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Abstract

Recent research on rill flows recognised that an 18% slope can be used to dis-
tinguish between ‘gentle’ and ‘steep’ slope cases for the detected differences in
hydraulic (flow depth and velocity) and sediment transport variables (flow
transport capacity, actual sediment load). The effects of slope on flow velocity,
friction factor and transport capacity and their interactions affect process-
based erosion modelling. The main aim of this paper is to investigate, for the
first time, how slope affects the overland flow resistance on sandy soils, which
are characterised by loose particles readily available to be transported and
deposited. Using literature measurements carried out in sandy soils for both
gentle and steep slopes, a theoretical overland flow resistance equation,
based on the integration of the power velocity distribution, is tested. The
relationship between the velocity profile parameter I', the channel slope, the
Reynolds and Froude number is calibrated using measurements character-
ized by a wide range of hydraulic conditions and distinguishing between
gentle (5.2%-13.2%) and steep (17.4%-42.3%) slope conditions. The analysis
demonstrated that: (1) the parameter I' can be accurately estimated by
Equation (15) in which the exponents are independent of slope condition;
(2) the coefficient a of Equation (15) is equal to 0.8750 and 0.8984 for
the gentle and steep slope condition, respectively; (3) the estimations of
the Darcy-Weisbach friction factor f (Equation 19) are accurate and
characterised by errors less than or equal to +5% for 97.2% of cases; and
(4) in the range of steep slopes, the flow resistance law calibrated for the
gentle slope condition (Equation (19) with a = 0.8750) systematically overes-
timates the f value. In conclusion, this study allowed the recognition, for an
unlimited soil detachment condition and an overland flow, of how the
energy dissipation processes and the estimate of the friction factor are
affected by slope.

Highlights
« A theoretical overland flow resistance law is tested by data obtained on
sandy soils.
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1 | INTRODUCTION

Among various land degradation processes, soil erosion is
considered as a relevant environmental problem causing
loss of topsoil and nutrients, reducing soil fertility and, as
a consequence, crop production (Di Stefano &
Ferro, 2016). Moreover, soil erosion is considered a geo-
morphological and a geological hazard as it may give a rise
to property and infrastructure damage, loss of livelihoods
and services, and environmental damage (Poesen, 2018).

Process-oriented models generally distinguish the soil
erosion process into interrill and rill erosion (Toy
et al., 2002). The main reason to apply this interrill-rill
scheme is that a different behaviour, with respect to the
variables controlling the physical process, distinguishes
interrill from rill erosion. Interrill areas are characterised
by soil detachment mainly due to raindrops’ impact and
sediment transport by overland flow from these areas to
rill channels. In particular, soil detachment action is due
to rainsplash while sediment transport is due to a thin
flow, characterised by low bottom shear stresses, which
has a negligible detachment capacity. According to this
physical scheme (Nearing et al., 1989), raindrop impact
causes soil particle detachment while overland flow is sim-
ply able to transport the detached particles to rill areas.

In this context, the evaluation of overland flow velocity
is required to estimate flow transport capacity T, and is
strictly related to the knowledge of flow resistance. Slope
appreciably affects T., defined as the maximum equilib-
rium sediment load that a flow can transport (Abrahams
et al., 2001; Ali et al., 2011, 2012; Ferro, 1998), and, for this
reason, is a hydraulic variable limiting soil detachment
rate and actual sediment transport.

According to previous research (Everaert, 1991;
Govers, 1990; Zhang et al., 2009), the effect of slope on
flow transport capacity should vary from erodible to non-
erodible bed conditions as the roughness of erodible beds
is always higher than that of non-erodible beds.
Govers (1990) and Everaert (1991) stated that for erodible
beds the effect of slope on transport capacity is higher
than that due to unit discharge. The experimental runs

« Differences between gentle and steep slope conditions are investigated.
« The Darcy—Weisbach friction factor estimate by the flow resistance law is

« The law calibrated for gentle slopes overestimates f in the range of steep

flow resistance, gentle hillslopes, overland flow hydraulics, soil erosion, steep hillslopes

by Zhang et al. (2009), carried out using a non-erodible
bed, established the opposite result: that transport capac-
ity is more sensitive to unit discharge as compared to
slope.

