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Abstract

Purpose Even though rill erosion is strongly influenced by flow hydraulics, slope, and channel tortuosity, the influence of
path tortuosity on rill flow resistance and soil erosion has been investigated little. In this study, experiments on tortuous rills
were performed on a plot with a mean slope s, of 15% filled with clay soil to test a literature flow resistance equation previ-
ously proposed for tortuous rills and investigate if slope affects the potential link between rill tortuosity and soil loss.
Methods The four pre-shaped rills, characterized by designed tortuosity values 7,=1, 1.08, 1.16, and 1.3, were subjected to
a constant inflow discharge (0.3 L s™!), and the hydraulic variables were measured using the dye-tracing technique and 3D
digital terrain models obtained by terrestrial surveys performed before and after the runs. Soil erosion volumes were quanti-
fied through DEMs (Digital Elevation Model) of difference. This analysis was also carried out for the experimental runs of
a previous investigation with the same experimental setup and s,=11%.

Results The results confirmed that the literature flow resistance equation can be satisfactorily applied to estimate flow
resistance in tortuous rills, and that tortuosity effects can be effectively captured by the a coefficient of the power velocity
distribution regardless of the plot mean slope. The obtained results also revealed that lower slope (11%) unexpectedly pro-
duced higher flow velocities (except for the maximum tortuosity level) and soil losses, which can be mostly explained by the
differences in channel bed roughness generated during the shaping phase.

Conclusion Overall, this study highlights that slope influences rill hydraulics and erosion for tortuous rills. These insights
advance the understanding of rill dynamics and support the refinement of predictive models for soil conservation.

Keywords Rill erosion - Soil loss - Flow resistance - Tortuosity - Rill morphology

1 Introduction et al. 2023a; Di Stefano et al. 2023). In terms of soil loss,

the rill component frequently predominates over the interrill

Globally, soil erosion is a serious issue due to its on-site and
off-site effects, such as losses in soil fertility and agricultural
productivity, river and reservoir over-sedimentation, and
degradation of water quality (Borrelli et al. 2017; Carollo
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(Bruno et al. 2008; Liu et al. 2011; Di Stefano et al. 2013,
2022a). Therefore, studies on rill erosion are fundamental for
the development and assessment of predictive models aimed
at evaluating the need for soil management strategies and
thus suggesting effective soil conservation measures. Rills
are small eroded channels, which rapidly change their own
morphology and strictly depend on the interplay between
flow and soil surface microtopography (Foster et al. 1984;
Di Stefano et al. 2022b). For bare hillslopes, rills naturally
tend to develop linearly along the maximum slope direction,
but for hillslopes with sparse and unevenly arranged vegeta-
tion (i.e., shrubs), the soil supporting vegetated patches is
often elevated compared to the surrounding area, and runoff
is forced to flow between patches (Nouwakpo et al. 2016).
In this case, the rill path deviates from the straight one and
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is characterized by a certain degree of tortuosity. The tortu-
osity of a rill is a quantitative indicator of its morphology
and represents the deviation of the thalweg from a straight
channel alignment (Strohmeier et al. 2014).

The knowledge of flow hydraulic variables, such as mean
flow velocity ¥ (Govers 1992; Di Stefano et al. 2021; Nico-
sia et al. 2021) and hydraulic radius R, and a model that
uses them to simulate sediment detachment and transport
are necessary to modeling rill erosion (Gilley et al. 1990;
Govers et al. 2007). Several soil erosion models regard-
ing channelized flow use uniform flow equations, such as
Darcy—Weisbach, Manning, or Chezy’s (Gilley et al. 1990),
originally designed for rivers (Govers et al. 2007). These
flow resistance equations apply to turbulent and uniform
open-channel flow (Chow 1959), from which rill flows can
differ because of the geometrical scale, soil erosion, sedi-
ment transport (Nearing et al. 1997), and, in the abovemen-
tioned cases, path tortuosity. At the state of the art, even
if several studies (e.g., Khatua et al. 2011; Moharana et
al. 2013) have been conducted to investigate how the path
shape influences flow resistance for meandering channels,
this effect has been scarcely studied for rills. To the best of
our knowledge, only two studies (Strohmeier et al. 2014;
Carollo et al. 2023b) regarding the relationship between rill
tortuosity and flow resistance are available in the literature.

