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Rainfall causes runoff and soil erosion in artificial and natural slopes and important insight may derive from
quantitative physically-based models or laboratory tests. Measurements of runoff and sediment discharges in
small-scale experimental flume tests have become popular in recent years and a wide range of slope angles,
soil grain-size-distributions and rainfall characteristics has been tested so far. In the literature, there are numer-
ous studies dealing with a comparison between experimental data and model predictions using appropriate as-
sumptions. However, there are still scientific gaps under complex experimental circumstances. The main goal is
to discuss the performance of a physically-based numerical model in simulating well-documented runoff–ero-
sion laboratory flume tests, also highlighting the uncertainties one may expect for real cases when applying nu-
merical modelling of runoff and soil erosion to a real catchment.
The paper deals with the numerical analysis of four experimental flume tests available in the literature, which in-
vestigate the erosion of bare gentle slopes due to constant-intensity rainfall; the behaviour of a steeper slope,
bare or vegetated, under constant rainfall larger than in the previous experiments; the role of a sequence of dif-
ferent rainfall intensities (with the same cumulated rainfall), and different surface roughness in gentle slopes.
Those experimental tests were simulated through LISEM, and the numerical results reproduce satisfactorily the
global behaviour of the experimental plots eroded by artificial rainfall in all the four flume tests. As far as the
ratio of the observed to the predicted peaks of water discharge and sediment concentration, the simulated
peaks are very close to those observed in the laboratory experiments, except for low slope angle conditions
where water discharge peak is overestimated and for one flume where sediment concentration peak is
underestimated in two out of three cases. This analysis highlights that LISEM allows reasonably estimating the
peak values of water and sediment discharge, which are generally used as design parameters of erosion control
works. With reference to peak times of water discharge and sediment concentration, this paper highlights that
LISEMhas limitations in properly assessing the peak times ofwater discharge and sediment concentration; better
results are, instead, expected when LISEM is used to simulate erosion and runoff on vegetated slopes. Globally,
the results allow the assessment of the overall performance of the selected erosion model to correctly interpret
the experimental evidences. Aswell, the discrepancies among the laboratory evidences and numerical results are
discussed in relation to slope geometry and soil properties.

© 2016 Published by Elsevier B.V.
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1. Introduction

The superficial topsoil can be eroded by rainfall along natural or ar-
tificial slopes, and the erosion process is particularly complex in moun-
tain catchments made of steep slopes and cohesionless unsaturated
soils (Della Sala, 2014; Cuomo et al., 2015; Cuomo and Della Sala,
2016). The effects of soil erosion extend to a few centimetres below
the ground surface. The mobilisation of solid particles resulting from
ng, University of Salerno, Via
raindrop impact, known as rainsplash erosion (Kinnell, 2005, 2006), de-
pends on the impact forces of raindrops, rainfall intensity, soil mechan-
ical properties, topography, vegetation type and land use. Rainsplash
erosion in a mountain basin is generally diffused. In addition, the
mobilisation of solid particles is caused by overland flow. This mecha-
nism is known as overland flow erosion. It is related to flow velocity
and, in turn, to the tangential and uplift forces exerted on the ground
surface by water, thus the solid particles are driven by flow. Overland
flow erosionmay be diffuse (sheet erosion) or localized into rills, gullies
or channels. Appropriate analysis of rainwater infiltration and runoff is a
fundamental requirement for unsaturated soil slopes. Cuomo and Della
Sala (2013) demonstrate that initial soil suction, i.e. the difference
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between the air pressure (ua) and pore water pressure (uw), delays the
runoff time and reduces the runoff discharge to the extent that the top-
soil does not become fully saturated. However, the runoff time may be
decreased to zero in case of heavy rainfall, independent of initial soil
suction. One important concern is that heavy erosion processes may
lead to hyperconcentrated flows at the outlet of a catchment (Cuomo
et al., 2015). Adequate estimates of the water and solid discharges are
important to safely design the erosion control works, reducing the
maintenance costs of the man-made slopes, such as embankments or
excavations for highways and railways. However, the spatial variability
of both initial soil water content and saturated hydraulic conductivity is
a relevant issue in real catchments (Hu et al., 2015; Cuomo et al., 2015),
and uncertainties may be related to either complex field conditions or
limited data-sets.