Sajjadi and Mahmoodabadi (2015) investigated a rain-
induced overland flow using a tray, having a slope gradi-
ent ranging from 0.5% to 20% (gentle slope condition), two
rainfall intensities (57 and 80 mm h ') and two soils hav-
ing a sand content of 56.6%-58.8%. This study demon-
strated that sediment concentration increases with slope
gradient and that overland flow velocity is the best predic-
tor of sediment concentration among the studied hydrau-
lic variables (flow depth, shear stress, stream power and
unit stream power). The investigation does not allow the
recognition of the effect of steep slopes on the hydraulic
and sedimentological variables and to assess if a slope
threshold can be established for an overland flow.

Xiao et al. (2017a) studied the combined effects of
slope gradient, varying in the range 17.6%-46.6%, and
hydraulic variables on soil detachment rate and sediment
transport capacity of rill flows. The measurements, car-
ried out on a slope-adjustable plot with a loessial soil
(clay 9.08%, silt 59.59% and sand 31.33%), indicated that
soil detachment rate varies linearly with discharge and
exponentially with slope. The same trends with discharge
and slope were detected for the sediment transport capac-
ity (Xiao et al., 2017Db).

No slope threshold can be established for the
channelised rill flows investigated by Xiao et al. (2017a,
2017b) as all measurements were performed on steep
slopes.

Jiang et al. (2018) stated that the hydraulic mecha-
nisms of soil erosion for steep slopes are different from
those acting on gentle slopes. Testing of available T, equa-
tions using slopes steeper than 18% (Ali et al., 2013; Wu
et al., 2016; Zhang et al., 2009) allowed the conclusion that
T. relationships developed for ‘gentle’ slopes (<18%) are
unsuitable to be applied to ‘steep’ slopes (17%-47%). Also,
Peng et al. (2015) noticed that ‘there has been little
research concerning rill flow on steep slopes (e.g., slope
gradients higher than 10°)’ and highlighted that the
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relationship between the roughness coefficient and the
Reynolds number is greatly dependent on the slope gradi-
ent. For slope values greater than or equal to 18%,
the measurements by Peng et al. (2015) were characterised
by supercritical flows (1.08 < F < 2.33, where F = V/
(gh)*” is the Froude number of the flow, V is the mean
flow velocity, g is acceleration due to gravity and h is
water depth) with a flow regime varying from transi-
tional to turbulent (1240 < Re < 7629, where Re = Vh/
vk is the Reynolds number and vy is the water kinematic
viscosity). According to these results, for taking into
account differences in hydraulic (flow depth, velocity,
Reynolds number, Froude number) and variables
related to sediment transport (flow transport capacity,
actual sediment load), the slope of 18% can be consid-
ered to distinguish between the gentle slope and the
steep slope case.

Di Stefano et al. (2021) used data on mobile bed rill
channels joined with measurements carried out in rill
flumes, in which the sediment load of the flow was equal
to its transport capacity, to test the applicability of a
theoretical rill flow resistance law. Using a database con-
stituted by measurements characterised by high slope
values (17.6%—-84%) and a wide range of textural frac-
tions, Di Stefano et al. (2021) demonstrated that Darcy-
Weisbach friction factor is affected by the soil particle
detachability and transportability of the investigated soil.

Therefore, previous studies demonstrated that a slope
threshold of 18% can be used to distinguish two different
slope conditions (gentle and steep) for rill flows. Rill ero-
sion is due to the detachment and transport of soil parti-
cles and aggregates by concentrated flows while overland
flow has to be considered as a ‘disturbed laminar flow’
because the impact of raindrops causes both an increase
of flow turbulence and a retarding effect on flow velocity
(Emmett, 1970). Therefore, the applicability of the slope
threshold of 18%, originally deduced for rill flows, has to
be proved for overland flows.