Strohmeier et al. (2014) performed steady-state experi-
ments in a sloping (slope s=10%) flume on rills incised in
loam soil (19% clay, 49% silt, and 32% sand) and studied
the influence of rill tortuosity on rill flow resistance, which
was expressed by the Manning—Strickler coefficient. In par-
ticular, the tortuosity parameter was calculated using top-
view images of the flume by two-dimensional tracking of
the mass center of a dye tracer in the flow, neglecting verti-
cal channel bed irregularities. They performed experimental
measurements using two discharge values (0.145 and 0.170
L s for both Free Developed Rills (FDR, unconstrained
rill erosion on a plane soil bed) and Straight Constrained
Rills (SCR, concentrated flow erosion in a prepared straight
initial rill). For the FDR experiments, the rill flow path
tortuosity varied from 1.051 to 1.109, while, for the SCR
experiments, it was always close to 1.000 (1.000-1.017).
According to their findings, Strohmeier et al. (2014) stated
that a regression model of rill tortuosity and roughness can
be used to assess local friction loss of a non-uniform rill
flow, thus reducing the uncertainty of the Manning—Strick-
ler roughness coefficient.

Carollo et al. (2023b) performed a plot investigation on
four rills incised in two sloping plots filled with clay (62%
clay, 26.4% silt, and 11.6% sand) and clay-loam (32.7%
clay, 30.9% silt, and 36.4% sand) soil and having a plot
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mean slope, s,, of 11 and 18%, respectively. The first aim
of their study was to establish optimal accuracy in mea-
suring the rill thalweg to determine the actual tortuosity
parameter ¢. Their results showed that, among the different
tested cross-section spacing values, d=0.075 m was the
optimal one to determine rill tortuosity. In the place of the
designed tortuosity values, #;, of 1 (straight rill), 1.08, 1.16,
and 1.30, they determined actual ¢ values of 1.04, 1.07,
1.17, and 1.31 for the clay soil and 1.04, 1.10, 1.18, and
1.29 for the clay-loam one. The second aim of the study
by Carollo et al. (2023b) was to determine the relation-
ship between flow resistance and tortuosity and assess the
reliability of a theoretical flow resistance law for tortuous
rills, having more complex flows in comparison with those
of straight channels, as they are characterized by velocity
components in all three directions. In detail, the following
theoretical law to calculate the Darcy-Weisbach friction
factor ffor rill flows, derived by the integration of a power
velocity distribution (Carollo et al. 2021; Di Stefano et al.
2022b), was tested:

21_5FR65 —2/(149)

G+1)(6+2) O

f=8

in which 6 =1.5/In Re (Castaing et al. 1990; Barenblatt
1991), Re = VT" is the Reynolds number, where % is the
water depth and v is the water kinematic viscosity, and I is
the velocity profile parameter. As reported by Di Stefano et
al. (2022b), the measured I" value, Iy, can be expressed as
follows:

L= —" s @)

where u*=(gRs)*® is the shear velocity, g is the gravita-
tional acceleration, R is the hydraulic radius, s is the slope
steepness, and o is a function of § (Ferro 2017; Nicosia et al.
2022a). Instead, the I'y, parameter can be estimated by the
following power equation (Di Stefano et al. 2022b):

Fb
r, =2 3)

SC

in which F = —= is the Froude number, and a, b, and ¢ are

Vh
coefficients to be determined by the available measurements.
The findings by Carollo et al. (2023b) highlighted, for
both the investigated soils, a non-monotonic relationship
between ¢ and the Darcy-Weisbach friction factor £, but with
differences in the magnitude of the friction factor between



Journal of Soils and Sediments (2026) 26:140

Page3of 14 140

the two cases. Specifically, the f values of the clay loam
soil were higher than those related to the clay soil, and
this result was mainly attributed to different slope ranges
rather than soil effect. The obtained non-monotonic trend
was explained as the result of the interplay among three
flow resistance components due to bed roughness, sediment
transport, and localized energy losses due to curves. Finally,
they positively tested the applicability of Egs. (1) and (3)
for tortuous rills and found that the predicted friction fac-
tor was dependent on . In detail, as the soil effect on the
friction factor was considered negligible, the available mea-
surements for the two soils were used together to calibrate
Eq. (3), obtaining »=1.070, ¢=0.466, and a varying with ¢
in the range 0.50-0.53.