Several quantitative models exist to analyze the overall process of
rainfall-induced soil erosion and specific details are widely discussed
in the literature (e.g. Merritt et al., 2003; Aksoy and Kavvas, 2005;
Hessel et al., 2006). Among these approaches, the so-called physically-
basedmodels allowquantitative simulations ofwater infiltration, runoff
and sedimentmobilisation. The latter is due to either rainsplash erosion
or overland flow erosion of topsoil particles. Physically-based models
are based on the conservation equations for water mass, sediment
yield and flow momentum of mixture (Merritt et al., 2003). Models
can be lumped if they use single values of input parameters in the
whole computational domain or spatially-distributed approaches can
be used. A complete review is proposed by Aksoy and Kavvas (2005)
and Merritt et al. (2003). It is also worth mentioning the Harsine and
Rose model (Hairsine and Rose, 1991; Jomaa et al., 2012, 2013), which
simulates size class-dependent erosion and deposition processes, and
predicts the development of a shield layer composed of (re-)deposited
sediment, which acts to protect the original soil. Some of the physical-
ly-based models can be applied to simulate the sediment mobilisation
produced by consecutive rainfall–runoff events occurring during a sea-
son or a longer time period at hillslope scale, such as the WEPP model
(Nearing et al., 1989) or to simulate the sediments produced by one sin-
gle rainfall–runoff event at catchment scale, such as EUROSEM (Morgan
et al., 1998), KINEROS (Smith, 1981; Woolhiser et al., 1990) and LISEM
(De Roo et al., 1994, 1996a,b; De Roo and Jetten, 1999; Jetten, 2002).
To this aim, accurate knowledge of slope geometry (e.g. slope angle),
soil properties (e.g. soil suction,water content, and hydraulic conductiv-
ity), surface features (e.g. roughness and vegetation) and rainfall pat-
tern is required. In most of the real cases, very limited information is
available, such as peak discharge of water and sediments measured at
the outlet of the catchment, and in a few cases estimates of sediment
volumes, erosion areas, eroded thickness and the grain-size of the erod-
ed material are also on hand. Thus, the calibration of any erosion model
is quite difficult and uncertain (Aksoy andKavvas, 2005). This paperwill
use the LISEM (LImburg Soil ErosionModel), which is a spatially-distrib-
uted and physically-based model, implemented in a GIS platform. The
model was selected here as it is well-known, validated, and applied so
far in different catchments in Europe, such as the Netherlands (De Roo
and Jetten, 1999), France (Rahimy, 2012), Spain (Baartman et al.,
2012, 2013), Belgium (Jetten et al., 2003; Takken et al., 2005), and Nor-
way (Kværnø and Stolte, 2012) and in other countries such as China
(Hessel et al., 2003), Africa (De Roo and Jetten, 1999), and the Philip-
pines (Clutario and David, 2014). Thus, the paper aims to evaluate this
kind of modelling approach in well documented cases – like laboratory
plots –where geometry, soil mechanical properties and boundary con-
ditions arewell known. Thus, the discrepancy of themodel into simulat-
ing the experimental evidence will be simply related to the soundness
of the theoretical background.

One possibility explored in the last decades relates to small-scale
erosion tests, performed in well equipped testing devices. Measure-
ments of runoff and sediment yield rate have been extensively per-
formed through laboratory flume tests, which allowed investigating
the single effect of specific factors such as slope geometry, vegetation
cover, soil type, surface roughness and rainfall characteristics. The
great potential offlume tests is the accurate control of geometry, stratig-
raphy, soil properties and initial conditions; thus, the spatial variability
of initial soil water content and saturated hydraulic conductivity is
much reduced. In addition, accurate measurements can be collected
for the water flow discharge, weight of water-driven sediments, and
changes of topography in time. Conversely, the main limitation is that
only the very initial stage of the erosion process can be consistently ob-
served. This is due to the employment of a single fixed slope angle in
most of the small-scale flumes. The use of in-series slopes (differently
steep) may help in measuring solid particle deposition and remobiliza-
tion; however, the results would be dependent on the length of each
piece of the slope. In a real catchment, the global time sequence of sed-
iment transportation, deposition and re-mobilisation highly affects the
response to heavy rainfall. Nevertheless, reduced-scale laboratory
tests allow observing the fundamental features of the erosion process
(e.g. localized or diffuse) and the principalmechanisms (e.g. runoff gen-
eration, time sequence of erosion and deposition, and so on). It's worth
mentioning, among others, the experimental works of Bryan and
Rockwell (1998), Jayawardena and Bhuiyan (1999), Abrahams et al.
(2000, 2001), Römkens et al. (2002), Pan and Shangguan (2006),
Acharya et al. (2011), Ran et al. (2012) and Aksoy et al. (2013). These
experiments highlight the dependence of soil erosion on different fac-
tors: i) slope geometry (steepness and slope length), ii) vegetation
cover, iii) rainfall intensity and duration, iv) surface conditions, among
others.

The availability of good-quality experimental results provides a good
chance to investigate the performance of physically-based numerical
models towards accurate estimates of peak discharges (of water and
sediments), sediment concentration, time to peaks, etc. In the literature,
there are numerous studies dealing with a comparison between exper-
imental data and model predictions using appropriate assumptions,
particularly in terms of total erodedmass. However, there are still scien-
tific gaps in termsof individual size classes under complex experimental
circumstances (different initial and antecedent soil conditions, soil
cover, multiple rainfall intensity etc). The scientific gaps are more pro-
nounced in situations where the soil and experimental conditions be-
come complex (soil conditions, varying precipitation rate,
heterogeneous roughness etc) and when more details are required
(such as the behaviour of individual size classes).

In this paper, four well-documented flume tests were selected,
which investigate: i) the erosion of bare gentle slopes due to constant-
intensity rainfall (Bryan and Rockwell, 1998); ii) the behaviour of a
steeper slope, bare or vegetated, under constant rainfall larger than in
the previous experiments (Pan and Shangguan, 2006); iii) the role of a
sequence of different rainfall intensities (with the same cumulated rain-
fall), and different surface roughness in gentle slopes (Römkens et al.,
2002). Those experimental tests were simulated through LISEM
(Jetten, 2002, 2014), a widely validated tool, which can take accurately
into account the slope geometry, rainfall characteristics, surface features
and vegetation cover.

