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In coarse-grained, unsaturated soils, heavy rainstorms may cause either shallow landslides or superficial soil
erosion. The triggering of both of these phenomena is related to infiltration, runoff and overland flow, which
are key processes requiring investigation. In particular, the quantitative estimates of the sediment yield at the
outlet of mountain basins requires suitable physically based modelling. In this paper, the available approaches
to soil erosion analysis are first reviewed, and the capabilities and limitations of a physically based model are
then evaluated through a case study of two small mountain basins. The results obtained are in good agreement
with those in the literature and with specific field data from a test area. Specifically, for distinct, realistic rainfall
scenarios, soil suction is found to be a key factor in the spatial–temporal evolution of infiltration and runoff inside
a mountain basin, and soil suction and rainfall intensity greatly influence the total peak discharge of water and
sediments. The maximum volumetric concentration of sediments transported by water to the outlet of a moun-
tain basin is found to be primarily related to the basin's specific morphometry.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Rainfall increases the porewater pressure or soil water content of un-
saturated shallow soil deposits, and may induce different types of flow-
like mass movements (Hutchinson, 2004), including hyperconcentrated
flows (Costa, 1988; Coussot and Meunier, 1996) and first-time shallow
slides that turn into debris flows, the latter defined as “a very rapid to ex-
tremely rapid flow of saturated non-plastic debris in a steep channel”
(Hungr et al., 2001, 2012). Hyperconcentrated flows (Coussot and
Meunier, 1996) transport a smaller amount of solids, but the volumetric
concentration of sediments still exceeds 20%. The run-out distances and
consequences associated with debris flows and hyperconcentrated
flows differ greatly (Cascini et al., 2011a). Thus, discriminating between
these distinct flow types is fundamental to an accurate assessment of
source and propagation areas and to forecasting the potential damage
to urban areas located near the outlet of a mountain basin. It has particu-
lar relevance for coastal mountain basins where urban settlements are
often confined to alluvial fans or debris deposits.

First-time slides typically involve a soil mass that is several metres
thick through distinct potential triggering mechanisms (Cascini et al.,
2008), related to the specific hydraulic and static boundary conditions
at the ground surface or bedrock contact area (Cascini et al., 2010,
2012). Failure can be localised or diffuse, as observed in experimental
tests and reproduced in numerical models (Cascini et al., 2013). The
post-failure acceleration of a mobilised mass depends on the slope
; fax: +39 089 968732.
geometry, stratigraphy, soil mechanical behaviour and boundary condi-
tions (Cascini et al., 2013). A key issue in both failure and post-failure
slope analysis is the accurate analysis of transient pore water pressure
in saturated and unsaturated conditions. It is generally agreed in the lit-
erature that the solution of the Richards equation (Richards, 1931) is an
absolute requirement for such analysis (Cascini et al., 2010, 2011b).
First-time slides may or may not evolve into a debris flow, depending
on the post-failure behaviour of the soil (Cascini et al., 2013, 2014).

The effects of soil erosion extend to a few centimetres below the
ground surface. The mobilisation of solid particles resulting from rain-
drop impact, called rainsplash erosion, depends on the forces of that im-
pact (which depend on rainfall intensity) (Mouzai and Bouhadef, 2003),
soil mechanical properties, topography, vegetation and land use.
Rainsplash erosion in a mountain basin is generally diffused. The
mobilisation of solid particles, in contrast, is the result of overland
flow (known as overland flow erosion), and is related to flow velocity
and, in turn, to the tangential and uplift forces exerted on the ground
surface by water and the solid particles being driven by the flow
(Aksoy and Kavvas, 2005). Overland flow erosion may be diffuse
(sheet erosion) or localised into rills, gullies or channels (Merritt et al.,
2003). While the amount of water and sediment eroded from the
ground surface conveyed to an outlet basin is generally evaluated
from empirical relationships between the total peak discharge and sed-
iment volume (Rickenmann, 1999), 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 between the air pressure (ua) and pore
water pressure (uw), delays the runoff time and reduces the runoff
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discharge to the extent that the topsoil does not become fully saturated.
However, the runoff timemay be reduced to zero in heavy rainfall inde-
pendent of the initial soil suction. Heavy erosion processes lead to
hyperconcentrated flows at the basin outlet.

This paper addresses the current gap in the literature between theme-
chanics of unsaturated soils and the analysis of erosion in small basins
(b10 km2) composed of unsaturated soils. A relevant case study involving
hyperconcentrated flows is selected from a location in Southern Italy
where unsaturated, shallow soil deposits with high soil suction are sub-
jected to short, heavy rainfall. As the rainfall intensity is high compared
with the initial soil conductivity, the pore water pressure cannot increase
sufficiently to cause slope failure (Cascini et al., 2013; Cuomo and Della
Sala, 2013) and anypotentialflow-likemassmovements are exclusively re-
lated to soil erosion. Themechanics of unsaturated soil is used either to se-
lect from various distinct runoff–infiltration formulations or to evaluate the
mechanical parameters of the soil. Realistic rainfall scenarios are considered
and quantitative estimates are provided for either the extent of the eroded
areas or the total discharge (of water and sediment) at the outlet of basins.
The results obtained through numerical modelling are compared with
those in the literature and with specific in situ evidence.