Also, the effects of rill path tortuosity on soil erosion
have been little investigated. Shen et al. (2015) presented
the concept of rill tortuosity complexity, calculated as the
ratio between the total length of a rill and its bifurcations to
its vertical (i.e., accounting for the vertical direction along
the hillslope) effective length. In particular, they studied
the influence of simulated rainfall intensity on rill network
development. Their results showed that rill tortuosity com-
plexity depends on rainfall intensity, while it has only a
weak relationship with soil loss. Shen et al. (2019), study-
ing the effects of simulated rainfalls on rill development and
characteristics for loessial soil, found that the increase of rill
tortuosity complexity promoted erosion due to sidewall col-
lapse and determined higher rill width-depth ratios. Finally,
He et al. (2023), who performed rainfall simulation experi-
ments on a sloping flume, found that soil erosion amount
does not depend on rill tortuosity complexity.

Fig. 1 View of the plot with rill
channels marked by the Methylene
blue solution (a) and plan view of
four rills with different tortuosity
and the ten transects (b). In the
right part of the figure, the red
line indicates the actual rill length
while the green line indicates the
straight length measured between
its bounding sections. Rill tortuos-
ity t is the ratio between these two
lengths

Therefore, the analysis of the few available literature
studies highlighted the necessity to further investigate how
rill path tortuosity affects flow resistance and soil erosion.
Moreover, to the best of our knowledge, the slope effects on
flow resistance and soil erosion for tortuous rills have not
been studied.

In this study, plot experiments on tortuous rills were con-
ducted using the same clay soil of the study by Carollo et
al. (2023b) and a plot mean slope of 15%. The experimen-
tal flow resistance measurements of this study were used
with the main aim of testing the flow resistance equation
proposed by Carollo et al. (2023b). Instead, the soil loss
measurements, obtained by the 3D models generated after
the terrestrial survey of the plots for the experimental runs
of this study and those of Carollo et al. (2023b), were used
to investigate if slope affects the potential link between rill
tortuosity and soil loss. Finally, the possible interaction
between erosion processes and flow resistance was explored.

2 Materials and methods

The experimental runs were performed on a plot (width
2 m and length 7 m) (Fig. 1a) placed at the Department of
Agriculture, Food, and Forest Sciences of the University
of Palermo. This plot was filled with the same clay soil
(clay=62.0%, silt=26.4%, sand=11.6%) used by Carollo et
al. (2023b) reaching a mean slope s,=15%. Four rills were
manually incised to obtain tortuous paths characterized by
designed tortuosity values, #,, of 1 (straight rill), 1.08, 1.16,
and 1.30 (Fig. 1). According to the concept of rill tortuosity
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given by Strohmeier et al. (2014) and Carollo et al. (2023b),
also in this study, ¢ is defined as the ratio between the actual
thalweg length and the minimum (straight) length, measured
between its bounding sections. The four rills were divided
into nine longitudinal segments bounded by 10 transects
perpendicular to the maximum plot slope and placed at a
given distance (0.624 m) (Fig. 1b). The rill portion between
a given transect-thalweg intersection and the rill end defined
a rill reach. Consequently, each rill has nine reaches.

The manually incised rills were pre-shaped by a low clear
flow discharge Q of 0.1 L s™!, while for the experimental
runs, a constant inflow discharge Q of 0.3 L's™! was applied.
The adopted experimental procedure (i.e., a pre-shaping
phase with 0=0.1 L s and the subsequent experimental
run with 0=0.3 L s™!) does not allow performing compa-
rable replicate runs. This limitation arises because the rill
channel that develops during the pre-shaping phase results
from the dynamic interaction between the flow and the man-
ually incised initial rill. Consequently, it is not possible to
obtain identical rill channels once the pre-shaping phase is
completed. In other words, runs with replicated rills having
a fixed rill tortuosity were not performed, as the mobile-bed
channel obtained by a manually incised rill and subsequent
pre-shaping phase cannot be recreated with the same ini-
tial geometry. Therefore, the effects due to the natural vari-
ability related to the channel modeling by flow cannot be
considered, since a perfect replicate of a tortuous channel,
obtained by manual incision and pre-shaping phase, cannot
be obtained.