The main goal of the paper is to discuss the performance of a physi-
cally-based numerical model in simulating well-documented runoff–
erosion laboratory flume tests, also highlighting the uncertainties one
may expect for real cases when applying numerical modelling of runoff
and soil erosion to a real catchment. The paper is structured as follows:
the experimental evidence of the selected literature tests is presented
first, the main characteristics of the numerical model are summarized,
and the numerical analyses are presented; then, experimental and nu-
merical results are compared and discussed; finally, some conclusions
are drawn and future developments are illustrated.

2. Experimental tests

This paper aims to combine the experimental evidence of runoff–
erosion flume tests available in the literature to novel numerical
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analyses. To do so, a selection of well-documented experiments was
done to address important issues such as: rainfall intensity, slope
angle and vegetation cover.

Bryan and Rockwell (1998) designed a series of laboratory experi-
ments precisely to observe the rill development process. Different ex-
periments were carried out in a rectilinear flume 10 m long, 0.8 m
wide and 0.3 m deep. Ten experiments for different rainfall intensities
(intensities of 42–45 mm h−1 and durations of 65–160 min) were car-
ried out at three slope angles: 1.5, 5 and 9°. The soil was a composite
sample of grey luvisols consisting of: 80% of Pontypool loamy sand
and 20% of Peel clay, sampled from the Toronto region. The grain size
distribution consists of 49.4% Sand, 32.5% Silt, and 18.1% Clay, with D50

and D90 equal to 0.25 mm and 2.0 mm, respectively. Average initial
bulk unit weight produced by flume preparation was 1.47 g cm−3 and
saturated hydraulic conductivity equal to 2.17 × 10−5 m s−1. In the
flume device, a range of soil thickness was investigated from 9.4 to
12 cm. During each experiment, flow velocity, water and sediment dis-
charges were measured at the terminal weir, for time intervals 3–5 min
long. For the 5° tests, four experiments – labelled “May 13”, “May 24”,
“June 6” and “June 10” (Fig. 1) –were performed applying rainfall inten-
sity equal to 43, 43, 44, and 45 mm h−1 and durations of 65, 120, 127
and 120 min, respectively. As major results, one can mention that at
the terminal weir, time lag between runoff discharge and sediment dis-
charge were measured, which can depend on slope length and/or flow
conditions, and very high sediment discharge rates with peak rate var-
iables from 200 to 350 g min−1 (Fig. 1b), and the increases in rates
were particularly marked once water tables formed, with increases
from 10 to 20 fold. As far as rill development on the surface, extremely
localized scouring of a few incipient knick-points occurred before the
Fig. 1. Runoff and sediment discharge measured at the terminal weir during four
experimental tests of May 13, May 24, June 6 and June 10 on a 5° slope angle.
(Modified from Bryan and Rockwell (1998).)
water table formation. Then, the knick-points becomemore concentrat-
ed and significantly deeper, with marked development at 1.5 and 6 m
upstream of the terminal weir. Each rill developed up and down slope,
eventually joining into a continuous incision. For these tests, the water
and sediment discharges at the terminal weir were plotted in relation
to rainfall duration, highlighting that the time of the first appearance
of the water table was similar, about 55 min (Fig. 1a). In all the 5°
tests, the measured runoff discharge sharply raised for the first
10 min, then the increase was still continuous but slower, with the
final peak rate reached just before the end of the tests. Major differences
in erosion responsewere noted on the three different slopes, as well in-
dicated by the distinct sediment discharge patterns at the terminalweir.
In particular, in the 5° slopes, very high sediment discharge rates were
recorded with a peak rate, from 200 to 350 g min−1, which was higher
than that for the other slope angles (1.5° or 9°).

Pan and Shangguan (2006) performed laboratory experiments to
study the runoff and sediment production process in grassplots with
different vegetation covers (35%, 45%, 65% and 90%) and for bare soil,
subjected to a rainfall intensity of 100 mm h−1 for about 70 min. Each
of the experimental steel plots was 2.00 m long, 0.55 m wide and
0.35 m thick, with a slope angle adjusted at 15°. In each plot, the soil
was packed in three 10 cm layers, for a total soil thickness of 30 cm.
The soil was a loessial loam (sandy loam soil) collected from Fuxian
County in theNorth of the Loess Plateau (China); the grain size distribu-
tion was made of 2.0% Sand, 79.73% Silt, and 17.35% Clay, with bulk unit
weight equal to 12 kN m−3.

