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Abstract

The literature regarding how rill longitudinal profile (concave and convex)

affects soil loss and flow resistance is still lacking. The only analysis available

in the literature for rills is limited by the fact that measurements were per-

formed for a unique mean slope value sp (18%). In this article, further rill mea-

surements were conducted on a plot with sp = 15% and complex profile shapes

and were used to widen the knowledge about the influence of longitudinal pro-

file shape on rill scour, eroded volume, and flow resistance. The findings

highlighted that the concave profile has a homogeneous spatial distribution of

moderate scours, whereas the scours in the convex one are deeper and more

confined, but they are not placed after the slope change as found for sp = 18%.

The mean scour depth, which accounts for the discharge and profile shape

effects, is not (concave) or is weakly (convex) related to the flow discharge.

The concave profile determined a reduction of approximately 57% of the total

eroded volume when compared with the convex profile shape, confirming that

a concave hillslope limits erosive phenomena. Finally, the flow resistance

equation guaranteed a precise estimation of the Darcy–Weisbach friction

factor.
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1 | INTRODUCTION

Despite being emphasized in several field studies, soil
erosion is a significant environmental issue whose
impacts are sometimes overlooked (Borrelli et al., 2017;
Carollo et al., 2023; Di Stefano et al., 2023). An important
step in understanding soil erosion phenomena is deter-
mining the relationship between hillslope characteristics
and soil erosion processes. At the plot scale, the Universal
Soil Loss Equation (USLE) (Wischmeier & Smith, 1978)

and its revised versions (e.g., RUSLE, USLE-MB)
(Pampalone et al., 2023) highlight the relevance of the
topographic factors (slope steepness and plot length) on
the mean soil loss.

Uniform plots, i.e., characterized by a invariant slope
steepness, have been used by many scholars to evaluate
the influence of length and slope on soil erosion and run-
off (Liu et al., 2023, 2024), but few investigations studied
the impact of complex profile shapes as those concave or
convex (Liu et al., 1994; Rieke-Zapp & Nearing, 2005).
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The importance of the link between slope and profile
shape was firstly underlined by Young and Mutchler
(1969), who performed experiments at the plot scale, and
obtained that concave hillslopes generally minimize sedi-
ment loss in comparison with uniform profiles. This result
was then confirmed by different studies (Hancock
et al., 2003; Jeldes et al., 2015; Rieke-Zapp & Nearing, 2005;
Sensoy & Kara, 2014; Williams & Nicks, 1988) reported
below. Five slope shape arrangements were implemented
in the laboratory tests by Rieke-Zapp and Nearing (2005),
who observed that soil loss for concave slopes was reduced
by 75% in comparison with uniform ones that had the
same surface area. Sensoy and Kara (2014) conducted
experimental research in 9 field plots having distinct profile
shapes that were set up on a 30% hillslope and exposed to
natural rainfalls. According to their results, the maximum
runoff and soil loss are obtained for the uniform slope,
whereas the lowest values are obtained for the concave
one. According to Jeldes et al. (2015), concave slopes imply
a reduction from 15% to 40% in sediment loss when com-
pared with the uniform ones. These decreased values are
lower than those documented in the literature, which
range from 50% (Williams & Nicks, 1988) to 80% (Hancock
et al., 2003).

The only study reporting different findings was car-
ried out by Mombini et al. (2021), using several complex
hillslopes in laboratory experiments using three distinct
soil surface roughness values and a unique rainfall inten-
sity. The results showed that uniform parallel hillslopes
exhibit the greatest reduction in soil loss because of
increased soil roughness.

Rill erosion determines significant soil loss values at the
hillslope scale (Bagarello & Ferro, 2010; Zhang et al., 2016)
and is predominant in comparison with interrill erosion
(Di Stefano et al., 2013). Moreover, nowadays, innovative
methodologies to represent in detail the hillslope surface
(Javernick et al., 2014) are available. Nevertheless, the scien-
tific community has barely looked into the rill erosion phe-
nomena for complex profiles. The erosion phenomena
occurring in rills are affected by flow hydraulics (Govers
et al., 2007) and, therefore, the study of flow resistance
becomes an important step in understanding and modelling
erosion processes (Di Stefano et al., 2022a).