The dye-tracing technique (Govers 1992; Abrahams et
al. 1996; Di Stefano et al. 2021) was used to measure the
mean rill flow velocity /. A small volume of Methylene
blue solution was injected in the transect-thalweg intersec-
tion to measure, by a chronometer, the travel time of the
leading edge of the dye cloud over the reach length. The
ratio between the reach length and the travel time to cover
this length gave the surface velocity ¥ of the leading edge.
The reach length was accurately measured along the thal-
weg extracted from the final 3D model, as reported below.
The V, value was corrected by a factor of 0.8 (Zhang et al.
2010; Carollo et al. 2021) to obtain the corresponding mean
flow velocity V.

Before (after the shaping phase) and after the experimen-
tal runs, the plot was surveyed (approximately 70 photo-
graphs) by a digital camera to create the three-dimensional
Digital Terrain Models (3D-DTM). These pictures were
taken guaranteeing that all parts of the surveyed plot area
were represented in at least three photographs, as the 3D
algorithm is projected for working with convergent images.

@ Springer

These photos were processed by Agisoft Photoscan Profes-
sional with an automatic process that combines the Struc-
ture from Motion (SfM) and MultiView-Stereo techniques
(Di Stefano et al. 2022b).

Firstly, the 3D-DTM after the experimental runs (0=0.3
L s ") was used to establish the rill channel geometry and
determine the actual tortuosity ¢. From the final 3D-DTM,
an approximate rill thalweg was tracked by photointerpre-
tation. Then, applying a specific calculation routine, the
cross-sections perpendicular to this rill thalweg and spaced
0.075 m apart were tracked, and the lowest point of each
cross-section was identified. The actual rill thalweg was the
line joining these points (Fig. 1b). This interdistance value
(0.075 m) was used according to the findings by Carollo et
al. (2023b), who demonstrated that it was the most physi-
cally sound. In this study, the actual ¢ values of the exam-
ined rills were equal to 1.02 (straight rill), 1.08, 1.16, and
1.28. The slope steepness s of a given reach was obtained
as the mean of the values measured in the rill reach thalweg
extracted by 3D-DTM.

The raster obtained as the difference between the
3D-DTM before and after the experimental runs (DEM of
difference, DoD) was used for calculating the scour depth
and the consequent eroded soil volume Y (m?) for each
rill. The eroded soil volumes were also calculated for the
experimental runs presented in the paper by Carollo et al.
(2023b) for which the 3D-DTM before and after the experi-
mental runs were available. For both the survey performed
in this study and that by Carollo et al. (2023b), the lon-
gitudinal profiles of the rill thalweg were determined by
using the Digital Elevation Models (DEMs) after the rill
shaping phase and after the conclusion of the experimen-
tal runs. Both the longitudinal profiles before and after the
runs were used to determine the roughness depth values RD
(i.e., the differences in height between the longitudinal pro-
file before or after the experiments and the corresponding
reference straight line joining the upstream and the down-
stream cross-sections of the rills) (Fig. 2).

The hydraulic radius R and water depth % values of each
rill reach were determined by the technique proposed by Di
Stefano et al. (2019), which combines the ground survey of
the rill from the SfM technique and the survey of the water
tracks inside the channel marked by a dye solution. In par-
ticular, a Methylene blue solution was injected into the flow
to mark the rill tracks (Fig. 1a) and allow the survey of the
wetted lateral surface SL,, by applying the GIS functions
“real surface” (SAGA 7.0.0) and “zonal statistics” (ArcGIS
10.5). Starting from the vector polygon corresponding to the
rill tracks, the water surface was created by the ArcGIStool
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Fig.2 Examples, for #,=1.3, for 5,=11% (a and b) and 15% (¢ and d),
of the rill thalweg longitudinal profile before (a and ¢) and after (b and
d) the experimental runs. The dotted line represents the corresponding

implemented by Bacova et al. (2019), and the correspond-
ing area W, was measured. The difference between the
DTM of the reconstructed water surface and that of the
eroded channel was used to obtain the channel volume V,,.
Therefore, the mean hydraulic radius R and water depth /4
were obtained by applying the following equations (Carollo
et al. 2023b):

V.,

R=gr- )
v,

"=, ®)
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reference straight line joining the upstream and the downstream cross-
sections of the rills used to determine the roughness depth RD

The final 3D-DTMs were also used to obtain the rill plan
area 4 (m?). All the hydraulic and geometric measurements
of each rill reach were used to calculate the Darcy-Weis-
bach friction factor f = 8?,}2%3, the Froude number F, and
the Reynolds number Re. A total of 36 measurements were
collected, resulting from four rills with nine reaches. The
Reynolds number varied from 3689 to 5877; therefore, the
rill flow was always fully turbulent. The Froude number
varied from 0.95 to 1.76, and the flow was supercritical for
32 out of 36 cases.