Runoff-initiating time, total runoff and flow velocity at 3-minute in-
tervalsweremeasured during the tests. Sediment sampleswere collect-
ed at the bottom of the plot, separated by water, and dried in an air-
forced-oven at 105 °C up to a constant weight. The sediment concentra-
tionwasdetermined as the ratio of dry sedimentmass to runoff volume;
on the other hand, the sediment yield rate was computed dividing the
sediment yield per unit area by time. The infiltration rates were deter-
mined by subtracting the applied rainfall rate and the measured runoff
rates. Thus, the evaporation, interception and surface storage compo-
nents were included in the infiltration rates, while not considered as in-
dependent quantities. In addition, the Manning coefficient was
determined for each experiment and it was equal to 0.0176, 0.0432,
0.0545, 0.0589 and 0.0703 (respectively for a vegetation cover of 0%,
35%, 45%, 65% and 90%). The rates measured for runoff and sediment
are plotted in time in Fig. 2 for different vegetation covers. The runoff
sharply raised in 1–2 min, followed by a slower increase, with the
highest peak for bare soil (Fig. 2a). For bare soil, runoff started after
1 min, with initial and steady rates, respectively equal to 0.88 and
1.2 mm min−1; lower rates were measured for grassplots (Fig. 2a).
This evidence quantifies the important effect of vegetation in reducing
the kinetic energy of raindrops, thus limiting overland flow, increasing
the infiltrating time and improving the soil infiltration capacity. With
reference to erosion (Fig. 2b), sediment yield rate in thebare soil test de-
creased at the beginning of the test, then increased for 45 min, later be-
coming almost constant. Conversely, for vegetated plots, sediment yield
rate decreased in time and thepeakswere lower than for bare soil. Com-
pared to bare soil plot, the grassplots experienced lower average runoff
rate (14–25% less), final runoff rate (7.5–16% less), and sediment yield
(81.2–94.3% less).

Römkens et al. (2002) investigate the role of rainfall intensity, sur-
face roughness, slope steepness and soil matric suction. The experi-
ments were conducted in a flume, 3.7 m × 0.61 m × 0.23 m large,
with steepness adjustable from 0 to 9.65°. A Grenada silt loam from
the Mississippi Agricultural and Forestry Experiment Station (MAFES)
at Holly Springs (MS) was used, with a grain size distribution made of
2.0% of Sand, 80.0% of Silt, and 18.0% of Clay. Three different surface
roughness conditions (smooth,medium and rough)were studied, com-
bined to different steepness (1.15°, 4.57° and 9.65°). The rainfall was ap-
plied in a series of four rainstorms, each with a 45 mm cumulative
rainfall, but different intensities, decreasing as 60, 45, 30 and



Fig. 2. Runoff and sediment yield rate measured at the terminal weir on 0%, 35%, 45%, 65%
and 90% of cover plots.
(Modified from Pan and Shangguan (2006).)
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15 mm h−1, or increasing with the opposite time sequence. For each
steepness and surface roughness, the sediment yield, water runoff and
sediment concentration were measured at the outlet of the flume.

Fig. 3 shows the experimental results of the sequence of decreasing
rainstorm intensity, for a 9.65° slope and medium roughness surface.
In particular, runoff started after about 15 min (Fig. 3a), and the runoff
peak value was measured during the first 60 mm h−1 rainstorm, then,
Fig. 3. Runoff rate and sediment concentration for a series of 45-mm rainstorms of
decreasing intensity during the test with medium surface roughness and a 9.65° slope
angle. The broken vertical lines represent changes in the applied rainfall intensity.
(Modified from Römkens et al. (2002).)
the runoff rate was consistently high in the second 45 mm h−1 storm
and it gradually decreased and became constant in the last part of the
rainstorm. For high rainfall intensities, the runoff increased abruptly,
while for lower rainfall intensity, the runoff was almost constant during
the test (Fig. 3a). A high solid concentration in the runoff on medium–
rough surfaces was observed, producing a large soil loss, whose maxi-
mum was measured during the first 60 mm h−1 rainstorm (Fig. 3b).
Then, the soil loss was still high in the second 45 mm h−1 storm,
while the sediment concentration gradually decreased, up to a plateau
value for the last part of the rainstorm. A similar time trend was mea-
sured for the water runoff rate.

The few experimental tests previously quoted are enough to remark
that soil erosion is intimately tied to a number of factors related to to-
pography (e.g. slope angle, surface roughness, and vegetation), initial
condition (e.g. matric suction), and rainfall (e.g. intensity or sequence).
Therefore, accurate estimates of soil erosion should not disregard any of
these factors.

3. Numerical analysis

3.1. LISEM

The model allows taking into account the main processes contribut-
ing to the soil erosion such as: interception of rainwater by vegetation,
rainsplash erosion, water storage in micro-depressions of ground sur-
face, infiltration of ground surface, overlandflow,flowdetachment, sed-
iment transport or deposition (i.e. respectively, when the overland flow
is capable or not to transport solid particles), and runoff at impervious
surfaces.

Water infiltration rate can be assumed equal to soil saturated con-
ductivity (i.e. runoff equals the amount of rainwater exceeding soil sat-
urated conductivity), or calculated through more advanced approaches
like the Green–Amptmodel (Eq. (1)), which is based on a simplification
of theDarcy equation for one-dimensional vertical waterflow in a single
soil layer, assuming the downwards infiltration rate (f, mm h−1) as fol-
lows:

f ¼ −ksat
dh θsat−θið Þ

F
þ 1

� �
ð1Þ

where ksat is the saturated hydraulic conductivity (mm h−1); dh is the
sumofwater pressure on the ground surface and soil suction at thewet-
ting front (mm); θsat is the saturated porosity (−) and θi is the initial
moisture content below thewetting front (−); F is the cumulative infil-
trated rainwater, which fills the available (empty) pore space (θsat− θi)
during the infiltration process up to the infiltration depth (z, mm)
reached by the wetting front until the end of the infiltration process.
The Green–Amptmodel has the fundamental advantage to take into ac-
count an initial water content different than complete saturation, and
recent contributions implement new generalized formulations of Eq.
(1) (e.g. Grimaldi et al., 2013; among others).