To the best of our knowledge, rill flow resistance for
complex hillslopes was only studied by Nicosia, Di Ste-
fano, et al. (2022). They performed experimental runs on
a plot set with concave, convex, and uniform profiles and
a mean slope sp = 18%, evaluated how longitudinal pro-
file shape affects the flow resistance law, scour depth,
and eroded volume. These authors assessed, for plots
having complex morphologies, the applicability of a theo-
retical approach, developed for flows moving in rills
shaped on uniform plots (Di Stefano et al., 2022a), to

deduce the Darcy–Weisbach friction factor f (Ferro, 2018).
The results by Nicosia, Di Stefano, et al. (2022) demon-
strated that the flow resistance law guarantees a reliable
estimate of f for each profile shape. The f rate resulting
from the shape in a convex profile was found to be
between 3.4 and 26.9% of the overall friction factor,
whereas in a concave profile, it ranged from 0.68 to
14.6%. According to the authors' findings, the scour was
equally distributed for the uniform and concave profiles,
whereas it was prevalently located downstream of the
slope change for the convex profile. Nicosia, Di Stefano,
et al. (2022) demonstrated that the scour depth measured
at the rill thalweg SD and its mean value SDm generally
increase with discharge. Moreover, the ratio SD/SDm

may be assumed to be independent of discharge for both
concave and convex profile shapes. Finally, the authors
found a reduction in total eroded rill volume of 57.9% for
the concave profile compared with the uniform one.

However, the analysis by Nicosia, Di Stefano, et al.
(2022) was developed using measurements performed for
a unique mean slope value. For this reason, in this study,
the investigation of the influence of the longitudinal pro-
file shapes (concave and convex) on scour depth, eroded
volume, and flow resistance equation was extended,
including measurements obtained for a mean sp value of
15% in the perspective to overcome the knowledge gap
concerning the slope effect. In detail, the main objectives
of this investigation are to (i) compare the differences
determined by the change of the mean plot slope, evalu-
ating the scour and the eroded volumes obtained for
flows characterized by comparable discharges for the
analysed profile shapes and (ii) test the reliability of
the theoretical approach by Ferro (2018).

2 | MATERIALS AND METHODS

2.1 | The experimental setup and
measurement techniques

The experimental runs were conducted on a 2 m
(width) � 7 m (length) plot (Figure 1) situated in the

Highlights

• The concave profile has a homogeneous spatial
distribution of moderate scours.

• The scours in the convex profile are deeper and
more confined.

• The concave profile determined a reduction of
approximately 57% of the total eroded volume.
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experimental area of the Department of Agriculture,
Food and Forest Sciences (AFFS) of the University of
Palermo. Concave and convex profile shapes were set,
preparing the plot (Figure 1a,b) dividing it into two
3.27-m long parts having two slopes (12 and 18%), obtain-
ing a mean plot slope sp equal to 15% (Figure 1c). For both
profile shapes, the soil was the clay loam used by Nicosia,
Di Stefano, et al. (2022) (36.4% sand, 30.9% silt, and 32.7%
clay), and the preliminary operations were conducted fol-
lowing their same methodologies to assure the compara-
bility of the investigated conditions (cohesion, soil bulk
density, soil moisture, shaping phase). The soil used to fill
the experimental plot was collected in the area surround-
ing the Department AFFS (38� 060 2500 N, 13� 200 5900 E).
This area is characterized by a typical Mediterranean cli-
mate (Csa, according to the Köppen classification;
Köppen, 1918) and vegetation. The soil was collected from
different points within the area to consider field variation.
The abovementioned soil texture was determined by the
hydrometer method for fine size fractions and mechanical
dry sieving for coarse fractions, applied to five samples
homogeneously distributed on the plot surface. Another
five soil samples were collected by steel cylinders of
known dimensions (5 cm in height and 5 cm in diameter)
to determine bulk density (1.23 g cm�3), by oven-drying at

