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Rainfall-induced channelised landslides of the flow type may reach high velocities and travel large run-out dis-
tances. The proper modelling of the propagation stage is fundamental to risk analysis andmanagement. The cor-
rect selection of mass rheology is fundamental to this procedure, and the variation of pore water pressures and
bed entrainment along the landslide path must also be properly taken into account. All of these processes can
be consistently simulated through a quasi-3D (depth-integrated) coupled SPH model. In this study, such a
model is applied to a relevant case history from Southern Italy for which an advanced dataset is available. The
numerical results provide a satisfactory back-analysis of the case history and clearly indicate that the bed entrain-
ment rate and the extent of the erodible areas affect the propagation paths, the velocities and the deposition
heights. On the basis of the results, general insights into this type of landslide are discussed with reference to
different hypotheses for propagation modelling.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Velocities, heights and percentages of water and debris are spatially
distributed quantities in a landslide of the flow type (Hungr et al., 2001).
They may be distributed either along the path or in a vertical direction.
The propagation stage is difficult to analyse as relevant parameters such
as viscosity, soil friction angle or other rheological parameters and pore
water pressures cannot be simply measured in full-scale examples and
direct measurements are rarely available for real cases. These analytical
difficulties exist even for channelised landslides (Hungr et al., 2001)
that propagate in ‘V’ shaped channels with steep flanks, independently
of the triggering mechanisms occurring in the source areas (Fig. 1). For
instance, Fig. 1a shows a landslide source area located at the upper limit
of the channel, as in the case of zero order basins (Cascini et al., 2008a).
Alternatively, the landslide source areamay be lateral to the upper limit
of the channel (Fig. 1b). In either case, the propagation stage can be
schematised as follows: i) at the entry of the channel, the height and ve-
locity of the propagating mass increase and this effect is stronger if two
or more propagatingmasses join together; ii) along the channel, a great
amount of material is available for bed entrainment during heavy rain-
storms, and the channel may also provide water to the propagating
masses, which will then fluidise, even without static liquefaction in
the landslide source areas; iii) at the exit of the channel, the mass may
stop or propagate further; in the latter case, the propagation direction
is not known a priori and mass bifurcation may occur along secondary
branches with different run-out distances travelled along each path;
; fax: +39 089 968732.
and iv) at the piedmont, deposition takes place where the channel
terminates, i.e. where the longitudinal slope angle sharply decreases
and cross sections are progressively wider and less deep (Fig. 1).

Bed entrainment is a crucial process increasing the landslide volume
and modifying the mass velocities along the whole landslide path(s). It
is worth noting that landslide volume is a factor promoting the travel
distance (Rickenmann, 2009), whereas bed entrainment absorbs mo-
mentum from the sliding/propagating mass and should reduce the
run-out distance. However, this interplay also depends on other factors.
In fact, mass velocities (and heights) determine the capability of a land-
slide to entrain furthermaterial and, in turn, the total entrained volume.
Consequently, the percentages of water and debris change over time
and so does the mass rheology. Bed entrainment also affects pore
water pressures in different ways depending on slope morphology,
e.g. confined/not confined flow. Therefore, bed entrainment and propa-
gation are coupled processes that should be analysed within a unified
mathematical framework. However, this interplay is not clearly
addressed and modelled in the current literature.

Relevant examples of channelised landslides of the flow type are
available fromBritish Columbia (Canada), France, HongKong, Japan, Or-
egon (USA) and Switzerland (Iverson, 1997; Rickenmann et al., 2003;
Pastor et al., 2007; Crosta et al., 2009; Hungr and McDougall, 2009;
Quan Luna et al., 2012). It is worth noting that channelised landslides
can be classified as ‘flowslides’ (Hungr et al., 2001) when liquefaction
occurs in the source areas; otherwise, they can be simply referred to
as ‘debris flows’ (Hungr et al., 2001). The prediction of propagation pat-
tern(s), run-out distances, velocities and heights can reduce losses as it
provides a means for i) defining the hazardous areas and estimating
the intensity of the hazard (which serves as input in risk studies) and
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Fig. 1. Schematic illustration of channelised landslide of the flow type with different configurations of the source area: (a) at a channel head; (b) at a side slope of a channel.
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ii) working out the information for the identification and design of
appropriate mitigation strategies (Fell et al., 2008).

This study addresses the issues discussed above and provides a
numerical tool for an advanced propagation analysis that considers
the effects of porewater pressures and bed entrainment along the land-
slide path. A hydro-mechanical coupled depth-integrated SPH model is
used to simulate the key processes of the propagation stage. The
potentialities and drawbacks of this approach are tested in a real case
history for which an accurate dataset is available. The obtained results
provide some general insights into different hypotheses for propagation
modelling.

2. Literature review

Several methods have been developed to analyse either landslide
propagation or bed entrainment. They can be grouped into empirical,
analytical and mixed approaches.

Empirical methods are based on field observations and identify rela-
tionships between landslide volume, local morphology, presence of ob-
structions and landslide run-out distance. The availability of landslide
datasets has encouraged statistical (bivariate andmultivariate) analyses
that point out indexes directly (or indirectly) related to landslidemobil-
ity. To date, these empirical models have provided an estimation of run-
out distance that can be correlated to i) the amount of the unstable
volume (Corominas, 1996) and ii) the features of landslide source
areas (e.g. width/length ratio and depth of slip surface) or slope mor-
phology (Cascini et al., 2011). These approaches are commonly used
for the back-analysis of case histories; they capture the global observed
behaviour (highmobility) of these landslides, but disregard crucial local
effects (e.g. diversions and/or bifurcations). Different hypotheses
have been formulated for the entrainment onset: i) velocity threshold
(Bozhinskiy and Nazarov, 1999), ii) dependency on slope angle
(Brufau et al., 2000; Egashira et al., 2000, 2001; Papa et al., 2004); and
iii) correlation with landslide volume (Chen et al., 2006). Alternatively,
the so-called ‘erosion rate’ (er) may be invoked, which is defined as the
time derivative of the ground surface elevation and is equal to the time
derivative of the soil depth of the propagating mass when other causes
are not in play. The erosion rate can be modelled as proportional to the
product of velocity (v) and propagation height (h). In this case, it is con-
venient to refer to the ‘landslide grow rate’ (Er), which is independent of
the flow velocity. Once assigned an Er, the amount of bed entrainment
depends on both the height and velocity of the propagating mass at
each point of the landslide path. er and Er are related by the equation

er ¼ Er � h � v: ð1Þ
Takahashi (1991) relates Er to two factors: the solid concentration of
the propagating mass and the availability of solid particles along the
landslide path. However, Hungr (1995) relates Er to the initial and
final landslide volume and to the travelled distance (L) in the following
way:

Er ¼
ln V final=V initialð Þ

L
ð2Þ

where Vinitial = the volume entering an erodible zone of the slope, and
Vfinal = the sum of the initial volume and the entrained material.
Ghilardi et al. (2001) propose more complex formulations in which
the growth rate depends on the solid concentration, slope angle and
shear strength of the eroded material.