2. Literature review

Several quantitative models have been proposed to date for rainfall-
induced soil erosion (e.g., Merritt et al., 2003; Aksoy and Kavvas, 2005;
de Vente and Poesen, 2005). These models can be grouped into three
main categories: empirical, conceptual and physically based models.

Empirical models are often used in the first step of analysis to iden-
tify the source areas of soil erosion, as these models require limited
input data (Merritt et al., 2003). Some of these models have been
established for geomorphological purposes, and others to predict or
model the loss of soil, mainly for agricultural or sedimentological
purposes. Such models include the well-known Universal Soil Loss
Equation (USLE; Wischmeier and Smith, 1978), which has been used
to obtain estimates for long-term expected soil loss in Europe and
Italy due to rill and interrill flow detachment erosion (van der Knijff
et al., 1999, 2000) and to analyse single-storm effects over large areas
(Cuomo and Della Sala, 2013). Several improvements to the original
USLE model have been made in the past few decades. For instance,
Ferro and Porto (2000) proposed the SEdiment Delivery Distributed
(SEDD) model, through which satisfactory agreement between mea-
sured and calculated yields of sediments eroded – both for specific
events and at a yearly rate – was obtained in three small experimental
basins in Southern Italy. Nevertheless, none of the empirical models
can account for the deposition and remobilisation of sediments.

Conceptual models involve general descriptions of catchment pro-
cesses without considering the specific details of process interactions
(Sorooshian, 1991). In this category, it is worthmentioning the AGricul-
ture NonPoint Source (AGNPS) model (Young et al., 1989). In two
medium-sized catchments in Central Europe (Rode and Frede, 1999)
and some mixed-forest catchments of Southeastern Thailand (Najim
et al., 2006), runoff volume evaluated using this model was consistent
with empirical observations; mobilised sediments were, however,
over-predicted. Themajor drawbacks of conceptual models are that cal-
ibration is site-specific and that soil mechanical properties and rainfall
characteristics are only taken into account indirectly.

Physically based approaches describe the features andmutual interac-
tions of all the main rainfall-induced processes in a catchment, such
as infiltration, runoff, rainsplash erosion, flow detachment and the trans-
portation/deposition/remobilisation of sediments. According to Merritt
et al. (2003), most physically based models refer to conservation equa-
tions for thewatermass, sediment yield and flowmomentumof themix-
ture. Thepotential of thesemodels is discussed in the literature. Satisfactory
estimates for runoff and sediment yieldwere achievedby Shen et al. (2009)
for a catchment in the ThreeGorges ReservoirArea (China) using theWater
Erosion Prediction Project (WEPP)model (Nearing et al., 1989). Themodel,
however, under-predicted the sediment yield experimentally measured in
the Apennines Mountain Range in Northern Italy (Pieri et al., 2007). Accu-
rate predictions for yearly runoff and soil loss based on the EUROpean Soil
Erosion Model (EUROSEM; Morgan et al., 1998) were reported by Veihe
et al. (2001) for some catchments in Central America, but poor estimates
were obtained for single-storm events.

One of the most promising of the physically based models is the
LImburg Soil Erosion Model (LISEM; De Roo et al., 1994, 1996a,b; De
Roo and Jetten, 1999; Jetten, 2002), which has been applied to small
(b10 km2; Hessel et al., 2003, 2006) and medium-sized (N50 km2;
Baartman et al., 2012; Rahmati et al., 2013)mountain basins. The poten-
tial of LISEM for analysing single-storm events is clearly indicated in the
literature. For instance, the discharge of water and sediments and the
time to peak have been accurately simulated (Hessel et al., 2006;
Rahmati et al., 2013). The major drawbacks of the model are that
distinct calibrations are required for small and large runoff events
(Hessel et al., 2003; Baartman et al., 2012), and that soil loss may
be overestimated (Hessel et al., 2006). However, the discrepancies ob-
served between the model and empirical observations may be the
result of a number of factors, for example, i) inaccurate input data; ii)
uncertainty in the measured field data; iii) the complexity of rainfall
events, soil types and land use; and iv) processes that are not incorpo-
rated into the model such as throughflow and baseflow.

It is evident that the analysis of single-storm events can provide
detailed information about soil erosion, that is, source, transportation
and deposition, when physically based models are used. Of those,
LISEM currently appears to be one of the most reliable models for soil
erosion analysis and is used here. However, the applicability to and
performance of LISEM in real cases remains to be fully assessed; these
issues are investigated in this paper with special reference to unsaturat-
ed soil conditions.