The experimental runs of this study (s,=15%) will be
compared with the analogues results obtained by Carollo
et al. (2023b) using the same clay soil and a plot mean
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slope of 11%. The obtained results and the meaning of
this comparison are obviously affected by the investigated

s, range.

3 Results
3.1 Analysis of the flow characteristics

Figure 3 shows the relationships between the main geo-
metric and hydraulic variables (s, R, V, and f) and the rill
tortuosity ¢ for the whole rill channels (i.e., from the inlet
to the outlet section) for the experimental runs of this study
(s,=15%). For allowing the comparison, this figure also
plots the data (s,=11%) already published in the paper by
Carollo et al. (2023b). For both cases, it is worth noting
that the lengthening of the thalweg for a given difference
in elevation due to an increased path tortuosity determined
the expected slope reduction (Fig. 3a). In particular, for
s,=15%, the mean rill slope decreased from 14.8% for the
straight rill channel (z=1.02) to 11.1% for =1.28, whereas,
for s,=11%, the mean rill slope decreased from 10.7% for

0.20
0.15 -0\.\‘\.
» 010 | @*e\@\@
0.05 )
@ This study (sp = 15%)
O Carollo et al. (2023b) (sp = 11%) a)
0.00 . : : : : .
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t
0.45 o
040 | o
® g0~
5035 o T O T
0 %o~
EO.SO 3 o
> 025
0.20
c)
015 1 1 1 1 1 1
1 105 11 115 1.2 125 13 1.35

t

the straight rill channel (¢=1.04) to 8.3% for r=1.31. The
hydraulic radius (Fig. 3b) is practically constant (0.01 m)
for both cases, while both the flow velocity (Fig. 3c) and
the friction factor (Fig. 3d) fluctuate across different tor-
tuosity values. In particular, for this study (s,=15%), f
reaches the maximum for the straight rill and the minimum
for the highest level of tortuosity, while, in Carollo et al.
(2023b) (s,=11%), f reached the maximum for the highest
level of tortuosity and the minimum for t=1.17.

The differences in terms of flow velocity and Darcy-
Weisbach friction factor can be further investigated by a
direct comparison of all the measurements (reach scale)
obtained for the two s, values. For the main hydraulic
variables (V, h, F, and f), Fig. 4 shows the comparison
between the values obtained for 5s,=15% and s,=11%. It
is worth noting that the series with #,=1, 1.08, and 1.16
have the same pattern, while that with #,=1.3 behaves
differently. In particular, mean flow velocity (Fig. 4a),
water depth (Fig. 4b), and Froude number (Fig. 4c) val-
ues of s,=11% tend to be higher than those obtained for
s,=15%, except for t,=1.3. On the contrary, for #,=1.3,
the Darcy-Weisbach friction factor values (Fig. 4d) for

0.015
(o N Vo S o--
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£
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t
1.2
o)
08 o0 e
Y— o \O////
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t

Fig. 3 Experimental values of rill thalweg slope s (a), hydraulic radius R (b), mean flow velocity / (¢), and Darcy-Weisbach friction factor f'(d)

with tortuosity ¢ for the four entire rill channels of this study
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Fig. 4 Comparison between the values of V' (a), & (b), F (c), and f'(d) obtained for 5s,=15% and 5,=11%

5,=15% tend to be lower than those for 5,=11%, while
the other levels of tortuosity are characterized by higher
flow resistance for s,=15%.

3.2 Testing the flow resistance law developed for
tortuous rills

The measurements at the reach scale of flow velocity V,
hydraulic radius R, slope s, and water depth /# were used to
assess the flow resistance law (Egs. 1 and 3) calibrated by
Carollo et al. (2023b). In detail, the coefficients b and ¢ of
Eq. (3) were set to 1.070 and 0.466, respectively, while the
tortuosity effect was exclusively attributed to the a coeffi-
cient. For each ¢ value, a was determined as the slope coef-
ficient of the best-fit straight line to the (F'-°7%/s%4%6 ") pairs
(where the experimental I', are obtained by Eq. 2) passing
through the origin of the axes (Fig. 5a). For the four increas-
ing ¢ values, a was equal to 0.519, 0.509, 0.505, and 0.522,
respectively. It is worth noting that these values fall within

the range (0.50-0.53) previously obtained by Carollo et al.
(2023b) for both the investigated soils. Thus, Egs. (1) and
(3), with »=1.070, ¢=0.466, and the abovementioned a val-
ues, were tested. Figure 5b shows the comparison between
the measured f values and those calculated by the relation-
ship proposed by Carollo et al. (2023b) (Egs. (1) and (3), with
b=1.070, ¢c=0.466) introducing the a value obtained for each
tortuosity level. The proposed approach gives excellent fric-
tion factor estimations, as the mean absolute error is equal to
1.4%, and 35 out of 36 estimate errors are lower than+5%
(Fig. 5b).