The runoff is routed downhill through a kinematic wave function,
whose solution is obtained by an implicit four-point finite-difference
scheme coupled to Manning's equation (Chow et al., 1988; Moore and
Foster, 1990).

Themodelling of the particle detachment is based on the generalized
erosion–deposition formulation of Morgan et al. (1998) and Smith et al.
(1995), whose details are also discussed in Jetten (2002). It is assumed
that the amount of sediment in suspension (e) comes from a continuous
balance among rainsplash erosion (Ds), flowdetachment (Df) and depo-
sition (Dp), as follows:

e ¼ Ds þ D f−Dp ð2Þ

Rainsplash erosion Ds (kg s−1) is related to rainfall kinetic energy
(Van Dijk, 2002) multiplied by an empirical aggregate stability factor



Table 1
Summaryofflume test configuration and rainfall input data used in the LISEM simulations.

ID

Geometric configuration Rainfall

Slope Length Width Depth Intensity Time

(°) (cm) (cm) (cm) (mm h−1) (min)

1 5 1000 80 12 44 127
2 15 200 55 30 100 70
3 15 200 55 30 100 70
4 9.65 370 61 23 60–45–30–15 45–60–90–180a

ID: (1) Bryan and Rockwell (1998)— bare soil; (2) Pan and Shangguan (2006)— bare soil;
(3) Pan and Shangguan (2006) — 35% grassland cover; (4) Römkens et al. (2002)— bare
soil.

a Single rainstorm duration for each rainfall intensity. Total duration equal to 375 min.
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obtained in splash tests:

Ds ¼ 2:82
As

KE exp −1:48dð Þ þ 2:96
� �

Pnet
dx2

dt
ð3Þ

where As is the soil aggregate stability (median number of drops to de-
crease the aggregate by 50%) from the Lowe drop test; KE is the rainfall
kinetic energy (J m−2 mm−1); d is the depth of the surface water layer
(mm); Pnet is net rainfall (mm); dx2 is the cell area (m2); and dt is the
time step (s). It iswell known that erosion involves detachment (extrac-
tion of soil particles from solid skeleton) by raindrop impact and surface
water flow and transport by splash and by flowing water. In the case of
splash erosion, the detachment and transport environment of which Eq.
(3) is focused on, while variations in water depth are acknowledged to
influence raindrop detachment, they also influence the ability of splash
to transport detachedmaterial away from the site of detachment. So Eq.
(3) may underestimate detachment by raindrop impact. The role of
raindrop impact on soil erosion is not limited to splash erosion but as
the depth of flowingwater increases from zero and splash transport de-
clines, sediment transport by rain-impacted flow becomes increasingly
important (Moss andGreen, 1983). On the other hand, it isworth noting
that rainsplash erosion is a gradual cumulative process, which involves
the sequential displacement of individual particles of soil (or clusters),
which are detached where the droplets fall and are then displaced
downhill. Thus, the process occurs at a particle scale, is time-dependent
(dynamic) and also spatially-variable because the local arrangement of
the uppermost solid particles affects their chance to bemobilized or not.
Long et al. (2011) recently investigated – through multiple and high-
speed cameras – the 3D particle trajectory and velocity during both
the impact, detachment, transport and deposition processes. In addi-
tion, the Discrete ElementMethod (DEM)was recently applied for a dy-
namic particle-scale numerical analysis of rainsplash erosion assuming
realistic rainfall intensities, and a range of both slope steepness and cap-
illary forces due to soil unsaturated condition (Cuomo et al., under
review).

Flow detachment, sediment transport and deposition are calculated
with a stream power based transport capacity equation (Govers, 1990;
Morgan et al., 1998); particularly, transport capacity TC (kg m−3) is:

Tc ¼ γsc ω−ωcð Þd ¼ γsc v � S−0:004ð Þd ð4Þ

where γs is the bulk density of solid grains (2650 kgm−3),ω andωc are
the unit stream power and critical unit stream power (m s−1) respec-
tively; S is slope gradient (m m−1); v is mean flow velocity (m s−1);
and c and d are empirically derived coefficients, depending on the tex-
ture median (d50) of the upper soil layers.

The flow detachment (Df, kg s−1) occurs as long as the transport ca-
pacity TC (kg m−3) is larger than the concentration of the suspended
sediments (C, kg m−3), provided that a soil strength threshold, related
to soil cohesion, is overcome:

D f ¼ Y TC−Cð ÞQ ð5Þ

where Y is a dimensionless efficiency factor that depends on soil cohe-
sion (Morgan et al., 1998) and Q is the discharge (m3 s).

Finally, deposition (Dp, kg s−1) occurs whenever the transport ca-
pacity is less than the total suspended sediment in the flow:

Dp ¼ w dx vs TC−Cð Þ ð6Þ

in whichw is the width of flow (m), and vs is the settling velocity of the
particles (m s−1).

A more detailed description of LISEM can be found in De Roo et al.
(1994, 1996a,b), De Roo and Jetten (1999), Jetten (2002, 2014), while
former applications are provided by Cuomo et al. (2015) and Hessel et
al. (2006).
3.2. Input and methods

Some experimental results of Section 2 were selected and simulated
through LISEM: i) the 127min long experiment performedbyBryan and
Rockwell (1998) (here named “test #1”); ii) the experiments with bare
soil (“test #2”) and 35% vegetation cover (“test #3”) performed by Pan
and Shangguan (2006); and iii) the experiment performed by Römkens
et al. (2002), with a decreasing rainstorm intensity sequence, a slope
angle equal to 9.65° and a medium surface roughness condition (“test
#4”).