3. Case study

The case study area contains unsaturated, shallow deposits of pyro-
clastic (air-fall) volcanic soils (Bilotta et al., 2005; Cascini et al., 2008,
2010) derived from the explosive eruptions of Vesuvius (Southern
Italy) (Cuomo et al., in press). The eruption of 79 A.D. is famous because
the Roman city of Pompeii was completely buried in ash and pumice;
the last eruption of Vesuvius occurred in 1944. Pyroclastic soils mainly
consist of silty sands or sandy silts (ashy soils) and coarse sands or
sandy gravels (pumice soils). Details of the origin and later pedogenetic
processes of pyroclastic soils are provided by Guadagno et al. (2005),
and an advanced soil mechanical characterisation in saturated and un-
saturated conditions is given by Bilotta et al. (2005). In brief, pyroclastic
materials were ejected into the atmosphere during the volcanic erup-
tions, transported by the prevailing winds and deposited over a very
large area (about 3000 km2) that includes the Amalfi Coast (Cascini
et al., 2014; Cuomo et al., in press).

The Amalfi Coast corresponds primarily to a coastal carbonate ridge
(the Lattari Mountains). It is a UNESCO World Heritage site famous
for its natural beauty, and is visited by thousands of tourists every
year. In late summer, the Amalfi Coast is repeatedly affected by heavy
rainfall able to trigger widespread soil erosion that later becomes
hyperconcentrated flows (Cascini et al., 2014). Assessment of soil ero-
sion is thus fundamental to determining the risk posed to life and prop-
erty in the tourist sites located near the outlet of the mountain basins.

This paper focuses on two mountain basins, Dragone and Sambuco
(Fig. 1a), located in the western part of the Lattari Mountains. The
Dragone basin has an area of 9.3 km2 (and a perimeter of 15.7 km),
with a linearmain stream channel 6.5 km long. Awell-developed drain-
age network exists on the east side of the basin, with steeper hillslopes
and few drainage channels on the west side. The uppermost basin is
2 km wide with a narrow gorge 300 m wide at the outlet, where the
town of Atrani is located. The Sambuco basin has an area of 5.6 km2

with a 12.1 km perimeter, a main stream channel 5.3 km long and



Fig. 1. Dragone and Sambuco basins. a) Elevation contours and sub-basins (with drainage area A N 0.25 km2). b) Geomorphological map. 1) ridge; 2) open slope; 3) very steep slope;
4) zero-order basin; 5) V-shaped valley; 6) bedrock outcrop; and 7) alluvial fan (data from Autorità di Bacino Destra Sele, 2012).
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lateral hillslopes that are similarly regular. The outlet of the Sambuco
basin corresponds to the town of Minori.

Fig. 1a shows the shape and location of the catchments with drain-
age areas equal to or greater than 0.25 km2, here termed ‘sub-basins’,
obtained through an automatic procedure available within a GIS plat-
form (Calvello et al., 2012). As discussed by Calvello et al. (2013), such
sub-basins can be used as terrain zoning units (TZUs). In this paper,
the calculated eroded soil thickness is averaged for either the sub-
basins (21 and 11 for Dragone and Sambuco, respectively) shown in
Fig. 1a or the geomorphological units shown in Fig. 1b.

The geomorphology of the study area (Fig. 1b) mainly comprises
open slopes (sensu Cascini et al., 2008, 2011b) with average slope
angles of 15° to 40°. Zero-order basins (sensu Cascini et al., 2008,
2011b) are widespread in the uppermost portions of the hillslopes
and incised V-shaped valleys in the lower parts of the basins. Outcrops
of Mesocenozoic rocks and Quaternary continental deposits are com-
mon over the entire area and alluvial fans are also present.

The prevailing soil types can be schematised as follows: i) on the
ridges, pyroclastic soils deposited as falling ash, sand and pumice; ii)
Fig. 2. Landslide inventory map (a) and erosion map (b) for events on 25–26 October 1954 a
Autorità di Bacino Destra Sele, 2012).
along the hillslopes, mainly pyroclastic soils and debris deposited as
ash/pumice, with some slag and carbonate clasts relating to colluvial
processes; and iii) in the valleys, loosefluvial deposits of angular gravels
and pebbles. Soil thickness maps show that: i) soil deposits along the
hillslopes are a few metres thick (generally less than 2 m); and ii) the
soil thickness at the foot of the hillslopes may exceed 5 m.

Several past flow-type landslides and hyperconcentrated flows oc-
curred in the Dragone and Sambuco basins (Esposito et al., 2004;
Cascini et al., 2009, 2014; Papa et al., 2011, 2012). The last two major
events, described below, are used in this paper to compare – wherever
possible – the results fromnumericalmodelling and empirical evidence.