The a values obtained in this study (0.505-0.522, with
a mean value of 0.514) are very similar to those (0.504—
0.512, with a mean value of 0.509) reported by Carollo et
al. (2023b) for the same clay soil and s,=11%. This result
implies that this coefficient could be considered indepen-
dent of the plot mean slope. For this reason, the abovemen-
tioned analysis was repeated by joining the experimental
runs performed in this study and those by Carollo et al.
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Fig. 5 Pairs (F'070/5%4%¢ T',) for the straight rill (a) and comparison
between the measured values of the Darcy Weisbach friction factor
and the predicted ones by Eq. (1) and Eq. (3) with 5=1.070, ¢=0.466,
and a values depending on 7 obtained only for the runs of this study (b)

(2023b) regardless of the plot mean slope. Also in this case,
for each #, value, a was determined as the slope coefficient
of the best-fit straight line to the (F'97%/s%%¢ T'\) pairs
(where the experimental I'y are obtained by Eq. 2) passing
through the origin of the axes, obtaining a=0.514, 0.506,
0.509, and 0.519 for the four increasing ¢, values. Figure 6
shows the comparison between the measured f values and
those calculated by the relationship proposed by Carollo et
al. (2023b) (Egs. (1) and (3), with b=1.070, ¢=0.466) intro-
ducing the new a coefficients (¢=0.514, 0.506, 0.509, and
0.519) obtained for each ¢, value. Also in this case, the fric-
tion factor estimates obtained by the proposed approach are
excellent, with a mean absolute error equal to 1.94%, and 65
out of 66 estimate errors are lower than+ 5%.

@ Springer

which was detected for the friction factor (Fig. 3d). Instead,
for 5,=11%, Fig. 7a shows that Y decreases with increas-
ing tortuosity level. In this case, the pattern does not follow
that detected for the friction factor (Fig. 3d), since, for the
maximum tortuosity (#=1.31), the highest Darcy-Weisbach
friction factor value is obtained.

Figure 7a also demonstrates that 5s,=11% is character-
ized by higher values of eroded volume than s,=15% for
all the tortuosity values. This result can also be visualized
by observing the DoDs obtained for the two plot mean slope
values (Fig. 8). However, Fig. 7b reveals that these differ-
ences tend to flatten, especially for 7y)=1 and 1.16, when
considering the soil eroded volume per unit of rill volume
(Y/4h) values. Figure 8, which also shows the spatial dis-
tribution of the scour depth along the rill channel, points
out that, for 5,=15%, the increased eroded volume in the
passage from #=1.08 to 1.16 is mainly due to the different
erosion processes that occurred in the mid-downstream part
of the rills, and that for #=1.28 the erosion process was of
little significance throughout the rill channel. Instead, for
s,=11%, no significant differences of the scour depth spatial
distribution among the four rills can be observed, except for
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Fig. 7 Values of the eroded volume Y (a) and eroded volume per unit
of rill volume Y/Ah (b) along the entire rill across different tortuosity
values for the experimental runs of this study (s,=15%) and by Car-
ollo et al. (2023b) (s,=11%)

t=1.31 for which the highest scour depths are not localized
in the mid-downstream part of the rill.
4 Discussion

4.1 Testing the flow resistance law developed for
tortuous rills

The results shown in Fig. 5b confirmed that the relation-
ship proposed by Carollo et al. (2023b) (Egs. (1) and (3),

with b=1.070, ¢=0.466), introducing the a value obtained
for each tortuosity level, leads to an accurate estimate of
the Darcy-Weisbach friction factor (errors less than or equal
to+5% for 97.2% of the examined cases) also for the exper-
imental runs of this study.