Analytical methods simulate the landslide propagation using
physically-based equations derived from solid and fluid dynamics
(Pirulli and Sorbino, 2008; Hungr and McDougall, 2009; Pastor et al.,
2009). Thus, velocity and height are provided alternatively at (i) each
point of a given domain in Eulerian-formulated models or (ii) each
point of the propagating mass for Lagrangian approaches. The three
main categories of the Lagrangian approaches are i) block (‘lumped
mass’) models, ii) two-dimensional models that look at a typical section
profile of the slope, neglecting the width dimension, and iii) three-
dimensional models treating the flow of a landslide over an irregular 3D
terrain.Most of themodels belonging to the latter two categories are sim-
plified by integrating the internal stresses in either the vertical or bed-
normal direction to obtain a form of St. Venant equation. Then, the
governing equations are solved using numerical methods such as finite
difference (O'Brien et al., 1993), finite element (Pastor et al., 2002,
2004), finite volume (Pirulli and Sorbino, 2008; Pirulli and Pastor, 2012)
or smooth particle hydrodynamics (SPH) (Pastor et al., 2009). Among
the governing equations, the rheologicalmodel poses important scientific
and practical difficulties; rheological parameters can often only be obtain-
ed from the back-analysis of case histories, and thus simple models are
preferred because a limited number of parameters can be constrained
more easily. It is worth noting that only a few models schematise the
propagating mass as a mixture of solid grains and pores, thus providing
information on pore water pressures in space and time (Pastor et al.,
2011).

Analytical approaches to bed entrainment analysis require a proper
rheological (or constitutive)model for the behaviour of the interface be-
tween the propagating landslide and the ground surface. Bed entrain-
ment is also related to flow structure, density, size of particles and
how close to failure the effective stresses at the ground surface are. To
the authors' knowledge, there are very few analytical models for bed
entrainment in the current literature. Medina et al. (2008) relate er to
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factors such as i) landslide velocity, ii) shear stressmobilised at the base
of the propagatingmass, iii) slope angle, and iv) unitweight of the prop-
agating material. Recently, Quan Luna et al. (2012) have proposed a 1D
analyticalmodel for erosion assessment based on limit equilibrium con-
siderations and the generation of excess pore water pressure through
undrained loading of the in-situ bed material; similar approaches
could provide fully realistic results if extended to 3D conditions. Analyt-
ical approaches have rarely been implemented in numerical codes and
thus their application to real case histories is still limited.

Finally, mixedmethods combine analytical methods for propagation
and empirical methods for bed entrainment. Mixedmethods have been
recently applied by Guadagno and Revellino (2005), Pastor et al. (2007,
2009) and Hungr and McDougall (2009) to landslides of the flow type.
All of these contributions refer to the empirical erosion law of Hungr
(1995) and it is worth comparing their back-analysed values of Er,
which span a wide range of values (2.5 × 10−4 to 8.2 × 10−3, Table 1)
due to differences in site conditions and soil properties. However, the
estimated entrainment coefficients in these analyses also depend on
both the chosen rheological model and the calibration procedure for
the rheological parameters. Therefore, further applications of numerical
approaches to real case histories are necessary to better assess the
potential bed entrainment during the landslide propagation stage.
Therefore, in this study a relevant case history from Southern Italy is
analysed.

3. The case study

3.1. May 1998 event

Landslides of the flow type frequently affect the pyroclastic soils
(Bilotta et al., 2005) that originate from the explosive activity of the
Somma–Vesuvius volcano in the Campania region (Southern Italy);
they propagate as debris avalanches along open slopes (Cascini et al.,
2013a, in press) or as debris flows if channelised (Cascini et al., in press).

The most recent catastrophic disaster occurred on 4–5 May 1998
(Fig. 2) when more than a hundred slope instabilities occurred at
the Pizzo d'Alvano massif (N 40°50′33.54″, E 14°38′20.86″); tens of
flow-type landslides were triggered and travelled down to the
towns of Bracigliano, Quindici, Sarno and Siano, located at the toe of
the massif (Cascini, 2004, 2005; Guadagno et al., 2005; Cascini et al.,
2008a). Twomillionm3 of material weremobilised, leaving 159 victims
and causing 500 million euros of damage to buildings and infrastruc-
ture (Cascini, 2004).

The enormity of these events led to increased scientific research.
Cascini et al. (2008a) point out that the landslide sourceswere primarily
located on the upper parts of the hillslopes and the failures were associ-
ated with six triggering mechanisms. In relation to these mechanisms,
either zero order basins or open slopes and flanks of gullies were affect-
ed, as discussed by Cascini et al. (2008a). It is worth observing that the
triggering mechanisms caused landslides with a wide range of volumes
(200 to 70,000 m3) and different propagation scenarios. Furthermore,
Table 1
Rheological parameters and landslide growth rates estimated from the back-analyses of real ca

Case history Rheological
model

Numerical
approach

Southern Italy, 1998a Frictional (pw) Quasi 3D
Northern Italy, 2004b Voellmy
Hong Kong, 2005b Quasi 3D
Southern Italy, 1998c Quasi 2D
Hong Kong, 2000b Voellmy Quasi 3D

a Pastor et al. (2009).
b Pastor et al. (2007).
c Revellino et al. (2004).
Cascini et al. (2008b, 2010, 2013a) highlight that, independent of the
triggering mechanisms, unsaturated soil conditions existed at failure
onset and the height of the water table was lower than half of the soil
thickness when failure occurred. It is also worth noting that the
involved pyroclastic soils have high effective friction angles equal to
32–42° (Bilotta et al., 2005; Cascini et al., 2010), but due to post-
failure phenomena such as static liquefaction or mechanical instability
(Cascini et al., 2013a, 2013b), and the related build up of pore water
pressure, they may acquire high mobility and travel dramatically long
distances.

In their studies of the propagation stage, Pareschi et al. (2002) and
Budetta and de Riso (2004) heuristically correlate the observed heights
of fall (H) and run-out distances (L) using linear functions. Di Crescenzo
and Santo (2005) also associate H with the length of the deposition
zone. Cascini et al. (2011) conclude that i) the location of the source
areas affects the landslide reach angle (H/L) with higher values in the
northwest sector of the massif (i.e. Quindici and Bracigliano) than in
the southern sectors (i.e. Sarno and Siano); ii) the triggeringmechanism
and type of landslide source areas influence either H/L or L; iii) multiple
landslides, i.e. those joining along the propagation path, have larger L
and lower H/L values; and iv) paved roads and channels (located in
the piedmont areas) significantly increase L.