A limitation in simulating overland flow by
hillslope-scale runoff models is that the use of hydrau-
lic equations, such as Manning and Darcy-Weisbach,
is extremely simplistic (Smith et al., 2007), and the
resistance coefficient changes for different surface con-
ditions (Kowobari et al., 1972). The shaping action of
hillslope, due to the interaction among the flow char-
acteristics, sediment transport and the erodible wetted
perimeter, limits the applicability of the uniform flow
equations developed for large and fixed beds. However,
the frequent unavailability of measured velocity distri-
butions in different verticals of a cross-section and the
complexity of the integration procedure justify the use
of these empirical flow resistance equations expressed
as (Ferro, 1999; Powell, 2014):

ence

s\/2 R23 8gRs

in which V (m s ') is the cross-section average velocity,
n (m /3 s) is Manning coefficient, f is Darcy-Weisbach
friction factor, s is slope gradient, R (m) is hydraulic
radius and g (m s~ ?) is acceleration due to gravity. Field
and laboratory studies on overland flows generally use
the Darcy-Weisbach friction factor, while the use of
Manning's n is widespread in open channel flows (Hessel
et al., 2003). However, this differentiation is not well-
defined and ‘Manning’s n is likely to behave in the same
way as f* (Hessel et al., 2003; Takken & Govers, 2000).
The Darcy-Weisbach friction factor is currently applied
in Water Erosion Prediction Project model (Foster
et al., 1995; Govers et al., 2007; Nicosia et al., 2019).

Recently, Nicosia et al. (2020a, 2020b, 2020c)
extended the applicability of a theoretical resistance law
deduced for open channel flow (Ferro, 2017, 2018a,
2018b; Ferro & Porto, 2018a, 2018b) to the overland flow
case. This theoretical flow resistance equation, based on
the integration of a power velocity distribution, was
tested using literature databases obtained for different
roughness conditions. In particular, the data-bases by
Yoon and Wenzel (1971), Nearing et al. (2017) and Poly-
akov et al. (2018), obtained by experiments carried out on
a smooth bed, a rough bed and a rough bed with vegeta-
tion cover were used, respectively.

Sandy soils are characterised by loose particles readily
available to be transported and deposited and their use
allows the investigation of unlimited detachment condi-
tions. Taking into account that for a sandy soil the con-
trol of the flow detachment capability is not required, the
experimental investigation can be carried out by a flume
in which the overland flow is not subjected to the effect
of rainfall impact.

In this paper, the flow hydraulic variables (water depth
h, slope gradient s, mean velocity V, Reynolds number Re,
Froude number F, and Darcy-Weisbach friction factor f)
measured in laboratory flume by Ali et al. (2012) and
Zhang et al. (2011) were used to test the applicability of
the theoretical overland flow resistance equation. The lat-
ter has been modified from Nicosia, Di Stefano, Palmeri,
Pampalone, and Ferro (2020a); Nicosia, Di Stefano,
Pampalone, Palmeri, Ferro, and Nearing (2020b); and Nic-
osia, Di Stefano, Pampalone, Palmeri, Ferro, Polyakov,
and Nearing (2020c) for considering the effect of the flow
Reynolds number and was also specifically calibrated for
sandy soils distinguishing the gentle from the steep slope
condition. To the best of our knowledge, the database used
in this investigation (96 measurements) consists of all
available measurements for overland flows on sandy soils
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and it is representative of a wide range of slope gradient
(52% < s <42.3%), flow regimes (55 < Re <3302) and
hydraulic conditions ranging from subcritical to supercriti-
cal (0.54 < F < 6.78).

2 | THE OVERLAND FLOW
RESISTANCE EQUATION

The use of dimensional analysis and self-similarity theory
(Barenblatt, 1979, 1987) allows the theoretical deduction
of the flow velocity distribution in an open channel flow
(Ferro, 2017, 2018a, 2018b). For an overland flow on a
hillslope, the local flow velocity distribution v(y) along a
given vertical is expressed by the following functional
equation (Barenblatt, 1987, 1993; Ferro, 1997):

d)(g—;,y,h,d,u*,s,p,y,g) =0, (2)
in which ¢ is a functional symbol, y is the distance from
the bottom, d is a characteristic diameter of the soil parti-
cles, us=+/gRs is the shear velocity, p is the water den-
sity, and u is the water viscosity.

Applying the TI-theorem (Barenblatt, 1987), Equa-
tion (2) can be rewritten in the following dimension-
less form:

[Ty = ¢, (I, 113,114, I, T4 ), (3)

in which IT;, II,, I, I14, IIs and Ils are dimensionless
groups and ¢, is a functional symbol.