Moreover, the comparison between the a values obtained
in this study and those obtained by Carollo et al. (2023b) for
the same clay soil highlighted that this coefficient can be con-
sidered independent of the investigated plot mean slope and
strictly depends on the rill tortuosity. Indeed, the Darcy-Weis-
bach friction factor estimates obtained by using the a value
obtained for each ¢, value joining the runs of this study and
those by Carollo et al. (2023b) (Fig. 6) remain excellent, with
errors less than or equal to+5% for 98.5% of the examined
cases. These findings mean that the flow resistance law can
be satisfactorily applied to estimate flow resistance in tortu-
ous rills with different slopes, attributing the variability due
to different tortuosity levels exclusively to the a coefficient.

However, this result could be affected by the circum-
stance that the two investigated plot mean slopes are close.
For this reason, these findings should be further tested for
other experimental runs performed in tortuous rills devel-
oped in the same soil with a different plot mean slope.

4.2 Flow characteristics and soil erosion in tortuous
rills with different slopes

The analysis of the main hydraulic variables (Fig. 4)
pointed out that the mean flow velocity values for 5,=11%
are always higher than those for s5,=15%, with the only
exception of #,=1.3 (Fig. 4a). Moreover, flow resistance
(Fig. 4d) for 5,=15% is higher than 5,=11% for ¢, from 1
to 1.16, while the opposite pattern is detected for 7,=1.3.
For fixed conditions (rill shaping procedure, soil, applied
flow discharge, and tortuosity levels), it is expected that a
higher plot mean slope value determines higher flow veloci-
ties and, consequently, higher eroded volumes. However,
the findings of this study contradict this hypothesis, show-
ing higher values of both mean flow velocities (except for
t,=1.3) (Fig. 4a) and eroded volumes (Figs. 7a and 8) for
the lowest plot mean slope.

According to the additive flow resistance model, the total
friction factor is given by the sum of the three components
due to bed grain roughness, sediment transport, and local-
ized energy losses due to curves. The first two components
should increase depending on the magnitude of the erosion
process (Govers 1992; Giménez and Govers 2001), while
the third is influenced by local friction effects that should
increase with increasing tortuosity. Of course, total flow
resistance affects flow behavior and determines differences
in mean flow velocity and transport capacity, with repercus-
sions in soil erosion.

@ Springer
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Fig. 8 Spatial distribution of

the scour depth for the four rills
investigated in this study (s,=15%)
and those by Carollo et al. (2023b)
(s,=11%)
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For a given value of path tortuosity (i.e., a comparable
f component due to curves), assuming that the component
of /' due to sediment transport is negligible, the differences
in flow resistance can be exclusively attributed to channel
shaping, which determines a roughness due to the size of
the particles (bed grain roughness) and possible bedforms
(e.g., step-pool). For these experimental runs (this study and
Carollo et al. 2023b), the hypothesis of neglecting the flow
resistance component due to sediment transport phenomena
can be considered plausible, as the experimental measure-
ments of flow velocity were carried out when the erosion
processes had drastically decreased to make visible the dye
cloud of Methylene blue. Moreover, no step-pool features
were detected by visual inspection and analysis of the longi-
tudinal profiles. Therefore, for the examined runs, the results
are likely influenced by changes in bed grain roughness.

Figures 9, 10, 11, and 12 show the empirical frequency
distribution of the roughness depth RD values for s, =11 and
15% before (i.e., at the end of the shaping phase) (Figs. 9a,
10a, 11a, and 12a) and after the experimental runs (Figs. 9b,
10b, 11b, and 12b). These differences, studied in terms of
roughness depth RD, showed that, for values of #, from 1
to 1.16, the flow shaping action before the experimental
runs (Q=0.1 Ls™!) produced channel beds with comparable
roughness for both plot mean slopes (Figs. 9a and 10a for
tp=1 and 1.08) or a channel bed for s,=11% smoother than
that at 15% (Fig. 11a for #,=1.16). These patterns remain
unchanged even after the experimental runs (0=0.3 L s™")

@ Springer

(Figs. 9b, 10b, and 11b). For fixed soil and #,<1.3, the lower
bed roughness at 11% can be explained by the feedback
mechanism (Govers 1992) that occurs during the shaping
phase (Di Stefano et al. 2022a). According to Giménez and
Govers (2001), the independence between rill flow velocity
and slope gradient in mobile bed rills can be justified by
this mechanism. In fact, the expected increase of flow veloc-
ity due to an increase in slope gradient is counterbalanced
by the effect of the growth of erosion rate with increasing
slope. This last effect produces an increase of bed rough-
ness, thereby slowing the flow velocity. In this study, the
steeper slope (s,=15%) initially determines higher flow
velocities during the shaping phase, but this increase deter-
mines an increase in bed roughness. This difference in initial
rill bed roughness (obtained after the shaping phase) deter-
mined lower velocities (Fig. 4a) and higher flow resistance
(Fig. 4d) during the runs.