In all the above heuristic methods, the analysis of the landslide ve-
locities (and heights) is not explicitly accounted for. However, landslide
velocities of 3–20 m s−1 have been indirectly estimated by Faella and
Nigro (2003) through the back-analysis of the damage/destruction
mechanisms for the damaged buildings in the piedmont areas. Consis-
tent with these results, Revellino et al. (2004) identify typical velocities
of 5–15 m s−1 by correlating landslide velocity and flow super-
elevation in the channel bends. Revellino et al. (2004) also argue that
a satisfactory back-analysis can be obtained by applying the 1D mathe-
matical model proposed by Hungr (1995) and assuming i) propagating
mass as an equivalent medium, ii) a Voellmy rheological mode, and
iii) an erodible ground surface along the landslide path. By performing
a more accurate analysis, Pastor et al. (2009) propose a quasi-3D nu-
merical model based on the following assumptions: i) the propagating
mass is a mixture of solid and water, ii) a friction rheological model,
and iii) the pore water pressures change in space and time due to verti-
cal consolidation. They show that run-out and velocity are strongly
affected by the initial pore water pressure, vertical consolidation coeffi-
cient and initial height of the water table in the landslide source areas.
The latter factor can be obtained from in-situ measurements if available
at the failure time, or from slope stability analyses, and it is strongly de-
pendent on the triggering mechanism as discussed by Cascini et al.
(2008b, 2010, 2013a). Furthermore, the consolidation process during
propagation is responsible for modifying the final run-out distance
and it strongly affects the piedmont of the hillslopes, where gravitation-
al forces and propagating heights decrease (Pastor et al., 2009).

Despite themany studies of theMay 1998 landslides, the role of bed
entrainment has not been properly addressed and it is still a controver-
sial issue. Cascini (2004) observes that the initial landslide volume
se histories.

Volume (m3) Landslide growth
rate Er (m−1)

Initial Final

50,000 50,000 0
2.2 million ≈2.2 million 2.5 × 10−4

1025 1175 6.0 × 10−4

157 to 10,573 7996 to 398,171 1.1 × 10−3 to 7.1 × 10−3

150 1600 8.2 × 10−3



Fig. 2. Overview of the 1998 Pizzo d'Alvano landslides with locations of the selected basins in Sarno and Quindici.
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increased during the propagation stage due to bed entrainment in the
channel and, in some cases, incorporation of minor slides mobilised
along the flanks of the channels. Specifically, according to Cascini et al.
(2005a), bed entrainment amplified the triggered volumes by a factor
of 1.5 during the propagation of the largest landslides in May 1998.
Conversely, Revellino et al. (2004) emphasise that bed entrainment
plays an important role in both the source and propagation areas, and
that bed entrainment is responsible for a 30-fold increase in landslide
volume. In addition, Pastor et al. (2009) successfully interpret the prop-
agation pattern of a flowslide by disregarding the bed entrainment
while considering the role of pore water pressure. Due to these
Fig. 3. Selected mountain basins and overview of the landslides that occurred
conflicting observations, further efforts must be devoted to assessing
the role of bed entrainment during the propagation stage of the
channelised landslides triggered in the study area of Sarno and Quindici
in 1998.

3.2. Field evidences

The complexity of the selected case study and the previous investi-
gations suggest that the problem should be tackled at different scales
of analysis. Therefore, here, bed entrainment is first investigated at the
massif scale, using a detailed landslide inventory map and extensive in-
in May 1998: a) Tuostolo basin (Sarno); b) S. Francesco basin (Quindici).

image of Fig.�2
image of Fig.�3


Table 2
Evaluation of landslide growth rates for different sites on the Pizzo d'Alvano massif.

Site Vfinal/Vinitiala ln(Vfinal/Vinitial) D (m)b Er (m−1)

Bracigliano 3.45 1.24 1490 8.0 × 10−4

Quindici 3.33 1.20 1353 9.0 × 10−4

Siano 6.25 1.83 1273 1.4 × 10−3

Sarno 2.44 0.89 2061 4.0 × 10−4

Vfinal: final volume, Vinitial: initial volume, D: run-out distance, Er: landslide growth rate.
a Data from Cascini (2004) and Cascini et al. (2005a).
b Evaluated from the dataset available in Cascini (2004) and Cascini et al. (2005a).
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situ investigations. Specifically, the data available for the travel distances
and initial and final volumes of the May 1998 flowslides are used to es-
timate Er during the propagation stage. This analysis provides Er values
ranging from 4.0 × 10−4 to 1.3 × 10−3 m−1 (Table 2), which agree
quite well with other case studies, i.e. 2.5 × 10−4 to 6.4 × 10−4 m−1

(Table 1), but are lower than previous estimates by Revellino et al.
(2004), i.e. 1.1 × 10−3 to 7.1 × 10−3 m−1.

Twomountain basins (Tuostolo and S. Francesco, Fig. 3, Table 2) that
are characterised by different hillslopes and affected by different trig-
gering mechanisms (Cascini et al., 2008a), are selected for numerical
modelling at the basin scale. The landslides in the selected basins span
a wide range of propagation scenarios and are representative of all of
the channelised landslides that occurred in May 1998 at the Pizzo
d'Alvano massif. In the Tuostolo basin (Sarno sector), two landslides
were triggered at altitudes of 500–700 m a.s.l. with a total mobilised
volume of about 50,000m3 (Cascini et al., 2005a). The triggeringmech-
anism (named ‘M1’ by Cascini et al., 2008a, 2010) was related to rainfall
infiltratiotn from the ground surface and water springs from bedrock.
The triggered masses joined in a channel with steep flanks and the
whole mass travelled about 1500 m: 400 m in the channel and
1100 m in a flatter piedmont area (Fig. 3a). In the S. Francesco
basin (Quindici sector), a single major landslide (named ‘M3’ by
Cascini et al., 2008a,b) was triggered by a mechanism associated with
rainfall infiltration and superficial water fluxes from the bends of
mountain tracks. The mobilised volume was about 40,000 m3 (Cascini
et al., 2005a) and during the propagation stage the mass was divided
into three major branches at the apex of the piedmont zone (Fig. 3b).
Fig. 4. Morphological zoning of the selected landslides and 3D views of the 3 × 3 m digital te
flowslides. SPH check particles (a–d) and points 1 and 2, belonging to the DTM, are later used
4. Numerical analyses