Using dimensional independent variables y, u- and p,
to deduce the dimensionless groups, Equation (3) can be
rewritten as follows (Ferro, 2018b; Nicosia, Di Stefano,
Palmeri, Pampalone, & Ferro, 2020a):

L5 s ), @

uedy \y'y W

Considering that according to Barenblatt (1987) ‘In some
cases, it turns out to be convenient to choose new similar-
ity parameters—products of powers of the similarity
parameters obtained in the previous step’, the following
dimensionless groups are deduced:

_IL_hy_h

=—= =—, 5

23 H3 yd d ( )
h us« «h

Hz,s :Hzns :—u y:u :Re*, (6)
Y Uk Vi

in which Re- is the shear Reynolds number, and

8 u?
VT %4

H_81_8u*y1/2_ -
6,2 = fHé/ZH;/Z_ fg1/2y1/2h1/2_g1/2h1/2_\/g_h

Il
T

(7)

Since Ferro (2018b) demonstrated that F takes also into
account both the depth sediment ratio 4/d and the shear
Reynolds number Re: and considering that Equation (6)
can be rewritten as follows:

the functional relationship (Equation 4) becomes:

y dv

U=y
— = Re,s,F,—= |, 9
Y =t (resr ) o)

where ¢ is a functional symbol.

Assuming the incomplete self-similarity (ISS) hypoth-
esis in u«y/v (Barenblatt & Monin, 1979; Barenblatt &
Prostokishin, 1993; Ferro, 2017), Equation (9) can be
integrated (Barenblatt & Prostokishin, 1993; Ferro &
Pecoraro, 2000) and the following power velocity profile
is obtained:

B ()

# Dk

in which ¢, is a functional symbol and & is an exponent
which is calculated by the following theoretical equation
(Barenblatt, 1991; Castaing et al., 1990):

15
" InRe’

(1)

In conclusion, Equation (10) can be rewritten as follows:

* Uk

Y _I(Re,s,F) (”*y>6, (12)

in which I" is a function of the dimensionless groups Re,
s and F to be defined by velocity measurements.

Setting y = « h as the distance from the bottom at
which the local velocity is equal to the cross-section
average velocity V, Equation (12) gives the following
value I, of the I' function (Ferro, 2017; Ferro &
Porto, 2018a):
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in which a is a coefficient, smaller than unit, which takes
into account that the average velocity V is located under
the water surface and that the mean velocity profile,
whose integration gives V; is calculated by averaging, for
each distance y, the velocity values v measured in differ-
ent verticals. Ferro (2017) theoretically deduced the fol-
lowing equation for calculating a:

= [mf)mzﬂ - (14)

Applying the ISS for all the dimensionless groups
included in the I' functional relationship (see Equa-

tion 12), the following estimate I, is obtained
(Ferro, 2018b):
Fb
I'y=a ¥ R’ (15)

in which the coefficients a, b, c and e have to be experi-
mentally determined.

The Darcy-Weisbach friction factor f is obtained by
integrating the power velocity distribution (Equation 12)
(Barenblatt, 1993; Di Stefano et al., 2017; Ferro, 2017
Ferro & Porto, 2018a, 2018b):

2

(5+1)(5+2)]w

=8 16
! [215r4.4817 (16)

The application of Equation (16) requires the estimations
of § by Equation (11) and I' = T, by the calibrated
Equation (15).

3 | AVAILABLE
LITERATURE DATA
3.1 | Experiments by Ali et al. (2012)

Ali et al. (2012) carried out an experimental investigation
using a flume, 0.5 m wide and 6 m long, with an erodible
bed and plexiglass banks. Four well sorted non-cohesive
medium to very coarse sands (with a median diameter
D5y equal to 0.233, 0.536, 0.719 and 1.022 mm) consti-
tuted the erodible bed over which the flow had a sedi-

ment load equal to the transport capacity. For the
experiments, the flume bed was adjusted to four slope
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gradients (5.2%, 8.7%, 13.2% and 17.6%). A calibrated
flow-meter at the inlet pipe was used for continuous
monitoring of the inflow discharge which ranged from
0.035 to 1.035 L s™'. Two point gauges with an accuracy
of 0.1 mm were used to measure the water depth. The
data-base is constituted by 63 experimental runs for the
gentle slope condition and 18 for the steep one. The 81
experimental runs were carried out for Reynolds
numbers of 55 < Re < 1624 and Froude numbers ranging
from 0.54 to 2.49.