105�C for 24 h. The organic matter content of the soil,
determined by oven-drying the samples in a muffle fur-
nace at 400�C, is approximately equal to 2%. To ensure a
homogeneous soil moisture, before starting the experi-
ments, the plot soil was wetted until ponding condition.
Each rill was manually incised following the maximum
slope direction of the plot, and then shaped by a clear flow
discharge Q (0.1 L s�1) applied for 3 min. This procedure
was applied to ensure that the shaped rills (i.e., artificial)
are comparable to naturally formed rills. Overall, eight rills
were shaped for the concave profile shape and four for the
convex one. After the shaping phase (Q = 0.1 L s�1) and
before the beginning of each experimental run with a spe-
cific flow discharge, each rill showed the same longitudi-
nal profile shape of the plot and was divided into nine
segments, delimited by two cross-sections located at a dis-
tance of 0.624 m. For the experiments, a constant clear
inflow discharge Q was applied. In particular, for the con-
cave profile, Q = 0.23, 0.29, 0.33, 0.39, 0.46, 0.49, 0.56, and
0.64 L s�1 were tested, whereas for the convex one,
Q = 0.28, 0.38, 0.48, and 0.65 L s�1 were applied.

A series of 70 photos and Agisoft Photoscan Profes-
sional were used to build the 3D-DTM of the plot area.
The slope gradient of each rill segment was determined
by the thalweg identified by the 3D-DTM. By averaging

FIGURE 1 Experimental

plot with concave (a), and

convex (b) profile shape, and

scheme of the investigated

concave and convex profile

shapes (c).
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the data collected in the reach under consideration, the
slope s of each reach was determined.

Applying the technique presented by Di Stefano et al.
(2019), the mean water depth h and hydraulic radius R of
each reach were estimated. By using close-range photo-
grammetry, this technique combines a precise rill survey
with that of the water tracks inside it, identified by a dye.
The h and R values were calculated, starting from the
measured flow depths and geometric cross-sections given
by the 3D-DTM with a 6.2 cm interdistance within the
reach, applying the following relationships (Di Stefano
et al., 2019):

h¼
PN�1

i¼2

σ1
2 þσiþ σN

2

� �
PN�1

i¼2

w1
2 þwiþwN

2

� � ð1Þ

R¼
PN�1

i¼2

σ1
2 þσiþ σN

2

� �
PN�1

i¼2

C1
2 þCiþCN

2

� � ð2Þ

in which σ and C are, respectively, the hydraulic cross-
section area and the wetted perimeter in the reach, w is
the surface width, and N is the cross-section number in
the reach.

To detect flow velocity, a Methylene blue solution
was used as a dye tracer (Di Stefano et al., 2020; Nicosia
et al., 2021). A correction factor of 0.8 was used to adjust
the measured surface velocity to the mean flow velocity
V (Di Stefano et al., 2021; Zhang et al., 2010).

The measurements gave Reynolds numbers Re = Vh/
νk, where νk is the water kinematic viscosity, correspond-
ing to turbulent flows (2752 ≤ Re ≤ 10,630 for the con-
cave profile (72 runs) and 6167 ≤ Re ≤ 13,640 for the
convex one (36 runs)) and Froude numbers F=V/√gh,
where g is the gravitational acceleration, corresponding
to subcritical and supercritical flows (0.65 ≤ F ≤ 2.26 for
the concave profile and 0.47 ≤ F ≤ 1.83 for the
convex one).

The frequency distributions of F, f, s, and V for both
the examined profiles are shown in Figure 2.