4.1. Methods and data

The ‘GeoFlow_SPH’model proposed by Pastor et al. (2009) is applied
to the case study. The model is based on the theoretical framework of
Hutchinson (1986) and Pastor et al. (2002) and schematises the propa-
gatingmass as a mixture of a solid skeleton saturated by water; the un-
knowns are the velocity of the solid skeleton (v) and the pore water
pressure (pw). The governing equations are i) the balance of the mass
of the mixture combined with the balance of the linear momentum of
the pore fluid, ii) the balance of the linear momentum of the mixture,
iii) the rheological equation relating the soil stress tensor to the defor-
mation rate tensor, and iv) the kinematical relations between the
deformation rate tensor and the velocity field. From this, we derive a
propagation–consolidation model by assuming that pore water pres-
sure dissipation takes place along the normal to ground surface, and
the velocity of the solid skeleton and pressure fields can be split into
the sum of two components related to two processes: propagation
and consolidation (for further details see Pastor et al., 2009). As many
flow-like landslides have small average depths in comparison to their
lengths or widths, the above equations can be integrated along the
vertical axis and the resulting 2D depth-integrated model presents an
excellent balance of accuracy and simplicity. The GeoFlow_SPH model
also accounts for bed entrainment along the landslide path, and the
elevation of the ground surface consistently decreases over time. In ad-
dition, different empirical erosion laws can be implemented in the
GeoFlow_SPH model (e.g. Hungr, 1995; Egashira et al., 2000, 2001;
Blanc, 2011; Blanc and Pastor, 2012a,b, 2013). The simple yet effective
lawproposed byHungr (1995) is usedmainly to achieve results compa-
rable to those available in the literature. Hungr (1995) relates Er to the
initial and final landslide volume and to L; the entrained material is as-
sumed to have nil velocity and nil pore water pressure when entrained
by the propagating mass.

In the GeoFlow_SPH model, the Smoothed Particle Hydrodynamics
(SPH) method is used; this method discretises the propagating mass
through a set of moving ‘particles’ or ‘nodes’. Information, i.e. unknowns
and their derivatives, is linked to the particles, and the SPH
discretisation consists of a set of ordinary differential equations whose
details are provided by Pastor et al. (2009). The accuracy of the
rrain model (DTM). The piedmont areas in red represent the piedmont areas hit by the
to compare numerical simulations and in-situ evidences.

image of Fig.�4


Table 3
List of cases, rheological parameters and landslide growth rates for the Sarno and Quindici
sites. The best simulations (4a and 8a) are labelled in bold characters.

Case tan ϕb

(−)
hrw
(−)

Bfact
(m2 s−1)

Er (m−1)
channel

Er (m−1)
piedmont

Sarnob Quindicic

Sd Qd 0.4 0.25 1.1 × 10−2 0 0
1 5 0.4 0.25 1.1 × 10−2 4.0 × 10−4 0
2 6 0.4 0.25 1.1 × 10−2 4.0 × 10−4 4.0 × 10−4

3 7 0.4 0.25 1.1 × 10−2 1.3 × 10−3 1.3 × 10−3

4a – 0.4 0.4 1.0 × 10−2 4.0 × 10−4 0
– 8a 0.35 0.4 1.0 × 10−2 4.0 × 10−4 0

ϕb: basal friction angle, hrw: relative water height, prw: pore water pressure normalised to
soil liquefaction pressure (assumed to be 1.0), Bfact: consolidation factor, Er: landslide
growth rate.

a Best fitting of the in-situ evidences.
b Tuostolo basin.
c S. Francesco basin.
d Simulations use values taken from Pastor et al. (2009).
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numerical solution and the level of approximation for engineering pur-
poses depend on how the nodes are spaced and how the digital terrain
model (DTM) is detailed, as recently reviewed by Pastor and Crosta
(2012) and Cuomo et al. (2013).

In this study, a 3 × 3 m DTM is used as input for the GeoFlow_SPH
model, as it accurately reproduces the topographical/morphological
Fig. 5. Heights of the propagating mass and depths of erosion com
conditions of the sites before the event and the anthropogenic streets/
channels (5–10 m large). The extent of the landslide source areas and
the initial depths of the propagating masses are obtained from detailed
landslide inventory maps and soil thickness maps at the 1:5000 scale
(Cascini et al., 2005a; Cuomo, 2006). Specifically, the landslide source
areas have lengths of 250–400 m and widths of 50–200 m, and initial
soil thicknesses in the range of 3–4.5 m. At points ‘1’ and ‘2’ in Fig. 4,
the eroded depths are 1–2 m, according to Cascini et al. (2006), and
the piedmont areas, shown in red, indicate the piedmont areas hit by
the flowslides.

To set up the numerical simulations, 2936 and 4598 points are con-
sidered within the two landslide source areas of Sarno, respectively,
while 2614 points are used for Quindici. In each case, the points are
spaced at 3 m at the beginning of the computation. Furthermore, in
the Sarno case, the two propagating masses are released at once from
the source areas, thus disregarding the possibility of multiple/delayed
failures.

The following frictional rheological law is used:

τb ¼ − 1−nð Þ ρs−ρwð Þg � h � tanϕb−pbwð Þ � sgn vð Þ ð3Þ

where τb is the basal shear stress, n is the soil porosity, ρs is the solid
grain density, ρw is the water density, g is the gravity acceleration, h is
the mobilised soil depth, ϕb is the basal friction angle, pbw is the
puted for the Tuostolo basin (Sarno) for cases 1–4 in Table 3.

image of Fig.�5
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basal pore water pressure, sgn is the sign function and v is the depth-
averaged flow velocity.

The rheological properties are selected first by referring to Pastor
et al. (2009) – cases ‘S’ and ‘Q’ in Table 3 – who do not consider any
erodible areas for back-analysis. Then, different hypotheses are consid-
ered for the erodible areas (Aer), and Er (Table 3). In particular, the
propagation path is divided into three zones: hillslope, channel and
piedmont. The numerical simulations consider erosion in channel and
piedmont zones, or only in the channel zone. Moreover, different Er
values, ranging from 9 × 10−4 to 1.3 × 10−3 m−1, are used to back-
analyse the case studies (Table 3). The initial pore water pressure
normalised to soil liquefaction pressure (prw = pw/γsat ⋅ h, where prw
is the so-called ‘normalised pore water pressure’ and γsat is the soil
unit weight) is assumed equal to 1.0 inside the landslide source area.

An automatic adaptive time stepping is used for time discretisation
(Pastor et al., 2002) with time steps shorter than 0.8 s. The Runge–
Kutta algorithm is used for numerical time integration, as suggested
by Pastor et al. (2009).