On 25–26 October 1954, rainfall of 504 mm in 8–16 h (within a
500 km2 area from Minori to Salerno) was recorded, with a maximum
rainfall intensity of 136.8 mm h−1 (recorded at Salerno, about 10 km
from the study area). Hydrological data are available from numerous
sources (Esposito et al., 2003, 2004; Tranfaglia and Braca, 2004;
Cascini et al., 2009; De Luca et al., 2010; Tessitore et al., 2011). Several
small, shallow first-time landslides and a 0.18 km2 landslide source
area (Fig. 2a) were triggered in the Sambuco basin, later propagating
nd 9 September 2010 in the Sambuco (Minori) and Dragone (Atrani) basins (data from
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as debris flows (Hungr et al., 2001), or channelised flow-type landslides.
Widespread soil erosion and hyperconcentrated flows were also ob-
served, based on descriptions in contemporary documents (Esposito
et al., 2004; Papa et al., 2011, 2012), because a specific map of the
erosion source areas is not available for this event. The total mobilised
volumewas about 300,000m3 and the peak discharge ofwater and sed-
iment at the outlet of the basin was about 58 m3/s according to Papa
et al. (2011, 2012). Three fatalities and damage to several buildings
and industries at the outlet of the Sambuco Basin (Minori Town) were
recorded.

On 9 September 2010, cumulative rainfall of 126 mmwas recorded
in about 3 h within a 100 km2 area between Agerola and Minori
(CEMPID, 2010). The maximum hourly intensity was 92.2 mm, as
recorded at Pimonte, 8 km from the study area. Slope instabilities and
superficial soil erosion (Fig. 2b) were triggered along the hillslopes and
in the valleys (Autorità di Bacino Regionale Destra Sele, 2010).
The total mobilised solid volume was estimated at 10,000 to
30,000 m3 (Autorità di Bacino Regionale Destra Sele, 2010; Bovolin,
2012; Ciervo et al., 2014) and peak discharge of water and debris at
about 65 to 100m3 s−1 (Bovolin, 2012; Ciervo et al., 2014). One fatality
and structural damagewere recorded at the outlet of the Dragone Basin
(Atrani Town).

It is worth noting that simulation of the source areas of the rainfall
infiltration-induced shallow landslides shown in Fig. 2a is beyond the
scope of this paper, which focuses on the runoff-induced erosion of
the ground surface. Nevertheless, those shallow landslides (Fig. 2a)
and erosion of the ground surface (Fig. 2b) occurred simultaneously
for the most part, and it is thus important to make a distinction.
4. Physically based modelling for the case study

4.1. Methods and inputs

The Dragone and Sambuco basins are investigated using LISEM
model (OpenLISEM, 2013a,b) for distinct, realistic rainfall scenarios.
The rainfall duration is assumed to be equal to 3 h, with the maximum
rainfall intensity in 30 min (I30) equal to 100 mm h−1 and the cumula-
tive rainfall equal to 126 mm. Various hyetographs, labelled Ea, Eb, Ec
and Em in Fig. 3a, with or without a rainfall storm (50 mm of rainfall
Fig. 3. Rainfall intensity–duration data (a) and soil water ch
in 30 min) being considered. The case of a single storm (E0) of 50 mm
of rainfall in 30 min is also considered.

Rainfall is assumed to be homogeneous over the entire study area; it
is also assumed that vegetation, land use and the absence of roads are
homogeneous. Vegetation can reduce soil erosion (Greenway, 1987;
Gisotti and Benedini, 2000; Bagarello and Ferro, 2006) through water
interception caused by the leaf system and additional cohesion from
the roots, but also leads to the development of micro-depressions in
the ground surface, with the consequent storage of rainwater. However,
as vegetation is sparse in the test area, the interception ofwater by crops
and vegetation is neglected in the numerical analyses. Accordingly,
the maximum canopy storage is assumed to be equal to zero, and
water storage in the ground surface micro-depressions minimal, and
rainsplash erosion is not considered. By making these assumptions,
the responses of the selected mountain basins are related only to the
rainfall hyetographs and the mechanical properties of unsaturated
soils, the main issues under investigation in this paper. Basin responses
are likely to be modified by spatial variability in soil properties, vegeta-
tion or land use, but this is beyond the scope of this paper.

Water infiltration is either assumed to be equal to the soil saturated
conductivity (i.e., runoff equals the amount of rainwater exceeding the
soil saturated conductivity) or is calculated using the Green–Ampt
model. This model is based on a simplification of the Richards equation
for 1D vertical water flow in a single soil layer, and the downwards
infiltration rate (f, mm h−1) is calculated as follows:

f ¼ −ksat
dh � θsat−θið Þ

F
þ 1

� �
; ð1Þ

where ksat is the saturated hydraulic conductivity (mm h−1); dh is the
sum of water pressure on the ground surface and soil suction at the
wetting front (mm); θsat is the saturated porosity and θi is the initial
moisture content below the wetting front; and 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 by the end of the infiltration process.