For a set of runs (4 rills) for both profile shapes, the
Digital Elevation Models (DEMs) after the rill shaping
phase (D1) and after the conclusion of the experiments
(D2) were used to determine the corresponding longitudi-
nal profiles of the rill thalweg, which were used to deter-
mine the scour depth values SD (i.e., the differences in
height between the longitudinal profile for D1 and D2).
For each rill, the mean scour depth SDm was obtained by
averaging the SD values. The DEMs were also used for

calculating the pixel elevation differences between D2
and D1 by the DEM of difference (DoD). The total eroded
rill volume RV was calculated by the DoD. The DEMs are
characterized by a minimum level of detection of
±0.003 m. Consequently, variations in bed elevation in
the range of ±0.003 m cannot be detected.

2.2 | The rill flow resistance equation

Under the hypothesis of Incomplete Self-Similarity (ISS)
in u*y/νk (Barenblatt & Monin, 1979; Butera et al., 1993)
(where u* = (g R s)0.5 is the shear velocity, and y is the
distance from the bottom) neglecting the influence of Re
(turbulent flow regime) and considering that the flow
Froude number also considers the ratio h/d (Ferro, 2018)
(where d is the median soil particle diameter), the integra-
tion of the dimensionless functional relationship, repre-
senting the local flow velocity profile v(y) along a certain
vertical for an open-channel flow (Barenblatt, 1987, 1993;
Ferro, 1997), leads to:

v
u�

¼Γ s,Fð Þ u� y
νk

� �δ

ð3Þ

where Γ(s, F) is a function to be defined by velocity mea-
surements and δ can be obtained as (Castaing
et al., 1990):

δ¼ 1:5
ln Re

ð4Þ

The following expression of f is deduced
(Barenblatt, 1993; Ferro & Porto, 2018) by integrating
Equation (3):

f ¼ 8
21�δ Γ Reδ

δþ1ð Þ δþ2ð Þ
� ��2= 1þδð Þ

ð5Þ

By setting equal to α h the distance y at which the local
velocity is equal to the cross-section average velocity V,
the following estimate Γv of Γ function (Ferro &
Porto, 2018) is obtained from the velocity profile
(Equation 3):

Γv ¼ V

u� u� α h
νk

� 	δ ð6Þ

The coefficient α, which is less than 1, considers that
both V is located below the water surface and the mean
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velocity profile in the cross-section is considered. For this
study, α had low variability and the mean value (0.124)
was used.

Ferro (2018) demonstrated that Γ theoretically
depends only on s and F following this power equation:

Γv ¼ a
Fb

sc
ð7Þ

where a, b, and c are coefficients derived from
experimental data.

3 | RESULTS

3.1 | Soil erosion in concave and
convex plots

As an example, for single rills for concave (Figure 3a,b)
and convex (Figure 3c,d) profile shapes, Figure 3 plots
the rill longitudinal profiles at the end of the shaping
phase (D1) and at the end of the experiments (D2), for
mean plot slopes sp of 15 (this investigation) and 18%
(Nicosia, Di Stefano, et al., 2022).

For each profile shape, the frequency distribution of
the SD/SDm ratio corresponding to the four investigated
discharges (ranging from 0.29 to 0.56 L s�1 for the con-
cave profile (Figure 4a) and from 0.28 to 0.65 L s�1 for
the convex one (Figure 4b)) is shown in Figure 4. The lat-
ter demonstrates that, also in this case, SD/SDm can be
assumed independent of discharge for both the profile
shapes. Figure 4c shows, as an example for a single dis-
charge value (≈0.47 L s�1), the empirical frequency
distribution of SD/SDm for each profile shape. The over-
lapping of the two distributions suggests that SD/SDm is
not dependent on profile shape.

The measurements performed in this study show an
absent (concave) or weak (convex) relationship between
SDm and Q for each profile shape, and that the mean
scour depths for convex profile are higher than those for
the concave profile (Figure 5).