Instead, for #,=1.3, the RD values determined by the
shaping phase before the experimental runs (Fig. 12a) for
,=11% was higher than that at 15%. In other words, the
experimental runs performed for the maximum tortuos-
ity value were the only ones for which the RD values were
higher for the lowest slope (s,=11%). In this case, the
roughness depth takes into account the effect of both chan-
nel roughness and the longitudinal profile shape, which is
slightly convex as shown in Fig. 2a and b. In other words,
for #,=1.3, for 5,=15%, the longitudinal profile can be con-
sidered uniform (Fig. 2¢ and d), while it becomes convex
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Fig. 9 Frequency distribution of roughness depth RD values after the
shaping phase (before the experimental runs) (a) and after the experi-
mental runs (b) for z,=1

for s,=11%. As already reported by Nicosia et al. (2022b,
2024), for fixed soil texture and slope gradient, the convex
profile is characterized by higher flow resistance as com-
pared to the uniform profile. For this reason, the Darcy-
Weisbach friction factor values for s,=11% are higher than
those for s,=15% (Fig. 4d).

The result that, for fixed tortuosity, the lower plot slope
led to higher soil eroded volumes (Figs. 7 and 8) can be
explained by the fact that, for 5,=11%, the channel beds
at the beginning of the experimental run (Figs. 9a, 10a,
and 11a) tends to be smoother (i.e., lower flow resistance)
than those for 5,=15%, determining higher flow velocities
(Fig. 4a).

It is interesting to note that, when considering eroded
volume per unit of rill volume Y/4h (Fig. 7b), the differ-
ences between the results obtained for the two investigated
plot slopes flatten, especially for #,=1 and 1.16. This result
suggests that the different slope scarcely influenced the unit
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Fig. 10 Frequency distribution of roughness depth RD values after the
shaping phase (before the experimental runs) (a) and after the experi-
mental runs (b) for z,=1.08

soil loss, while it strongly affected the magnitude of the ero-
sion phenomena (Fig. 7a).

The main limit of this study is that the results in terms
of slope effects on soil loss values for tortuous rills cannot
be compared to others published in the literature, given
the pioneering nature of this investigation. For this rea-
son, further experimental runs should be carried out using
other mean plot slope values in order to enlarge the inves-
tigated slope range (11-15%) and test if the observed
results could likely hold under significantly lower or
steeper slope conditions.

5 Conclusions
This study demonstrated that the flow resistance law pro-

posed by Carollo et al. (2023b) can be reliably applied to tor-
tuous rills, capturing the variability due to tortuosity by the

@ Springer
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Fig. 11 Frequency distribution of roughness depth RD values after the
shaping phase (before the experimental runs) (a) and after the experi-
mental runs (b) for z,=1.16

coefficient a regardless of the plot mean slope. The experi-
mental results confirmed excellent agreement between mea-
sured and predicted friction factors, with errors generally
below 5%.

The comparison, for fixed soil texture, between slopes
of 11% and 15% revealed that lower slopes unexpectedly
produced higher flow velocities and lower flow resistance,
except at the highest tortuosity level. The runs for the lower
slope also yielded the highest soil losses. These differences
were mainly attributed to variations in channel bed roughness
generated during the shaping phase (i.e., feedback mecha-
nism), which influenced hydraulic behavior and subsequent
erosion. Overall, the findings of this study highlighted that
slope affects rill hydraulics and erosion for tortuous rills,
strongly affecting the magnitude of erosion but only weakly
influencing unit soil loss. These results emphasize the need
to account for both tortuosity and slope effects when model-
ing rill erosion and designing soil conservation strategies.
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Fig. 12 Frequency distribution of roughness depth RD values after the
shaping phase (before the experimental runs) (a) and after the experi-
mental runs (b) for ¢,=1.3

Further experiments should be performed for testing if the
observed results in the investigated mean plot slope range
(11%—15%) could hold under significantly lower or steeper
slope conditions.
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