Hydraulic parameters for unsaturated soil are taken from the litera-
ture. Specifically, Fig. 3b shows the three soil water characteristic curves
used in the numerical analyses, chosen from those used by Cuomo and
Della Sala (2013) (hereafter these are labelled ‘upper’, ‘middle’ and
aracteristic curves (b) used for the numerical analysis.
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‘lower’). These curves have ksat of 1.8 to 540mmh−1,θsat of 0.37 to 0.66,
and θin of 0.08 to 0.49 for soil suction of 10–20 kPa. Various infiltration
depths are considered: 0.1, 0.2, 0.3 or 1.0 m.

Once an infiltration model has been chosen and the infiltration rate
calculated, the difference between the rate and the rainfall intensity is
the runoff. Runoff is routed downhill towards the catchment outlet
with a kinematic wave function. A detailed 5-m digital terrain model
(DTM) is considered, from which the direction of the local surface
drainage and maximum slope gradient are calculated at each cell, and
the position of the main catchment outlet is derived. An implicit four-
point finite-difference solution of the kinematic wave is used together
with Manning's equation, based on the numerical procedures of Chow
et al. (1988) and Moore and Foster (1990). The Manning coefficient is
assumed to be 0.08, which is within the range of 0.05–0.13 indicated
by O'Brien (2009) for sparse vegetation. The time step used in the
simulations is 5 s, which is appropriate for DTM cells equal to 5 m and
water flow velocities in the range of 0.5–5 m s−1 (Jetten, 2002). All of
the simulations have a full duration equal to the sum of the rainfall
duration (up to 3 h) and the hydrological delay time of the basin (not
greater than 70 min, as evaluated through standard hydrological
methods).

A generalised erosion–deposition formulation, as described in Smith
et al. (1995), Morgan et al. (1998) and Jetten (2002), is used. The
amount of sediment transported by the flow (e, kg s−1) is assumed to
be regulated by the transport capacity (TC) of the water flow. A stream
power-based transport capacity equation (Govers, 1990; Morgan
et al., 1998) is used to compute TC, which depends on the bulk density
of solid grains (Gs), slope gradient (S), mean flow velocity (v), and
texture median diameter (d50) of the topsoil. The e value is derived
from a continuous balance among rainsplash detachment (Ds), flow
detachment (Df) and sediment deposition (Dp), as follows.

e ¼ Ds þ Df –Dp: ð2Þ
Table 1
Input data and cases simulated in the numerical modelling.

ID⁎ Rainfall event^ Infiltration model+ ksat(mm h−1)

Dr02_Eb Eb ksat S. 28.8
Dr04_Em Em ksat S. 28.8
Mi09_Eb Eb ksat S. 28.8
Mi10_Em Em ksat S. 28.8
Dr21_Eb Eb ksat S. 28.8
Dr49_Eb Eb ksat S. –

Dr50_Eb Eb ksat S. 14.4
Dr51_Eb Eb ksat S. 7.2
Dr52_Eb Eb ksat S. 56.7
Dr55_Eb_middle Eb G.A. 18
Dr56_Eb_middle Eb G.A. 18
Dr57_Eb_middle Eb G.A. 18
Dr58_Eb_middle Eb G.A. 18
Dr59_Eb_middle Eb G.A. 18
Dr60_Eb_middle Eb G.A. 18
Dr61_E0_middle E0 G.A. 18
Dr62_Ea_middle Ea G.A. 18
Dr63_Eb_middle Eb G.A. 18
Dr64_Ec_middle Ec G.A. 18
Dr65_Em_middle Em G.A. 18
Mi66_E0_middle E0 G.A. 18
Mi67_Ea_middle Ea G.A. 18
Mi68_Eb_middle Eb G.A. 18
Mi69_Ec_middle Ec G.A. 18
Mi70_Em_middle Em G.A. 18
Dr74_Eb_lower Eb G.A. 1.8
Dr80_Eb_upper Eb G.A. 540
Dr87_Eb_middle Eb G.A. 6
Dr88_Eb_middle Eb G.A. 3.6

⁎ Dr: Dragone (Atrani) basin; Mi: Sambuco (Minor) basin; upper, middle, lower: Soil Water
^ E0, Ea, Eb, Ec, Em: rainfall events.
+ G.A.: Green–Ampt infiltration model. ksat S.: saturated conductivity subtraction infiltration
Df (kg s−1) occurs as long as TC (kgm−3) is greater than the sediment
concentration in the flow (C, kg m−3), provided that a soil cohesion-
related soil strength threshold is overcome and the amount of detached
material is proportional to the water discharge (Q). Dp (kg s−1) occurs
whenever TC b C, and is proportional to thewidth of the flow (w) and set-
tling velocity of theparticles (vs). Finally,Ds (kg s−1),which is the result of
rain droplet impact on the ground surface, can play a role in specific cases,
but is not considered here for the sake of simplicity.

In this paper, the eroded soil depth (zerosion, m) is computed by as-
suming that, inside each cell of the DTM, the erosion/deposition process
is homogeneous and that the computed amount of mobilised solid
grains constitutes a pre-erosion soil volume proportional to (1 − n),
where n is soil porosity:

zerosion tð Þ ¼ 1

L2 � 1−nð Þ � Gs

Zt

0

e dt; ð3Þ

where L (m) is the dimension of theDTM square cell, andGs (kgm−3) is
solid grain density.