3.2 | Experiments by Zhang et al. (2011)
The flume was 5 m long, 0.4 m wide with smooth glass
walls and a plexiglass bed. A 5-mm layer of sieved sedi-
ment (<2 mm) was glued on the flume bed to simulate
grain roughness. The experimental runs were carried out
using a flow transporting a sand (with Ds, of 0.10, 0.22,
0.41, 0.69 and 1.16 mm) and ensuring that the sediment
transport capacity was reached for each combination of
flow discharge and slope gradient. For the experiments,
the flume bed was adjusted to five slope gradients (8.7%,
17.4%, 25.9%, 34.2% and 42.3%). The flow discharge
ranged from 0.264 to 2.104 L s~ *. Flow depth was mea-
sured with a digital level probe at the section 0.6 m
upstream from the outlet. The data-base is constituted by
5 experimental runs for the gentle slope condition and
20 for the steep one. The 25 experimental runs were car-
ried out for Reynolds numbers of 414 < Re < 3302 and
Froude numbers ranging from 2.18 to 6.78.

4 | RESULTS

The available data-base is characterised by hydraulic
regimes ranging from laminar to turbulent (55 <
Re < 3302) (Figure 1), flows ranging from subcritical to
supercritical (0.54 < F < 6.78), and a wide range of slope
gradients (5.2% < s < 42.3%) (Figure 2). Figure 1 also
shows that, for given Re, flows over steep slopes are
characterised by higher Froude numbers compared to
flows moving on gentle slopes.

Equation (15) for estimating the I, function was cali-
brated both on the measurements available for the gentle
(Equation 17) and steep slope condition (Equation 18)
obtaining

Fl .262

r,=0.971 (17)

_—
§0.6388 RU-1618

which is characterised by a coefficient of determination
R? equal to 0.997, and



6 of 10 “European journal of NICOSIA Er AL.
—I—Wl LEY I Batire:
7 I ° 10 :
@ Gentle slope OAlietal.
6
@ Steep slope @ Zhang et al.
(9]
5 1
° (&)
4 geo T
e =
w °® o
=
3 e S
@ [
o
2 : L?
1 i
0 (@)
10 100 1000 10,000
Re !
1 10
FIGURE 1 Plot of the (Re, F) pairs for the gentle and steep I', measured
slope condition 10
OAlietal.
@ Zhang et al.
/ (&)
@ Gentle slope
6 -]
@ Steep slope 3
©) L
5 o 2!
©
A ! 8e :}
w 8 °
3 [0
1%
(6]
© (]
2 ! 1 ° (b)
1 0.1
0.1 1 10
0 I', measured
0.01 0.1 1
s FIGURE 3 Comparison between the measured I', values,
obtained by Equations (13), (11) and (14), and those calculated by
FIGURE 2 Plot of the (s, F) pairs for the gentle and steep slope (a) Equation (17) and (b) Equation (18)
condition
1274 variable x = F'*’ s7%° Re” . Figure 4 shows the rela-
I,=0.924 06532 Q01552 (18) tionship between I', and x which allows the estimation of
a = 0.8750 for the gentle slope (Figure 4a) and
a = 0.8984 for the steep slope (Figure 4b). Substituting
with R* = 0.99. Equation (15) with b = 1.27, ¢ = 0.65 and e = 0.15 into

For the gentle slope, the comparison between the
68 measured I, values, obtained by Equations (13), (11)
and (14), and those calculated by Equation (17) is plotted
in Figure 3a, while for the steep slope the comparison
between the 38 measured I', values and those calculated
by Equation (18) is shown in Figure 3b.

Taking into account that for the two investigated
slope conditions the obtained values of the exponents b,
c and e of Equations (17) and (18) are similar, the mea-
sured T’y values were plotted against to those of the

Equation (16), the following flow resistance law is
obtained:

g [HD) (5+2) ROV s 19)
T U 4.4817 219q  FLY '

The good agreement between the measured f values of
the considered data base and those calculated by Equa-
tion (19) is shown in Figure 5.
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The latter are characterised by errors E = 100 (faiculated —
Seasured)/fmeasurea loWer than or equal to +5% for 97.2% of
cases and lower than or equal to +3% for 79.2% of cases.