4.2. Results

For the Tuostolo basin, the results (Fig. 5) show that the bed entrain-
ment greatly modifies the landslide propagation pattern, as is evident
from the comparison of cases 1–3 in Table 3. In case 1, only the channel
Fig. 6. Heights of the propagating mass and depths of erosion compu
is erodible and the simulated landslide travels mainly at the right-hand
side (Fig. 5a); in case 2, the propagating mass entrains material along
the whole propagation path and the simulated bed entrainment causes
material deposition and reduces the landslide run-out distance (Fig. 5b).
In both cases, SPH modelling provides distinct propagation areas, simi-
lar run-out distances and run-outs shorter than the observed one of
about 400 m. Assuming the highest Er value (case 3), the field evidence
is poorly reproduced, as in the model the landslide stops at the exit of
the channel where a thick deposit is simulated and the propagation
path observed at the piedmont in the case study is not captured
(Fig. 5c).

However, the results show that bed entrainment slightly modifies
the duration of the whole propagation/deposition stage (45 to 50 s for
cases 1–3). Moreover, the comparison of cases S, 1 and 4 (Table 3) high-
lights the important role played by the initial height of the water
table (hrw).

The numerical results of case 4 (Table 3) satisfactorily reproduce the
in-situ evidence (Fig. 4) for both the run-out distance and the extent of
the propagation–deposition zones (Fig. 5d). The simulated phenome-
non lasted about 60 s (Fig. 5d), which is in agreement with Pastor
et al. (2009) and eyewitness accounts of inhabitants (Cascini et al.,
2005a). Minor acceptable mismatches arise at both lateral sides of the
propagation path; however, these discrepancies may be related to the
simplified timing of the failures (twomasses fail at once) or topographic
ted for the S. Francesco basin (Quindici) for cases 5–8 in Table 3.

image of Fig.�6
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peculiarities notwell reproduced in theDTM. To address the latter issue,
LIDAR techniques are quite promising as theymake it possible to obtain
DTMs with cells smaller than 1 m.

The numerical results for the S. Francesco basin are shown in Fig. 6
(cases 5, 6, 7 and 8). In agreement with the previous results, they
show that bed entrainment greatly reduces the landslide run-out,
whereas the simulated propagation times (45–47 s) are not significant-
ly affected by the value of Er.

The comparison of numerical results with the in-situ evidence
suggests that case 8 provides the most adequate back-analysis of the
case history (Figs. 6 and 7). In case 8, the rheological parameters and
Er used are the same as those for case 4, but a smaller friction angle
(tan ϕ′), equal to 0.35, instead of 0.40, is used.

In the following section some details of the dynamics features of the
selected check particles (A to D in Fig. 4) within the simulation domain
are given; they directly corroborate and support the main results.

5. Discussion

The results fulfil two goals: i) assessing the interplay of bed entrain-
ment, mass rheology and propagation/deposition patterns and ii) eval-
uating the potentialities of the GeoFlow_SPH model to satisfactorily
simulate the observed events. Fig. 8 shows that for both the analysed
cases (Sarno or Quindici), and independent of the tracked location
(indicated as A to D in Fig. 4), bed entrainment reduces the landslide
run-out distance. The reduction of the simulated run-out strictly depends
on the mass rheology. For a given rheology, velocity decreases as land-
slide growth rates increase, as highlighted in the comparison of cases S,
2 and 3 for Sarno (Fig. 9a) and cases Q, 6 and 7 for Quindici (Fig. 9b).

In contrast, bed entrainment poorly modifies the landslide velocity
along the hillslope and in the uppermost portion of the channel; in
this zone, the kinematical features of landslides are related to the vol-
ume triggered in the source area, the initial elevation of the check
Fig. 7. Field evidence for the S. Francesco basin (Quindici). a, b) Channels travelled by thepropag
heights of soil compared to field evidence.
particle inside the source area and topography. These factors are all
markedly different in the cases of Sarno and Quindici. Due to the differ-
ent slope profiles, lower run-out distances and velocities are simulated
for Quindici, which is consistent with the results of Cascini et al.
(2011) who outline a higher mobility of landslides in Sarno compared
to Quindici. Furthermore, in case 8 in Quindici, the check particle C
travels an unusually large run-out distance, as the mass falls in a con-
crete channel thus following a preferential propagation path.

Inside the channel, bed entrainment plays a major role and may
cause distinct propagation paths depending on mass deposition at the
piedmont (Fig. 10a). In this study, some representative points are se-
lected in this zone and the overall landslide propagation–deposition
stage is investigated using the simulated heights (Fig. 10a). For Sarno,
an increasing Er value corresponds to a smoother peak of the height–
time curves and higher final simulated heights. Therefore, at the exit
of the channel, deposition occurs rather than propagation due to bed
entrainment. At Quindici, deposition at the selected points is also
enhanced by bed entrainment (Fig. 10).

The potentialities of the GeoFlow_SPH model can also be discussed
with reference to Fig. 8, which shows the curves best fitting the ob-
served run-out distance and propagation path. In addition, Fig. 10b
shows that the simulated erosion heights are about 1.0m at the selected
points of both the Sarno and Quindici basins, which is consistent with
the in-situ evidence. These results can be obtained only through a
coupled calibration of rheological parameters and bed entrainment.

Fig. 11 shows the contour of prw at different time steps for the
best simulations of Sarno (Fig. 11a, case 4 in Table 3) and Quindici
(Fig. 11b, case 8 in Table 3). prw undergoes significant spatio-temporal
variations during the propagation stage and it attains different values
inside the source area, channel and piedmont, also due to bed entrain-
ment, which is considered for the channel and disregarded elsewhere.
In addition, at the final run-out phase the pore pressures decrease to
zero with significant differences depending on local soil heights.
atingmaterials. c–e)Damages to buildings and traces of the propagatingmass. f) Simulated

image of Fig.�7


Fig. 9. Simulated velocities and displacements of the check particles ‘A’ and ‘B’ in Fig. 4a in the Tuostolo basin (Sarno) and check particles ‘C’ and ‘D’ in Fig. 4b in the S. Francesco (Quindici)
basin. The line labels refer to the cases listed in Table 3.