With reference to the experimental results of Bilotta et al. (2005),
the soil mechanical properties are selected as follows: Gs equal to
2650 kg m−3, n equal to 0.5, d50 equal to 0.25 mm, and soil effective
cohesion (c′) equal to 0.2 kPa. Additional cohesion due to plant roots
is neglected because vegetation is sparse in the study area, and no
specific experimental results are available.

The simulated cases are listed in Table 1. The results of each LISEM
simulation are elaborated in terms of: i) transient variables at the outlet
of each basin, such as the total discharge (Qtot, m3 s−1) and volumetric
concentration of sediment (Cv, %), ii) the total peak discharge (Qtot

p ),
iii) the maximum volumetric sediment concentration (Cvmax) and iv)
the time to total peak discharge (tqtotp ). The final value of the eroded
soil depth is also mapped for each cell of the DTM.
θsat (−) θi (−) Soil suction (kPa) Infiltration depth (mm)

– – – –

– – – –

– – – –

– – – –

– – – –

– – – –

– – – –

– – – –

– – – –

0.51 0.351 10 100
0.51 0.290 20 100
0.51 0.351 10 200
0.51 0.290 20 200
0.51 0.351 10 300
0.51 0.290 20 300
0.51 0.290 20 100
0.51 0.290 20 100
0.51 0.290 20 100
0.51 0.290 20 100
0.51 0.290 20 100
0.51 0.290 20 100
0.51 0.290 20 100
0.51 0.290 20 100
0.51 0.290 20 100
0.51 0.290 20 100
0.37 0.08 20 200
0.66 0.42 20 200
0.51 0.290 20 1000
0.51 0.290 20 1000

Characteristic Curves (SWCC).

model.
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4.2. Results and discussion

The responses of theDragone and Sambuco basinswere investigated
for different rainfall intensities: high (Eb) and low (Em). The simplest
infiltration model (ksat subtraction) and ksat = 28.8 mm h−1 were first
considered. Soil conductivity was expressed in mm h−1 for ease of
comparison with rainfall intensity. The results obtained are shown in
Fig. 4, where the labels refer to the list of cases in Table 1.

Amajor similarity between the two basinswas tqtotp for heavy rainfall
Eb (Fig. 4a). Conversely, Qtot

p values were quite different (Fig. 4a),
especially for Eb at 125 and 220 m3 s−1, respectively, for Sambuco and
Dragone. Cvmax also differed significantly: 25% for the Dragone basin
independently of rainfall intensity, but 16% for Em and 20% for Eb at
the Sambuco basin (Fig. 4b).

Other values of soil saturated conductivity (57.6, 28.8, 14.4, 7.2
and 0 mm h−1) for Eb were considered; the results for the Dragone
basin are shown in Fig. 4c,d. For high soil conductivity (28.8 or
57.6 mm h−1), the total discharge increased sharply at the start of a
rain storm. The lower the soil conductivity, the higher the total peak
discharge and the faster the maximum sediment concentration was
reached. However, Cvmax was independent of soil conductivity for the
Dragone basin.

The relationships among Qtot
p , Cv and soil mechanical characteristics

were further investigated with unsaturated soil properties included in
the numerical analyses. The Green–Ampt infiltrationmodel was consid-
ered for the Dragone basin, rainfall type Eb, and the “middle” soil water
characteristic curve (see Section 4.1). ksat = 18mmh−1 and θsat = 0.51
were kept constant in the numerical analyses and different cases were
considered, as listed in Table 1: i) an initial soil suction (ua − uw)
equal to 10 or 20 kPa with corresponding initial water contents of
θi = 0.35 and 0.29, and ii) z = 0.1, 0.2 or 0.3 m. Cases in which z =
1 m and ksat = 6 or 3.6 mm h−1 were also considered.

The simulated response of the Dragone basin (Fig. 5a,b) consisted
mainly of an abrupt increase in total discharge (Qtot) beginning after a
Fig. 4. Total discharge of water and sediment (a, b) and volumetric concentration of sediment (
different rainfall hyetographs and soil conductivity values listed in Table 1.
heavy rainfall storm occurred (t = 60 min). The lower the suction or
the soil thickness, the higher the total peak discharge, the faster
the maximum solid concentration was reached and the longer this
value was maintained. As an exception, for z = 0.3 m and ua − uw =
20 kPa, the total discharge began to increase after the rainstorm (t =
110 min). For the same soil suction and a soil depth of 1 m, the total
peak discharge decreased with soil conductivity and the time to peak
was delayed.