The cell size of the Digital Terrain Model (DTM) is assumed to be
0.1 m for all the numerical simulations and the timestep is fixed at 0.2
times the cell size (with time in seconds and length inmeters, as recom-
mended by Jetten, 2002). For all the flume tests, rainfall and ground sur-
face are assumed homogeneous over the plot, and this hypothesis is
consistent with the experimental techniques commonly used for plot
preparation, which aim to provide a moderate spatial variability of
both initial soil water content and saturated hydraulic conductivity.
The Green–Ampt model is used for rainfall infiltration. For the flume
test at bare soil, the interception of vegetation and the root strength
are not considered; whereas, for vegetated plots, interception is derived
from the canopy storage equation implemented in the model for the
clumped grasses and assumed as function of Leaf Area Index (LAI). The
geometrical configuration and the simulated rainfall are summarized
in Table 1 for each selected experiment. The rationale of the numerical
simulation was to back-analyze the experimental evidence varying the
unknown parameters in the ranges available from the literature. Best-
fitting of the experimental results was done by trial-and-error and the
three best LISEM simulations of each flume test were labelled as “a”,
“b” and “c”, and they are presented in the following. Soil properties, sur-
face and vegetation characteristics (specific value or range) are reported
in Table 2. Depending on soil texture, saturated water content (θsat) is
selected in agreement with O'Brien (2009). Initial water content (θin)
and soil suction (ψ) are taken fromCuomoandDella Sala (2013) and re-
ferring to the laboratory conditions of each experiment. The saturated
hydraulic conductivity (ksat), soil cohesion (c) and Manning coefficient
(n) are adjusted taking into account the soil type and condition. The ag-
gregate stability that affects the rainsplash erosion is only considered for
the flume test “1”, assumed equal to 1.91 (Bryan and Rockwell, 1998).
For all the analyses, a moderate effect of random roughness is consid-
ered (RR = 0.05 cm) to account for the soil compaction during the
plot preparation, except for flume test “4” where RR is 0.1 consistently
with the experimental conditions. For flume test #3 on grassplots, the
leaf area index (LAI) and the additional cohesion by roots are chosen
in agreement with Bundela (2004).
3.3. Results and discussion

The computed water discharge and sediment concentration in time
are discussed for eachflume test, referring to three simulations – among



Table 2
Soil properties used in the LISEM simulations.

ID Soil Ground surface Vegetation

d50
(μm)

c
(kPa)

ψ
(kPa)

θin
(−)

θsat
(−)

ksat
(m s−1)

n RR
(cm)

As
(%)

LAI
(−)

Cover
(%)

ch
(m)

cohadd
(kPa)

1a 250 1 10 0.3 0.44 2.17E−05 0.0176 0.05 1.91 No vegetation
1b 250 50 10 0.3 0.44 2.17E−05 0.0176 0.05 1.91
1c 250 50 10 0.3 0.44 2.17E−05 0.01 0.05 1.91
2a 13 50 10 0.3 0.50 1.00E−06 0.0176 0.05 −1 No vegetation
2b 13 50 10 0.35 0.50 1.00E−06 0.0176 0.05 −1
2c 13 50 5 0.4 0.50 1.00E−06 0.0176 0.05 −1
3a 13 50 5 0.4 0.50 1.00E−06 0.0435 0.05 −1 6 35 0.07 3.32
3b 13 50 10 0.35 0.50 1.00E−06 0.0435 0.05 −1 6 35 0.07 3.32
3c 13 50 15 0.32 0.50 1.00E−06 0.0435 0.05 −1 6 35 0.07 3.32
4a 13 10 5 0.4 0.50 1.50E−06 0.008 0.1 −1 No vegetation
4b 25 10 5 0.4 0.50 1.50E−06 0.008 0.1 −1
4c 25 1 5 0.4 0.50 1.50E−06 0.008 0.1 −1

ID: (1) Bryan andRockwell (1998)— bare soil; (2) Pan and Shangguan (2006)— bare soil; (3) Pan and Shangguan (2006)— 35% grassland cover; (4) Römkens et al. (2002)— bare soil; the
labels “a”, “b”, and “c” refer to three LISEM simulations that well reproduce the selected flume tests (1, 2, 3, and 4).
d50: median diameter; c: soil cohesion; ψ: soil suction; θin: initial water content; θsat: saturated water content; ksat: saturated hydraulic conductivity; n: Manning coefficient; RR: random
roughness; As: aggregate stability; LAI: leaf area index; Cover: percentage of the plot covered by vegetation; ch: vegetation height; cohadd: additional cohesion by roots.
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all those performed –which best highlight the matching and the differ-
ences among experimental and numerical results.

The water discharges simulated for flume test #1 (Fig. 4) are almost
the same for all the simulations, while the sediment concentration has
different peak values. Nevertheless, both quantities reach a steady-
state condition once the maximum is reached. Themeasured water dis-
charge and sediment concentration increase in time, while this is not
reproduced by the model probably because the steady-state condition
is quickly reached for a low slope angle. On the other hand, the predict-
ed peak values (for both discharge and sediment concentration) are
Fig. 4. Comparison of experimental evidence with numerical results for flume test #1: (a)
water discharge and (b) sediment concentration.
comparable with those observed but the model underestimates the
times to peak of both the quantities.