Fig. 8. Simulated displacements of the check particles ‘A’ and ‘B’ in Fig. 4a in the Tuostolo basin (Sarno) and check particles ‘C’ and ‘D’ in Fig. 4b in the S. Francesco (Quindici) basin. The line
labels refer to the cases listed in Table 3.
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Further insights arise from the analysis of the maximum simulated
velocities versus normalised run-out distances for Sarno (cases S and
4 in Fig. 12) and Quindici (cases Q and 8 in Fig. 12). All of these simula-
tions allow a satisfactory back-analysis under different hypotheses,
Fig. 10. Simulated deposition height and erosion depths for the Tuostolo (Sarno
which are discussed below. For cases S and Q, bed entrainment is
disregarded and an overestimation of hrw is necessary to artificially di-
minish the friction parameter of the propagatingmass, thus adequately
matching the observed run-out distance. This hypothesis would be on
) and S. Francesco (Quindici) basins computed for points ‘1’ and ‘2’ in Fig. 4.
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the safe side for a forecasting analysis of the maximum expected run-
out distance, but, in turn, could lead to an inadequate assessment of
the inundated areas (Pastor and Crosta, 2012). Furthermore, the results
of cases S and Q underestimate the landslide velocities at the piedmont
compared with cases 4 and 8. Such piedmonts are usually developed
and thus such underestimations could lead to inaccurate estimates of
the potential damage to buildings and structures.

Therefore, a coupled calibration of the mass rheology and bed en-
trainment rate is confirmed as crucial for avoiding misleading re-
sults. When this is done, the back-analysed Er value for this dataset
is 4 × 10−4, which is in good agreement with the literature (Table 1).
Specifically, this value is close to those proposed by Pastor et al.
(2007), but smaller than those given by Revellino et al. (2004). Howev-
er, Revellino et al. (2004) also include the entrainment processes that
occur in the landslide source areas, which may be more consistently
analysed in relation to the landslide triggering mechanisms.

In summary, the back-analyses of the Sarno and Quindici landslides
provide values for the friction angle and the consolidation coefficient
that are similar to those outlined by Pastor et al. (2009). This supports
the use of the frictional approach for analysing debris flows, as also pro-
posed byD'Agostino et al. (2013). In all of the analysed cases, the friction
angle value and the consolidation coefficient have the opposite effect on
run-out distance and both are important. However, as this study also ex-
amines the effects of bed entrainment, a satisfactory back-analysis of
Fig. 11. Pore water pressures normalised to soil liquefaction press
hrw has been obtained that is close to those from the landslide triggering
analysis by Cascini et al. (2005b, 2010, 2011). A better back-analysis of
hrw at the failure onset allows us to better estimate the rheological
and entrainment parameters, thus improving the potentialities of
engineering forecasting analyses.

Some uncertainties have affected the results. As an empirical
entrainment law was used, the DTM could have been more detailed,
and fully 3D approaches could better simulate the variations of pore
water pressures inside the propagating mass.
6. Conclusions

The analysis of the risks related to channelised landslides of the flow
type requires a proper modelling of the propagation stage based on ap-
propriate assumptions about mass rheology, pore water pressure and
bed entrainment along the landslide path. In this study, a quasi-3D
(depth-integrated) hydro-mechanical coupled SPH model has been
tested on a relevant case history from Southern Italy for which an ad-
vanced dataset is available. The back-analysis of two selected events in-
dicates that a coupled calibration ofmass rheology andbed entrainment
rate is crucial for avoiding misleading results. The case study's back-
analysed parameters, i.e. landslide growth rate, friction angle and
consolidation coefficient, are in good agreement with the literature.
ure (prw), computed for the (a) Sarno and (b) Quindici cases.
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Fig. 12. Comparison of velocity versus displacements normalised to run-out distances,
simulated for the Sarno (red lines) and Quindici cases (blue lines). The line labels refer
to the cases S, 4, Q and 8 listed in Table 3, and check particles A, C and D in Fig. 4.
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Moreover, the initial water table in the landslide source area is consis-
tent with the results of a landslide triggering analysis.

This analysis offers general insights into this type of landslides,
which are relevant to different propagation modelling hypotheses. Spe-
cifically, inside the channel, bed entrainment plays amajor role andmay
cause distinct propagation paths at the piedmont, depending on the
mass propagation/deposition pattern. An increasing landslide growth
rate corresponds to a smoother peak of the height–time curves and
higher final simulated heights at the piedmont. Due to bed entrainment,
deposition rather than propagation occurs at the exit of the channel and
the simulatedmaximum velocities versus normalised run-out distances
depend on slope profiles, which is in agreement with the literature. The
results also show that anthropogenic structures such as roads or
channels may heavily modify the whole propagation stage.

In conclusion, the proposed model application accurately replicates
two actual events. These findings, however, are still affected by
some uncertainties that could be reduced by the use of either novel
physically-based entrainment laws or fully 3D mathematical ap-
proaches that are capable of more accurately simulating the variations
of pore water pressures inside the propagating mass. Nevertheless,
the responses of a model to different erosive scenarios are a necessary
methodological path for landslide hazard analysis. Thus, risk scenarios
should be based on a coupled approach that combines field evidences
and mathematical modelling.
Acknowledgements

We would like to thank the reviewers for their valuable comments.
This paper is dedicated to the memory of the recently departed Prof.
Giuseppe Sorbino, who contributed much to the research activities
discussed in the paper. His vitality, optimistic nature and many other
human and scientific qualities will be very much missed.
References

Bilotta, E., Cascini, L., Foresta, V., Sorbino, G., 2005. Geotechnical characterization of
pyroclastic soils involved in huge flowslides. Geotech. Geol. Eng. 23, 365–402.

Blanc, T., 2011. A SPH Depth Integrated Model with Pore Pressure Coupling for Fast
Landslides and Related Phenomena. (PhD Thesis) 292 (Madrid).

Blanc, T., Pastor, M., 2012a. A stabilized Runge Kutta, Taylor Smoothed Particle Hydrody-
namics algorithm for large deformation problems in dynamics. Int. J. Num. Meth. Eng.
91, 1427–1458.

Blanc, T., Pastor, M., 2012b. A stabilized fractional step, Runge Kutta Taylor SPH algorithm
for coupled problems in geomechanics. Comput. Methods Appl. Mech. Eng. 221
(222), 41–53.

Blanc, T., Pastor, M., 2013. A stabilized smoothed particle hydrodynamics, Taylor–Galerkin
algorithm for soil dynamics problems. Int. J. Numer. Anal. Methods Geomech. 37,
1–30.

Bozhinskiy, A.N., Nazarov, A.N., 1999. Dynamics of a two-phase mud flow. Vestn. Mosk.
Univ. Ser. 5, 15–20 (1 Mat Mekh).

Brufau, P., Garcìa-Navarro, P., Ghilardi, P., Natale, L., Savi, F., 2000. 1D mathematical
modelling of debris flow. J. Rech. Hydraul. 38, 435–446.

Budetta, P., de Riso, R., 2004. The mobility of some debris flows in pyroclastic deposits of
the northwestern Campania region (Southern Italy). Bull. Eng. Geol. Environ. 63,
293–302.

