0111x
R?=0.9374

0.02 0.04 0.06 0.08 0.10 0.12

Unit stream power (m/s)

topography, erodibility, erosivity, hydraulic, and hydrodynamic.

(b) Unit stream power

Sediment Yield Sediment .

Factors (kg/m?/s) g(()grllce;;tratlon

m
Slope steepness, S (°) 0.346 0.427 *
Shear strength of soil, Ts(kg/ cm?) —0.124 —0.138
Inflow discharge, Q;,, (ml/sec) 0.628 ** 0.572 **
Rainfall intensity, I (mm/hr) 0.023 —0.023
Supply water discharge, Qsyp (ml/sec) 0.615 ** 0.555 **
Overland flow discharge, O,y (ml/sec) 0.640 ** 0.555 **
Runoff coefficient, C —0.049 —0.111
Mean velocity of overland flow, V (m/s) 0.797 ** 0.743 **
Maximum velocity of overland flow, Vi (m/s)  0.831 ** 0.766 **
Mean water depth, I (mm) —0.481 * —0.492 %
Reynolds number 0.640 ** 0.555 **
Froude number 0.849 ** 0.803 **
Shear stress, T (N/m?) —0.442* —0.440 *
Ratio of shear stress for shear strength, 7/t —0.411* —0.409 *
Stream power, W (N/m/s) 0.817 ** 0.749 **
Unit stream power, VS (m/s) 0.916 ** 0.873 **

* Significant effect (p < 0.05). ** High significant effect (p < 0.01).
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Table 4. Comparison with other rill velocities and hydrodynamic values for rill incision.

. Slope Supply Water . . .
Authors Soil Lenlzr,th (Rapiglel + Inflow) Runoff Velocity of Rill Hydrodynamic
Torri et al. [61] Sandy (flume) g'gor;wo [=30-60 mm/h - T = 0.45-0.50 Pa
Govers [31] silt é‘(’ﬂcggres)e e Qn=0023-0117L/s - Vi = 0.03-0.035 m/s s f'g_;)%ffj:
Yao et al. [40] Silt loam(flume) ;00 ;25 =100 mm/h Ot = 0.048-00711/s Vi = 0.048-0.052 m/s v ;1(‘;%1‘71;%%22 m/s
Shen et al. [48] Silt loam(flume) fgm I = 85-100 mm/h : Ve = 0.240-0.246 m /s -
5 _ T =276 Pa
Tian et al. [42] Sandy loam(field) ~ 20) é ;@(;nlffo/ e ] Ve =021m/s W =0.15 N/rr/l/s
: A0 VeS =0.06 m/s
) ) ) 20° 7=17-23Pa
Jiang et al. [43] Sandy loam(field) 50m I=100-120 mm/h Qout =0.106-0.113 L/s Ve = 0.10-0.13m/s VS = 0.03-0.04 m/s
_ . 20°
Zhuang et al. [53] %;?;;i ffznmi) 8% . I =80-120 mm/h - V., =0.073-0.079 m/s VS = 0.027-0.029 m/s
=2.67Pa
) 20°-28°  I=80-100 mm/h ~ B Ter -
In this study Sandy(flume) 32m Qi = 8.8-031 L/s Qout =0.08-0.34L/s Ve =0.065m/s W=0.12N/m/s

V,S=0.024m/s

4. Conclusions

In this study, the experiments of rill erosion by the simulated rainfall and inflow were
performed to better understand the hydraulic characteristic and hydrodynamic mechanism
of rill incipience on steep slopes with sandy soil. A total of 24 experiments were conducted
with respect to different slopes of 20, 24, and 28°, rainfall intensity of 80 and 100 mm/h,
and segment distance by increasing inflow rates. The rill evolution showed different
formations and sizes under the conditions of slope steepness, the segment location, and
rainfall intensity. Rills with heatcut were mostly incised on the 2.4 m segments and
progressively moved upslope on the 3.2 m segments. The steps of rill evolution according
to the location of the segments were identified as follows: (1) sheet flow with impact
of raindrops, (2) overland flow with flowpaths, (3) microrill with headcut incision, and
(4) rill enhanced by headcut expansion. A runoff coefficient of mean 0.73 + 0.07 decreases
generally with an increase of rainfall intensity and inflow rate. As inflow and rainfall
increase the rate of overland flow, the rill incised by concentrated flow increases the
infiltration rate into headcuts, sidewall, and bed of rill. The relationship between maximum
velocity and discharge of overland flow exhibits a polynomial function, which is different
from the existing exponential function. The Reynolds number (Re) and Froude number
(Fr) using a mean velocity of overland flow were influenced by rill incision. Incision and
headcut of the rill appeared when the Froude number (Fr) using maximum velocity of rill
flow changed from a subcritical flow to supercritical flow. The critical velocity, shear stress,
stream power, and unit stream power of rill incision were 0.065 m/s, 2.67 Pa, 0.12 N/m/s,
and 0.024 m/s, respectively. The inverse relationship between shear stress and sediment
yield was not reasonable. The critical shear stress and stream power using mean water
depth of overland flow before and after rill incision required additional investigation into
physical processes. The critical velocity and unit stream power for rill incision showed
reasonable results compared to previous studies. The unit stream power calculated by
the maximum velocity of overland flow showed the highest correlation coefficient with
sediment yield from rill incision and expansion. In this study, it was found that unit stream
power is useful as a hydrodynamic parameter to estimate sediment yield by rill erosion.
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