Other soil characteristic curves (‘lower’ and ‘upper’; see Section 4.1)
were also considered, for rainfall type Eb, a soil suction of 20 kPa and a
soil thickness of 0.2 m. Fig. 5c,d provides a comparison of the results
obtained. Two different responses were indicated by the shape of the
discharge-time plot: i) an abrupt increase in the total peak discharge
and a maximum peak discharge for the ‘middle’ characteristic curve;
ii) a two-peak trend in the discharge-time plot for the ‘lower’ character-
istic curve (the first peak occurring at the end of a heavy storm and the
second peak after rainfall has finished). However, in all of the simulated
cases, Cvmax was about 25%.

Finally, a number of selected scenarios were compared for each
basin. A single set of soil hydraulic properties was used: ksat =
18 mm h−1, θsat = 0.51, θi = 0.29 (corresponding to 20 kPa), and z =
0.1 m. The results can be summarised as follows. A short, heavy rain-
storm (E0) produced different effects depending on the basin mor-
phometry. No runoff was simulated at the outlet of the Dragone basin,
while a total peak discharge of 155 m3 s−1 was simulated for the
Sambuco basin. The hyetograph shape, or the specific temporal se-
quence of high and low intensities such as Ea, Eb or Ec, strongly affected
the discharge-time plot and the time to peak discharge, while the
particular hyetograph shape had no effect on the maximum sediment
concentration, which was almost the same for both basins and for all
the three cases. For both basins, the worst combination of peak dis-
charge andmaximumconcentrationwas caused by rainfall hyetographs
Eb and Ec. Specifically, in the first stage of both of these hyetographs,
moderate rainfall gradually reduced the hydraulic gradient in the
c, d) simulated at the outlets of the Dragone (Atrani) and Sambuco (Minori) basins for the



Fig. 5. Total discharge of water and sediment (a, b) and volumetric concentration of sediment (c, d) simulated at the outlets of the Dragone (Atrani) and Sambuco (Minori) basins for the
different scenarios of initial soil suction and soil depth and different soil water characteristic curves shown in Table 1.
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soil, which was high due to initial high suction below the ground sur-
face, and reduced the rainwater infiltration. A heavy rainstorm then
mobilised a considerable amount of sediment, due to the high rainfall
intensity. Finally, the maximum sediment concentration was found to
bemore dependent on the basinmorphometry than on the hyetograph:
for the Dragone (Atrani) basin, Cv was 25% for any simulated case, while
for the Sambuco (Minor) basin it was 16–21%, depending on the
hyetograph. This result can be explained by considering that many
morphometric features of amountain basin, such as the spatial distribu-
tion of the slope gradient (S), length of the drainage network and
presence of concavities or incise channels, are directly related to flow
detachment (Df) and sediment deposition (Dp) (Fig. 6).

Validation of these results was carried out through a twofold com-
parison with in situ observations. The total eroded volumes simulated
for the Dragone and Sambuco basinswere plotted against the simulated
peak total discharge and compared with the in situ evidence (Fig. 7a)
available from observations of the 1954 and 2010 events (Autorità di
Bacino Regionale Destra Sele, 2010; Papa et al., 2011, 2012; Bovolin,
2012; Ciervo et al., 2014; see Section 4.1). Fig. 7a demonstrates a satis-
factory agreement between the proposed physically based modelling
and the values available in the literature. A specific back-analysis of a
past soil erosion event is beyond the scope of this paper, which instead
aims to verify and discuss the ability to accurately analyse soil erosion
using the physically based model selected.

The results obtained for the Dragone and Sambuco basins were also
compared with the regression lines of empirical observations (Fig. 7b)
of past debris flows in basins at other sites (Mizuyama et al., 1992;
Jitousono et al., 1996; Bovis and Jakob, 1999; Rickenmann, 1999;
Jakob, 2005). The quality of the regression obtained for each dataset is
reported in Table 2, together with those available from the literature.
Of note is that the points (Qtot

P , Vs), which represent the total peak
discharge versus the volume of eroded sediment, as simulated for the
Dragone and Sambuco basins in the cases listed in Table 1, match the
linear empirical regressions provided by the literature reasonably well.
Table 2 also shows a poor empirical correlation of Qtot

P and Vs in small
basins such as those of this case study, highlighting the value of physi-
cally based numerical modelling. It is worth noting that the so-called
“debris flows” in Fig. 7b are derived from runoff-induced erosion of
the ground surface, not from shallow landslides, and can thus be treated
through the samemechanics andmathematical model as those used for
hyperconcentrated flows.