The DoDs for the concave (a) and convex (b) profiles,
characterized by a similar range of Q (0.29–0.56 L s�1 for
the concave profile shapes and 0.28–0.65 L s�1 for the
convex one), are shown in Figure 6. This figure also
shows the DoDs for the concave (Figure 6c) and convex
(Figure 6d) profile shapes obtained by Nicosia, Di Ste-
fano, et al. (2022) for sp = 18%.

(a) (b)

(c) (d)

FIGURE 2 Empirical

frequency distributions of F (a),

f (b), s (c), and V (d).
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The DoD obtained for both profile shapes allowed for
calculating the total eroded volume RV of each rill. The
comparison between the flow discharge Q and RV is
shown in Figure 7 as an example for four rills analysed
for each profile shape. This figure shows that, except for
the run with Q = 0.46 L s�1 of the concave profiles, as
expected, RV increases with Q. The sum of the four RV
values was equal to 0.0393 m3 for the concave profile and
0.0915 m3 for the convex one.

3.2 | Analysis of the Darcy-Weisbach
friction factor for concave and convex
profile shapes

The 108 (72 for the concave and 36 for the convex pro-
file) measurements performed in this study were added
to the 143 (71 for the concave and 72 for the convex
profile) measurements by Nicosia, Di Stefano, et al.
(2022), to calibrate Equation (7), including all the
available data and neglecting the effect of the profile
shape, obtaining:

Γv ¼ 0:4064
F1:08

s0:5464
ð8Þ

characterized by a coefficient of determination R2 equal
to 0.996. Coupling Equations (8) and (5), the following
flow resistance equation is obtained:

f ¼ 8
δþ1ð Þ δþ2ð Þ

21�δ Reδ 0:4064

s0:5464

F1:08

� �2= 1þδð Þ
ð9Þ

The estimate of f given by Equation (9) has a good agree-
ment, characterized by a root mean square error RMSE

equal to 0.121, between the measured Darcy–Weisbach
friction factor values and those calculated by Equation (9)
(Figure 8a). The f values calculated by Equation (9) are
characterized by errors always ≤±20% and ≤±10% for
94% of cases. Figure 8a also shows that, averagely, the
f values for the convex profile are higher than those
obtained for the concave one.

To study the differences determined by the profile
shape on flow resistance, the theoretical flow resistance
law was calibrated for both the concave and convex pro-
file shapes, obtaining:

Γv ¼ 0:4065
F1:0962

s0:5475
concaveð Þ ð10aÞ

Γv ¼ 0:4328
F1:0652

s0:5044
convexð Þ ð10bÞ

characterized by R2 of 0.993 and 0.992, respectively. Cou-
pling Equation (10a,b) and (5), the following flow resis-
tance equation is obtained:

f ¼ 8
δþ1ð Þ δþ2ð Þ

21�δ Reδ 0:4065

s0:5475

F1:0962

� �2= 1þδð Þ
concaveð Þ

ð11aÞ

f ¼ 8
δþ1ð Þ δþ2ð Þ

21�δ Reδ 0:4328

s0:5044

F1:0652

� �2= 1þδð Þ
convexð Þ ð11bÞ

The agreement between the measured f values and
those calculated by Equation (11a,b), characterized by
a RMSE equal to 0.112, is plot in Figure 8b. The
f values calculated by Equation (11a,b) are character-
ized by errors always ≤±20% and ≤±10% for 93.6% of
cases.