Cascini, L., 2004. The flowslides of May 1998 in the Campania region, Italy: the scientific
emergency management. Ital. Geotech. J. 2, 11–44.

Cascini, L., 2005. La gestione scientifica dell'emergenza idrogeologica del maggio
1998 nella Regione Campania. Rubbettino, Soveria Mannelli88-498-0964-6 278
(in Italian).

Cascini, L., Cuomo, S., Sorbino, G., 2005a. Flow-like mass movements in pyroclastic soils:
remarks on the modelling of triggering mechanisms. Ital. Geotech. J. 4, 11–31.

Cascini, L., Guida, D., Sorbino, G., 2005b. Il Presidio Territoriale. Una esperienza sul campo.
Rubbettino, Soveria Mannelli88-498-0962-X 139 (in Italian).

Cascini, L., Guida, D., Sorbino, G., 2006. Il Presidio Territoriale: una esperienza sul campo.
Rubbettino9788849809626 139 (in Italian).

Cascini, L., Cuomo, S., Guida, D., 2008a. Typical source areas of May 1998 flow-like mass
movements in the Campania region, Southern Italy. Eng. Geol. 96, 107–125.

Cascini, L., Cuomo, S., Pastor, M., 2008b. The role played by mountain tracks on rainfall-
induced shallow landslides: a case study. In: Sànchez-Marrè, M., Béjar, J., Comas, J.,
Rizzoli, A.E., Guariso, G. (Eds.), Proceedings of the iEMSs Fourth Biennial Meeting: In-
ternational Congress on Environmental Modelling and Software (iEMSs 2008). 7–10
July 2008, Barcelona, Spain I. International Environmental Modelling and Software
Society (iEMSs), Manno, Switzerland, pp. 1484–1491.

Cascini, L., Cuomo, S., Pastor, M., Sorbino, G., 2010. Modelling of rainfall-induced shallow
landslides of the flow-type. ASCE's J. Geotech. Geoenviron. 1, 85–98.

Cascini, L., Cuomo, S., Della, Sala M., 2011. Spatial and temporal occurrence of rainfall-
induced shallow landslides of flow type: a case of Sarno–Quindici, Italy. Geomorphology
126, 148–158.

Cascini, L., Cuomo, S., Pastor, M., 2013a. Geomechanical modelling of debris avalanches
inception. Landslides 10, 701–711.

Cascini, L., Cuomo, S., Pastor, M., Sacco, C., 2013b. Modelling the post-failure stage of
rainfall-induced landslides of the flow-type. Can. Geotech. J. 50, 924–934.

Cascini, L., Sorbino, G., Cuomo, S., Ferlisi, S., 2014. Rainfall Effects on Pyroclastic Deposits of the
Campania Region (Southern Italy). Landslides. http://dx.doi.org/10.1007/s10346-013-
0395-3 (in press, available at http://link.springer.com/article/10.1007%2Fs10346-013-
0395-3).

Chen, H., Crosta, G.B., Lee, C.F., 2006. Erosional effects on runout of fast landslides, debris
flows and avalanches: a numerical investigation. Geotechnique 56, 305–322.

Corominas, J., 1996. The angle of reach as a mobility index for small and large landslides.
Can. Geotech. J. 33, 260–271.

Crosta, G.B., Imposimato, S., Roddeman, D.G., 2009. Numerical modelling of entrainment/
deposition in rock and debris-avalanches. Eng. Geol. 109, 135–145.

Cuomo, S., 2006. Geomechanical Modelling of Triggering Mechanisms for Flow-like Mass
Movements in Pyroclastic Soils. PhD dissertation at the University of Salerno, Italy
274.

Cuomo, S., Pastor, M., Vitale, S., Cascini, L., 2013. Improvement of irregular DTM for SPH
modelling of flow-like landslides. In: Oñate, E., Owen, D.R.J., Peric, D., Suárez, B.
(Eds.), Proceedings of XII International Conference on Computational Plasticity.
Fundamentals and Applications (COMPLAS XII), 3–5 September 2013, Barcelona,
Spain, pp. 1–10.

D'Agostino, V., Bettella, F., Cesca, M., 2013. Basal shear stress of debris flow in the runout
phase. Geomorphology 201, 272–280.

Di Crescenzo, G., Santo, A., 2005. Debris slides–rapid earth flows in the carbonate massifs
of the Campania region (Southern Italy): morphological and morphometric data for
evaluating triggering susceptibility. Geomorphology 66, 255–276.

Egashira, S., Itoh, T., Takeuchi, H., 2000. Transition mechanism of debris flows over rigid
bed to over erodible bed. Phys. Chem. Earth B 26, 169–174.

Egashira, S., Hondab, N., Itohc, T., 2001. Experimental study on the entrainment of bed
material into debris flow. Phys. Chem. Earth C 26, 645–650.

Faella, C., Nigro, E., 2003. Dynamic impact of the debris flows on the constructions
during the hydrogeological disaster in Campania-1998: failure mechanical models
and evaluation of the impact velocity. Proceedings of Int. Conference on Fast Slope
Movements-Prediction and Prevention for Risk Mitigation. Patron Editore, Napoli,
pp. 179–186.

Fell, R., Corominas, J., Bonnard, Ch., Cascini, L., Leroi, E., Savage,W.Z., On behalf of the JTC-1
Joint Technical Committee on Landslides and Engineered Slopes, 2008. Guidelines for
landslide susceptibility, hazard and risk zoning for land use planning. Eng. Geol. 102,
85–98.

http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0005
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0005
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0245
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0245
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0010
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0010
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0010
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0015
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0015
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0015
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0250
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0250
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0250
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0020
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0020
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0025
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0025
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0030
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0030
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0030
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0035
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0035
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0255
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0255
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0255
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0040
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0040
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0260
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0260
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0045
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0045
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0050
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0050
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0055
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0055
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0055
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0055
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0055
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0055
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0060
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0060
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0065
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0065
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0065
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0070
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0070
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0075
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0075
http://dx.doi.org/10.1007/s10346-013-0395-3
http://dx.doi.org/10.1007/s10346-013-0395-3
http://link.springer.com/article/10.1007%2Fs10346-013-0395-3
http://link.springer.com/article/10.1007%2Fs10346-013-0395-3
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0080
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0080
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0085
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0085
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0090
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0090
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0100
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0100
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0100
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0095
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0095
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0095
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0095
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0095
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0105
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0105
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0110
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0110
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0110
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0120
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0120
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0115
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0115
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0125
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0125
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0125
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0125
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0125
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0130
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0130
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0130
image of Fig.�12


513L. Cascini et al. / Geomorphology 214 (2014) 502–513
Ghilardi, P., Natale, L., Savi, F., 2001. Modeling debris flow propagation and deposition.
Phys. Chem. Earth C Solar Terr. Planet. Sci. 26, 651–656.