The predicted water discharge and sediment concentration of test
#2 have a similar time-trend for all the simulations, and it is quite sim-
ilar to laboratory evidence (Fig. 5). The simulated water discharge,
which increases in time, well reproduces the laboratory measurements
(Fig. 5a) and the time to starting of the runoff is correctly simulated by
the model, especially for the case “2c” (Fig. 5a). Referring to the sedi-
ment concentration, the simulated trend immediately reaches the
peak value and then gradually decreases in time. Therefore, the
Fig. 5. Flume test #2: (a) water discharge and (b) sediment concentration versus time.
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observed water discharge is well reproduced by the model with refer-
ence to time trend and water discharge values; and, the predicted
peak value of sediment concentration and the time to peak are compa-
rable with those observed in the laboratory experiment.

For flume test #3, which differs from flume test #2 for the presence
of the vegetation cover, the results are shown in Fig. 6. The trend of the
simulated water discharge and the sediment concentration are similar
to those of flume test #3. By comparing experimental evidence and lab-
oratory results, it is possible to observe: i) that the simulated water dis-
charge and sediment concentration time trends are similar to those
measured during the experiments; and ii) a good agreement is found
for water discharges, runoff starting time, sediment concentration
values and times to peak.

For flume test #4 the results are shown in Fig. 7. In all the simula-
tions, the water discharge trend is similar whereas the sediment con-
centration changes in time. It is possible noting that: i) simulated
water discharge has the same trend as those observed during the first
part of the rain sequence. In the second part, the values are higher
than those observed and then, in the last part are slightly lower than
those observed; ii) the predicted sediment concentration trend is simi-
lar, but slightly earlier than those observed during the first part of the
rainfall sequence. The values are comparable with those observed in
the laboratory only in the third part.

More in general, the modelling of the selected flume experiments
allowed testing the physically-based LISEM and highlighting some lim-
itations and the potential of the model. As shown in Fig. 8 and Table 3,
the model well simulates the water discharge and sediment concentra-
tion trend for most of the selected flume tests. This aspect has already
been outlined by Rahmati et al. (2013) at basin scale. However, it is
worth noting that for schemes with lower slope angles (this is the
case of flume test #1, with 5° steepness), the differences between the
Fig. 6. Flume test #3: (a) water discharge and (b) sediment concentration.

Fig. 7. Flume test #4: comparison of experimental evidence and numerical results for (a)
water discharge and (b) sediment concentration.
experimental measurements and the simulated results are more em-
phasized. This deficiency of the model may be related to the difficulty
of the model to take into account the changes in the slope geometry
due to sediment deposition along the flume plot. Indeed, whether the
transport capacity of thewater flow is no longer sufficient, the sediment
tends to settle along the plot. For low slope angles, this process may be
relevant as the ground surface is much modified by deposition. Con-
versely, LISEM assumes the slope geometry (x, y, z) constant during
rainfall, neglecting the effect of sediment deposition in the time. On
the other hand, this approximation may be negligible when the model
is applied over large areas, as for mountain basins.

Despite previous uncertainties of numerical results, a good agree-
ment can be observed from comparison between the observed and pre-
dicted peak quantities. In Fig. 8a and Table 3, the ratio of the observed to
the predicted peaks of water discharge and sediment concentration is
shown for all the simulations. For both the quantities, the simulated
peaks are very close to those observed in the laboratory experiments,
except for low slope angle conditions (flume test #1) where water dis-
charge peak is overestimated and for flume #4where sediment concen-
tration peak is underestimated in two cases out of 3. This analysis
highlights that LISEM allows reasonably estimating the peak values of
water and sediment discharge, in agreement with Rahmati et al.
(2013), generally used as design parameters of erosion control works.
With reference to peak times of water discharge and sediment concen-
tration (Fig. 8b and Table 3), a good agreement was not found between
observed and predicted values for all the simulated flume tests except
for one case in flume#1. Referring to peak times of sediment concentra-
tion, a good agreement is obtained for flume test #4. For other flumes, at
least one case either over- or under-estimates time to sediment peak.
Therefore, these numerical analyses highlight that LISEMhas limitations
in properly assessing the peak times of water discharge and sediment



Fig. 8. Ratio of the observed and predicted values for: (a) water peak discharge and peak
time and (b) sediment concentration peak and peak time.
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concentration; better results are, instead, expected when LISEM is used
to simulate erosion and runoff on vegetated slopes.

A final comprehensive discussion of the quality numerical results to-
wards the observed values is proposed by computing the determination
coefficient (R2) as follows:

R2 xi; yið Þ ¼
X

i
xi−xð Þ yi−yð Þ

� �2
=
X

i
xi−xð Þ2 yi−yð Þ2 ð7Þ
Table 3
Comparison between observed and predicted peak values for water discharge and sedi-
ment concentration.