FIGURE 3 Examples of rill

longitudinal profiles at the end

of the shaping phase (D1) and at

the end of the experimental runs

(D2), for mean plot slopes sp of

15 (this investigation) (b and d)

and 18% (a and c) (Nicosia, Di

Stefano, et al., 2022).
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4 | DISCUSSION

4.1 | Soil erosion in concave and
convex plots

For both the investigated mean plot slopes, the concave
profile shape is characterized by a homogeneous spatial
distribution of moderate scours, whereas the convex one
has more localized and deeper scours (Figures 3 and 6).
For the convex profile, Nicosia, Di Stefano, et al. (2022)
found that the scour was mostly located after the slope
change justifying this result as a transition from a gentle
(GS) (12%) to a steep (SS) (24%) slope. In fact, previous
investigations (Nicosia, Palmeri, et al., 2022; Peng
et al., 2015) suggested a slope threshold of 18% to distin-
guish between the GS and SS, highlighted by differences
in hydraulic (h, V, Re, F) and sediment transport (flow
transport capacity Tc, actual sediment load) variables. In
particular, Nicosia, Palmeri, et al. (2022) concluded that
Tc for the SS is not a limiting factor for the sediment
transport, whereas both Tc and the soil particle detach-
ability and transportability limit the actual sediment
transport for the GS. In other words, Nicosia, Di Stefano,
et al. (2022) found a concentrated scour downstream of
the slope change as, in this half of the rill, the sediment
transport was not limited by Tc, differently from the
upstream half. Instead, the result of this investigation
(Figures 3d and 6) highlights that the convex profile is
characterized by localized scours uniformly distributed
along the rill and less relevant than those detected by
Nicosia, Di Stefano, et al. (2022). This result could be

(a)

(b)

(c)

FIGURE 4 Frequency distribution of the SD/SDm ratio

corresponding to the four investigated discharges for the concave

(a) and the convex (b) profiles, and as an example for a single

discharge value (≈0.47 L s�1), of the ratio SD/SDm for each profile

shape (c).

FIGURE 5 Relationship between the investigated discharge

values and the SDm for both profile shapes.
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explained by the circumstance that the convex profile
investigated here is characterized by a slope of 18% down-
stream of the slope change, which represents the thresh-
old between GS and SS, and consequently, the entire rill
can be considered to be characterized by a gentle slope

condition. In other words, the actual sediment transport
is limited by the sediment transport capacity also down-
stream of the slope change. Moreover, the applied inflow
discharges determined scour phenomena but did not
change the convex and concave profile shapes, as testified
by the fact that the rill longitudinal profile shape
remained basically the same before and after the experi-
mental runs (Figure 3).

The outcome by Nicosia, Di Stefano, et al. (2022) that
SD/SDm can be assumed independent of discharge and
profile shape was confirmed (Figure 4). So, the SDm

accounts for the discharge and profile shape effects
regardless of the investigated mean plot slope.

The mean scour depth SDm is not related to flow dis-
charge for the concave profile shape and is weakly related
to it for the convex one (Figure 5). This result does not
agree with that presented by Nicosia, Di Stefano, et al.
(2022), who found that the mean scour depth increases
with discharge following a power relationship dependent
on the profile shape.

In agreement with the studies by Di Stefano et al.
(2022b) and Nicosia, Di Stefano, et al. (2022), the eroded
volumes generally increase with Q (Figure 7). The finding
that SDm is weakly or not related to Q, while the eroded
volume is, can be explained by the circumstance that the
DoD considers the spatial distribution of scour depth,
whereas the mean scour depth represents the mean value

FIGURE 6 DoDs obtained

for the concave (a) and convex

(b) profile shapes in this study

and DoDs for the concave

(c) and convex (d) profile shapes

obtained by Nicosia, Di Stefano,

et al. (2022) for sp = 18%.

FIGURE 7 Comparison, as an example for four rills analysed

for each profile shape, between the applied discharge Q and total

eroded volume RV.
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of measurements along a unique linear flow path. In
other words, especially for the concave profile shape, for
the highest values of flow discharge, the eroded volumes
correspond to rills that are wider and less deep than those
shaped by the lowest discharges.