Further insights are obtained in terms of the eroded soil depth and
spatial distribution of the eroded areas. First, themaximum total eroded
volumewas simulated for different rainfall scenarios in theDragone and
Sambuco basins: Eb in the former and Em in the latter. The specific
spatial distribution of slope angles and drainage networks was key to
the response of a mountain basin, as previously found for the total
peak discharge and time to peak. Fig. 8 shows the eroded soil depth
(defined in Eq. (3)) as averaged values in the sub-basins of Figs. 1a
and 8a,b, and geomorphological units of Figs. 1b and 8c,d. Fig. 8a,b
shows that in 14 out of the 21 Dragone sub-basins, an average eroded
thickness greater than 0.10 m was mobilised for rainfall Eb, while a
similar average thickness of eroded soil occurred in six out of 11
Sambuco sub-basins for rainfall Em. It is clear that a finer spatial
discretisation can be adopted to obtainmore detailed numerical results,
using either smaller sub-basins or the geomorphological units of Fig. 1b.
Fig. 8c,d shows that the geomorphological units most affected in any
simulated case are V-shaped valleys and steep slopes (see Fig. 1b). In
these areas, the amount of sediment mobilised depends on the local
slope angle at each cell of the DTM. In zero-order basins or hillslopes,
however, the eroded soil thickness depends on the rainfall hyetographs.
For these geomorphological units, the use of a quantitative physically
based model may help in assessing the areas that are most susceptible
to soil erosion. Of interest here is that the simulated eroded landforms
in the Sambuco basin (Fig. 8c,d) match those observed in 2010
(Fig. 2b) reasonably well. Conversely, soil deposition is computed as
negligible (b0.02 m) throughout the Dragone (Atrani) and Sambuco
(Minori) basins for all of the modelled storms, primarily because
of the widespread presence of steep slopes and absence of plains or
flat areas.



Fig. 7. Total peak discharge and volume of eroded sediment simulated for all of the cases
listed in Table 1, comparedwith field data for the test area (a) andwith case histories from
the literature (b) (1 and 4: Mizuyama et al., 1992; 2 and 6: Bovis and Jakob, 1999; 3:
Rickenmann, 1999; 5 and 7: Jitousono et al., 1996).

Fig. 6. Total discharge ofwater and sediment and volumetric concentration of sediment for theDragone (Atrani) (a, b) and Sambuco (Minori) basins (c, d) for several select cases shown in
Table 1.
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5. Concluding remarks

In coarse-grained, unsaturated soils, heavy rainstorms may cause
either shallow landslides or superficial soil erosion. Infiltration, runoff
and overland flow are key processes to be investigated. In addition,
proper physically basedmodelling is required for quantitative estimates
of the sediment yield at the outlet of mountain basins.

This paper first discusses the types of quantitative model available
for the analysis of soil erosion. A case study of two small mountain
basins (Campania region, Southern Italy) that have been affected by
flow-like mass movements is then used to assess the potential and lim-
itations of a physically based model. Distinct, realistic rainfall scenarios
are used for this purpose.

The results suggest that soil suction is a key factor in the spatial–tem-
poral evolution of infiltration and runoff in a mountain basin. The total
peak discharge of water and sediment is heavily dependent on soil suc-
tion and rainfall intensity. The higher the degree of soil suction, the less
the peak discharge because such suction favours rainfall infiltration. Sim-
ilarly, the greater the rainfall intensity, the greater the peak discharge. For
Table 2
Relationships between the total peak discharge and volume of eroded sediment from the
literature and as obtained in this paper.

ID Regression equation N R2 Reference

1 Qtot
P = 0.135Vs

0.780 50 n.a. Mizuyama et al., 1992
2 Qtot

P = 0.0188 Vs
0.790 100 n.a. Mizuyama et al., 1992

3 Qtot
P = 0.00558 Vs

0.831 200 0.81 Jitousono et al., 1996
4 Qtot

P = 0.00135 Vs
0.870 100 0.95 Jitousono et al., 1996

5 Qtot
P = 0.003 Vs

1.01 n.a. n.a. Bovis and Jakob, 1999
6 Qtot

P = 0.04 Vs
0.90 n.a. n.a. Bovis and Jakob, 1999

7 Qtot
P = 0.1 Vs

0.833 145 n.a. Rickenmann, 1999
8 Qtot

P = 0.0213 Vs
0.7738 29⁎ 0.54 This study

N: number of the observed debris flows; R2: coefficient of determination; and n.a.: not
available.
⁎ Number of numerical simulations.



Fig. 8.Map of the average erosion depths in the sub-basins in Fig. 1a (a, b) and geomorphological units in Fig. 1b (c, d) for the Eb and Em rainfall hyetographs.
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the same cumulative rainfall, different sequences of high and low rainfall
intensity strongly affect the time–discharge relationship at the basin out-
let without significant variation in the maximum volumetric concentra-
tion of sediment. That concentration is found to be primarily related to
the basin morphometry, which includes many of the features directly re-
lated to the chances of sediment detachment such as the spatial distribu-
tion of the slope gradient and presence of channels.

The results are in good agreement with field data available for the
test area and from the literature. Accurate quantitative soil erosion
analyses can thus be performed with confidence for either back-
analysis or forecasting.

The limitations of the proposedmodellingmainly relate to the use of
a simplified hypothesis that assumes some input data to be homoge-
nous over the entire test area; nevertheless, the findings are easily
exportable to other sites. A further issue deserving investigation is a
more rigorous seepage analysis in unsaturated conditions, which was
addressed in this paper through a simplified approach.
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