ID

Simulations Observation

Water discharge Sediment
concentration

Water discharge Sediment
concentration

Peak
(10−3

m3/s)

Peak
time
(min)

Peak
(g/l)

Peak
time
(min)

Peak
(10−3

m3/s)

Peak
time
(min)

Peak
(g/l)

Peak
time
(min)

1a 0.10 23.76 46.25 23.92 0.09 121.98 64.59 117.86
1b 0.10 23.76 43.02 23.98
1c 0.10 23.39 72.59 23.56
2a 0.02 54.50 62.78 5.27 0.01 361.08 212.68 2.04
2b 0.02 58.23 57.49 5.07
2c 0.03 53.11 51.80 2.08
3a 0.03 56.00 49.64 2.37 0.02 43.00 60.99 2.05
3b 0.02 59.81 55.90 5.27
3c 0.02 56.31 59.13 8.50
4a 0.03 45.80 224.40 7.80 0.03 45.00 324.89 19.21
4b 0.03 45.80 264.40 45.20
4c 0.03 45.60 321.20 46.20

1 Bryan and Rockwell (1998)— bare soil; 2 Pan and Shangguan (2006)— bare soil; 3 Pan
and Shangguan (2006)— 35% grassland cover; 4 Römkens et al. (2002)— bare soil. The let-
ters “a”, “b”, and “c” refer to three LISEM simulations that well reproduce the selected
flume tests (1, 2, 3, and 4).
where xi are the predicted values, yi are the observed values and x and y
are the mean values of the xi and, yi series data.

Four functions were referred to as: i) Peak water discharge, ii) Peak
of sediment concentration, iii) Time of peak discharge, and iv) Time of
peak sediment. Each function was normalised to the maximum value
of both observed and measured values. Thus, each plot of Fig. 9 was
composed of 12 points, comprised in the range from0 to 1;with the op-
timum simulation values lying on the line inclined 1:1. On the contrary,
values far from this line indicate a poor performance of the model for
those cases. For the Peak of water discharge (i) the points in Fig. 9 are
located quite well (R2 = 0.9345) along a line, which provides a moder-
ate overestimate of the observed values. Percentage differences among
observed and simulated values are lower than 10%, except for test #2.
This good performance of themodel is of relevance for practical applica-
tion since peak discharge is one important factor considered for design
of mitigation and protection works against flash floods. The points rep-
resentative of Peak sediment concentration (ii) are more dispersed
(R2= 0.5311) and aligned on the unsafe side for prediction as they pro-
vide an underestimation of the quantity of sediments transported along
the hillslope. Percentage differences among observed and simulated
values are lower than 30%, except for test #2. Thus, designers and deci-
sion-makers should be aware of this issue, assuming higher values of
Factor of Safety in design-related tasks. Finally, the Time of peak dis-
charge (iii) and Time of peak sediment concentration (iv) aremuch dis-
persed and indicate that the model is far from well predicting these
quantities.

4. Conclusions

Soil erosion is a natural process affecting either artificial or natural
slopes. Of major concern are those slopes where soil loss may reduce
the potential for agriculture, or high sediment discharge may cause
threats for populations at the outlet of catchments. Several quantitative
models exist to analyze rainfall-induced soil erosion. On the other hand,
reduced-scale laboratory tests allow observing the fundamental fea-
tures and the principal mechanisms of the erosion process, in the case
of moderate spatial variability of both initial soil water content and sat-
urated hydraulic conductivity. The combination of experimental tests
and numerical (physically-based) analyses is still a scientific gap to be
filled, and this paper focused on that. Particularly, the main goal of the
Fig. 9. Comparison between different normalised functions of observed and predicted
values.
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paper was to discuss the performance of a physically-based numerical
model in simulating well-documented runoff–erosion laboratory
flume tests, also highlighting the uncertainties one may expect for real
cases when applying numerical modelling of runoff and soil erosion to
a real catchment.

Four well-documented flume tests were selected, which investigate
the erosion of bare gentle slopes due to constant-intensity rainfall; the
behaviour of a steeper slope, bare or vegetated, under constant rainfall
larger than in the previous experiments; the role of a sequence of differ-
ent rainfall intensities (with the same cumulated rainfall), and different
surface roughness in gentle slopes. Those experimental tests were sim-
ulated through LISEM, awidely validated tool, which can take accurately
into account the slope geometry, rainfall characteristics, surface features
and vegetation cover.

The numerical results reproduce satisfactorily the global behaviour
of the experimental plots eroded by artificial rainfall in all the four
flume tests. The performance of LISEM is discussed in terms of the
ratio of the observed to the predicted peaks of water discharge and sed-
iment concentration. For both the quantities, the simulated peaks are
very close to those observed in the laboratory experiments, except for
low slope angle conditions where water discharge peak is
overestimated and for flume #4 where sediment concentration peak is
underestimated in two cases out of three. This analysis highlights that
LISEM allows reasonably estimating the peak values of water and sedi-
ment discharge, which are generally used as design parameters of ero-
sion control works. With reference to peak times of water discharge
and sediment concentration, this paper highlights that LISEM has limi-
tations in properly assessing the peak times of water discharge and sed-
iment concentration; better results are, instead, expectedwhen LISEM is
used to simulate erosion and runoff on vegetated slopes.

As a final remark, it is worth noting that while the results of this
paper allow assessing the performance and uncertainties of LISEM to-
wards quantitative estimates of solid discharge and concentration, the
spatial variability of both initial soil water content and saturated hy-
draulic conductivity is a relevant issue in real catchments, and further
uncertainties – even higher than those detected here – may be related
to either complex field conditions or limited data-sets.
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