Finally, the sum of the four RV values highlights that
the concave profile determines a reduction of approxi-
mately 57% of soil loss when compared with the convex
profile shape, as already obtained by Nicosia, Di Stefano,
et al. (2022). Many authors (Hancock et al., 2003; Jeldes
et al., 2015; Liu et al., 1994) found that concave hillslopes
yield soil loss reductions ranging from 50% to 80% when
compared with uniform and convex ones. Therefore, this
study confirms that the rill erosive phenomena in a con-
cave profile are limited.

In conclusion, the present investigation highlights
that the change of mean plot slope in comparison with
Nicosia, Di Stefano, et al. (2022) yielded (i) a different

distribution of eroded volumes along the rill path for the
convex profile, and (ii) the relation between mean scour
depth and flow discharge is not significant.

4.2 | Analysis of the Darcy-Weisbach
friction factor for concave and convex
profile shapes

The investigated flows for both profile shapes have ten-
dentially overlapped ranges of Reynolds number. The con-
vex profile has F values lower than those of the concave
profile, and F < 1 for 86% of cases. These results confirm
that the profile shape determines differences in the kine-
matic flow variables but not in the flow regime, as already
found for sp = 18% (Nicosia, Di Stefano, et al., 2022).

The patterns of the hydraulic and geometric variables
are tendentially the same as those obtained by Nicosia, Di
Stefano, et al. (2022) (Figure 2). The Froude number
values of the concave plot are higher than those of the
convex one (Figure 2a), whereas the Darcy–Weisbach and
s values of the concave profile are lower than those of the
convex profile (Figure 2b,c). Instead, the two profile
shapes feature comparable values of flow velocity
(Figure 2d), differently from Nicosia, Di Stefano, et al.
(2022), who obtained lower V values for the convex profile.
Even if differences in terms of flow velocity occur, as
found by Nicosia, Di Stefano, et al. (2022), the highest RV
(Figure 7) for the convex profile point out more relevant
erosive processes producing an increase in grain roughness
and sediment transport, and consequently f (Figure 2b).

The theoretical approach guarantees a reliable esti-
mate of f (Figure 8). In detail, despite the differences in
hydraulic characteristics at the reach scale, a unique flow
resistance law (Equation 9) can be applied to the two pro-
file shapes.

Since, in this study, a unique soil has been investigated,
the applicability of Equations (9) and (11a,b) should be
tested for other soils, characterized by different physico-
chemical characteristics (e.g., texture, aggregation, cohe-
sion). The assessment of the applicability of these equations
to other experimental conditions would represent a huge
step in water and soil conservation studies, as the Darcy-
Weisbach friction factor is commonly used to estimate flow
velocity in process-oriented soil erosionmodels.

5 | CONCLUSIONS

The developed analysis confirmed that the concave pro-
file shape is characterized by a uniform spatial distribu-
tion of moderate scours, whereas the convex one has
more localized and deeper scours. However, in this study,
the convex profile is not characterized by a scour

0.1

1

10

0.1 1 10

f
detaluclac

f measured

concave

convex

(a)

0.1

1

10

0.1 1 10

f
detaluclac

f measured

(b)

FIGURE 8 Comparison between the 251 measured Darcy–
Weisbach friction factor values and those calculated by

Equation (9) (a) and by Equation (11a,b) (b).
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localized after the slope change, as found in the litera-
ture, but the localized scours are uniformly distributed
along the rill. Moreover, the mean scour depth deter-
mined at the rill thalweg, accounting for the influence of
the discharge and profile shape, is not related to the flow
discharge for the concave profile shape and is weakly
related to it for the convex one. The concave profile deter-
mined a reduction of approximately 57% of the overall
eroded volume when compared with the convex profile
shape, confirming that a concave hillslope limits erosive
phenomena. The results also demonstrated that the pro-
file shape affects the kinematic flow variables, while it
does not influence the flow regime. Finally, the equation
to estimate Γ was calibrated using all the available data
and a reliable estimate of f was attained. The approach
accuracy is only marginally improved by calibrating Γ on
data from a specific profile shape.
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