The ratio between the calculated Darcy-Weisbach
friction factor for the steep slope, named fyeep
(Equation (19) with a = 0.8984), and that calculated for
the gentle slope, named feenne (Equation (19) with
a = 0.8750), follows as:

2

) 5
) =1.027" 15, (20)

Foteep <0.8984

faente  \0.8750

factor obtained applying Equation (19) calibrated for gentle slopes
to steep slopes

and is always less than 1. In other words, for given values
of Re, F and s, the calculated value fgenqe is always greater
than the calculated value fyeep. Applying foenge to estimate
the Darcy—Weisbach friction factor for a steep slope condi-
tion, the error Egs = 100 (fente — fsteep)/fiteep iS €Xpressed as:

Eg = 100 (f@ _ 1) - 100(1.0271—35 - 1), (21)

steep

and, in the range of the investigated Re values, varies
from 3.9% to 4.5% (Figure 6).
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5 |

For a sandy soil, Figure 3 shows a good agreement
between the calibration data and Equation (17) or (18).
The actual sediment transport is the result of the interac-
tion between the flow characteristics, which are repre-
sented by the sediment transport capacity T,
(Ferro, 1998), and soil particle properties. These are
described by their aptitude to be detached from the wet-
ted perimeter (detachability) and to be transported
(transportability), which is related to particle size and
specific weight. All sandy soil data used to calibrate
Equation (15) are characterised by comparable soil prop-
erties (i.e., high detachability and low transportability)
and, therefore, the effect of sediment transport on over-
land flow resistance depends only on sediment transport
capacity. Many studies demonstrated that sediment
transport capacity increases as a power function of slope
gradient (Prosser & Rustomji, 2000; Xiao et al., 2017a;
Zhang et al., 2011) which, consequently, surrogates the
effect of sediment transport on flow resistance. Finally,
the component of flow resistance due to sediment trans-
port is greater in steep than in gentle slopes. This implies
that, in the absence of bed-forms and for given grain
roughness, the friction factor increases in the passage
from gentle to steep slopes.

The f relationship derived for gentle slopes is not
applicable to data obtained for steep slopes as,
although errors are close to those obtained with the
f relationship derived for steep slopes, it gives biased
predictions of the friction factor. This systematic error
can be physically justified considering that fgenue iS
applied to equilibrium sediment transport condition in
which the actual sediment load is that of the steep con-
dition while the transport capacity corresponds to the
gentle slope. In other words, fgente is calculated assum-
ing an overestimated sediment load, that is, greater
than the flow transport capacity for gentle slopes.

In conclusion, the distinction between gentle and
steep slopes allows the proper consideration of the effect
of sediment transport on the estimate of the friction fac-
tor for overland flow on sandy soils.

6 | CONCLUSIONS
The applicability of classical hydraulic formulations, such
as Chezy or Manning's equations, for mobile bed over-
land flow can be limited by the need to consider the
effects of the interaction between flow, bed morphology
and sediment transport.

The available data on mobile bed overland flows, in
which the sediment load was equal to the transport

capacity, were used to test the applicability of a theoretical
flow resistance law. This data-base was constituted by
measurements performed on sandy soils for gentle
(5.2%-8.7%) and steep (17.4%-42.3%) slope conditions.

The analysis demonstrated that the velocity profile
parameter I' can be accurately estimated by Equation (15),
in which only the coefficient a depends on the slope con-
dition. Also, the estimations of the Darcy-Weisbach fric-
tion factor by the theoretical flow resistance law
(Equation 19) are accurate inasmuch as they are
characterised by errors that are almost always less than
+5%. In the range of steep slopes, the flow resistance cali-
brated for the gentle slope condition (Equation (19) with
a = 0.8750) gives a systematic overestimation of the fric-
tion factor.

Finally, the distinction between gentle and steep
slope conditions allowed accounting for a different sedi-
ment transport effect on overland flow resistance.
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