Guadagno, F.M., Revellino, P., 2005. Debris avalanches and debris flows of the Campania
region (Southern Italy). In: Jakob, M., Hungr, O. (Eds.), Debris-flow Hazard and
Related Phenomena. Springer, Berlin, pp. 489–518.

Guadagno, F.M., Forte, R., Revellino, P., Fiorillo, F., Focareta, M., 2005. Some aspects of
the initiation of debris avalanches in the Campania region: the role of morphological
slope discontinuities and the development of failure. Geomorphology 66, 237–254.

Hungr, O., 1995. A model for the runout analysis of rapid flow slides, debris flows, and
avalanches. Can. Geotech. J. 32, 610–623.

Hungr, O., McDougall, S., 2009. Two numerical models for landslide dynamic analysis.
Comput. Geosci. 35, 978–992.

Hungr, O., Evans, S.G., Bovis, M.J., Hutchinson, J.N., 2001. A review of the classification of
landslides of the flow type. Environ. Eng. Geosci. VII 221–238.

Hutchinson, J.N., 1986. A sliding-consolidation model for flow slides. Can. Geotech. J. 23,
115–126.

Iverson, R.M., 1997. The physics of debris flows. Rev. Geophys. 35, 245–296.
Medina, V., Hurlimann, M., Bateman, A., 2008. Application of FLATModel, a 2D finite

volume code, to debris flows in the northeastern part of the Iberian Peninsula.
Landslides 5, 127–142.

O'Brien, J.S., Julien, P.Y., Fullerton, W.T., 1993. Two-dimensional water flood and mudflow
simulation. J. Hydrol. Eng. 119, 244–261.

Papa, M., Egashira, S., Itoh, T., 2004. Critical conditions of bed sediment entrainment due
to debris flow. Nat. Hazards Earth Syst. Sci. 4, 469–474.

Pareschi, M.T., Santacroce, R., Sulpizio, R., Zanchetta, G., 2002. Volcaniclastic debris flows
in the Clanio Valley (Campania, Italy): insights for the assessment of hazard potential.
Geomorphology 43, 219–231.

Pastor, M., Crosta, G.B., 2012. Landslide runout: review of analytical/empirical models for
subaerial slides, submarine slides and snow avalanche. Numerical modelling. Soft-
ware tools, material models, validation and benchmarking for selected case studies.
Deliverable D1.7 for SafeLand Project. (http://www.safeland-fp7.eu/results/
Documents/D1.7_revised.pdf) .
Pastor, M., Quecedo, M., FernándezMerodo, J.A., Herreros, M.I., González, E., Mira, P., 2002.
Modelling tailing dams and mine waste dumps failures. Geotechnique LII 8, 579–592.

Pastor, M., Quecedo, M., González, E., Herreros, I., FernándezMerodo, J.A., Mira, P., 2004.
Modelling of landslides (II) propagation. In: Darve, F., Vardoulakis, I. (Eds.), Degradation
and Instabilities in Geomaterials. Springer Wien, New York, pp. 319–367.

Pastor, M., Blanc, T., Pastor, M.J., Sanchez, M., Haddad, B., Mira, P., Fernandez Merodo, J.A.,
Herreros, M.I., Drempetic, V., 2007. A SPH depth integrated model with pore pressure
coupling for fast landslides and related phenomena. In: Ho, K., Li, L. (Eds.), 2007
International Forum on Landslides Disaster Management, pp. 987–1014.

Pastor, M., Haddad, B., Sorbino, G., Cuomo, S., Drempetic, V., 2009. A depth integrated SPH
model for flow like landslides and related phenomena. Int. J. Numer. Anal. Methods
Geomech. 33, 143–172.

Pastor, M., Chan, A.H.C., Mira, P., Manzanal, D., Fernández Merodo, J.A., Blanc, T., 2011.
Computational geomechanics: the heritage of Olek Zienkiewicz. Int. J. Numer.
Methods Eng. 87, 457–489.

Pirulli, M., Pastor, M., 2012. Numerical study on the entrainment of bed material into
rapid landslides. Geotechnique 62, 959–972.

Pirulli, M., Sorbino, G., 2008. Assessing potential debris flow runout: a comparison of two
simulation models. Nat. Hazards Earth Syst. Sci. 8, 961–971.

Quan Luna, B., Remaître, A., van Asch, T.W.J., Malet, J.P., vanWesten, C.J., 2012. Analysis of
debris flowbehaviorwith a one dimensional run-outmodel incorporating entrainment.
Eng. Geol. 128, 63–75.

Revellino, P., Hungr, O., Guadagno, F.M., Evans, S.G., 2004. Velocity and runout prediction
of destructive debris flows and debris avalanches in pyroclastic deposits, Campania
region, Italy. Environ. Geol. 45, 295–311.

Rickenmann, 2009. Empirical relationships for debris flows. Nat. Hazards 19, 47–77.
Rickenmann, D., Weber, D., Stepanov, B., 2003. Erosion by debris flows in field and

laboratory experiments. In: Rickenmann, D., Chen, C.L. (Eds.), Debris-flow Hazards
Mitigation: Mechanics, Prediction, and Assessment, Proceedings 3rd International
DFHMConference, Davos, Switzerland, September 10–12, 2003.Millpress, Rotterdam,
pp. 883–894.

Takahashi, T., 1991. Debris Flow. A.A. Balkema, Brookfield, Vt., The Netherlands (165 pp.).

http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0135
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0135
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0145
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0145
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0145
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0140
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0140
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0140
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0150
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0150
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0160
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0160
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0155
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0155
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0165
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0165
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0170
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0175
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0175
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0175
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0180
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0180
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0185
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0185
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0190
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0190
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0190
http://www.safeland-fp7.eu/results/Documents/D1.7_revised.pdf
http://www.safeland-fp7.eu/results/Documents/D1.7_revised.pdf
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0205
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0210
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0210
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0275
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0275
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0275
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0200
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0200
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0200
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0195
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0195
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0215
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0215
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0220
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0220
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0225
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0225
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0225
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0230
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0230
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0230
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0235
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0240
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0240
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0240
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0240
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0240
http://refhub.elsevier.com/S0169-555X(14)00124-X/rf0280

	SPH run-out modelling of channelised landslides of the flow type
	1. Introduction
	2. Literature review
	3. The case study
	3.1. May 1998 event
	3.2. Field evidences

	4. Numerical analyses
	4.1. Methods and data
	4.2. Results

	5. Discussion
	6. Conclusions
	Acknowledgements
	References


