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ABSTRACT: Rainfall-induced landslides of the flow type are dangerous phenomena due to their high
velocities and large run-out distances. Indeed, proper modeling of their propagation stage is a funda-
mental issue for risk analysis and management. To this aim, several factors must be taken into account
to properly estimate the run-out distance and the landslide magnitude that are strongly related to an
appropriate choice of the rheological properties of the moving mass. Moreover, several distinct processes
must be adequately tackled such as: i) relative movement of the interstitial fluid relative to the solid frac-
tion, ii) vertical consolidation process, iii) entrainment of material along the landslide path. All the above
mentioned processes can be consistently simulated through the use of a depth-integrated coupled SPH
model which revealed to be appropriate in simulating landslides of the flow type. In this paper, taking into
account the entrainment phenomena, the above model is applied to the May 1998 Sarno-Quindici case
history (Southern Italy) for which an advanced data-set is available. The numerical analyses provide a sat-
isfactory simulation of the observed propagation path, deposition heights and velocities that are strongly

influenced by the entrainment rate and the extent of the erodible area.

1 INTRODUCTION

Landslides of the flow type are catastrophic events
that may occur all over the world even result-
ing in great number of casualties and widespread
damages.

In fact, these landslides travel at extremely high
velocities (in the order of meters/second) and can
impact large areas, also far from their source (up to
tens of kilometers), arriving to piedmont areas
which are often settled due to more favorable con-
ditions for urban development.

Indeed, the prediction of both run-out dis-
tances and velocities during the propagation stage
can notably reduce losses inferred by these phe-
nomena, as it provides a means for: i) defining
the hazardous areas, estimating the intensity of the
hazard (which serves as input in risk studies) and
i) working out the information for the identifica-
tion and design of appropriate mitigation strate-
gies (Fell et al., 2008).

To this aim, one more important issue, not often
taken into account in the propagation models, is
the entrainment of material along the propagation

path which may greatly modify the landslide
volume and velocity that define the intensity of
the event.

For the analysis (and forecast) of the
entrainment phenomena, several approaches are
available, most of them are empirical while very
few are analytical (e.g., Medina et al., 2008). For
instance, Hungr (1995) simply relates the increase
of landslide volume to the run-out distance. Con-
versely, in the most advanced approaches the
amount of entrained material is related to the com-
puted height and velocity of the propagating mass
through mathematical models.

Among these last, the depth-integrated coupled
models in combination with the SPH numerical
method provide an attractive framework for flow-
like landslides modelling. This is essentially related
to the calculation time that is low compared to
classical, Eulerian finite elements, as the computa-
tional grid is separated from the structured terrain
mesh used to describe terrain topography.

The depth integrated coupled SPH model
proposed by Pastor (2007, 2009) is also able to take
into account pore water pressures dissipation in the
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propagating mass (Pastor et al., 2002, 2004) and its
potentiality was assessed using either benchmarks
or applications to case histories (Pastor et al.,
2007, 2009).

Considering that the assessment of the erodible
areas as well as the estimation of the erosion rates
are still challenging topics, a case history from
Southern Italy, for which an extensive geotechni-
cal data-set is available, is analyzed in the paper.
Particularly, the above SPH model is applied
referring to the entrainment formula proposed by
Hungr (1995).

2 CASE STUDY

2.1  May 1998 Sarno-Quindici landslides

Landslides of the flow type frequently cause victims
and huge economic damages when they involve the
pyroclastic soils (Bilotta et al., 2005) originated by
the explosive activity of Somma-Vesuvius volcano
(Campania region—Southern Italy) which cover a
carbonate bedrock over an area 1,400 km? large.

The most catastrophic recent natural disaster
occurred on 4-5 May 1998 (Fig. 1). During this
event, more than a hundred slope instability phe-
nomena affected the slopes of the Pizzo d’Alvano
massif; tens of flow-type landslides travelled up
to the towns of Bracigliano, Quindici, Sarno and
Siano located at the toe of the massif (Cascini
2004, Cascini et al., 2008, Guadagno et al., 2005).
Globally, 2 million cubic meters of soil/material
were mobilized which caused 159 victims and
500 million Euros of damages to buildings and
infrastructures (Cascini 2004).

Flow-type landslides occurred in almost all the
mountain basins of the massif and their source

Figure 1. Overview of the 1998 Pizzo d’Alvano land-
slides (a) and location of the selected basin (b).

areas were primarily located at the upper parts
of the hillslopes. For these events, six triggering
mechanisms were individuated which caused dis-
tinct landslide volumes and run-out distances
(Cascini et al., 2008, 2011).

As landslides travelled down-slope, their initial
volume increased due to: i) soil erosion in the gul-
lies below and ii) incorporation, in some cases, of
minor slides mobilized along the flanks of the gul-
lies (Cascini 2004). It is worth noting that entrain-
ment phenomena amplified the triggered volumes
by a factor of 1.5 for the largest landslides (Cascini
et al., 2000).

In the scientific literature, direct measurements
are not available for the landslide velocities while
they were indirectly estimated. Faella & Nigro
(2003), based on the analysis of the observed dam-
ages to the buildings due to the landslide impact,
indicate values of 3-20 m/s in the piedmont areas.
Revellino et al. (2004), by measuring the flow
super-elevation in the channel bends, provide a
typical velocity range of 5-15 m/s.

2.2 Literature review on the propagation stage

Due to their consequences, many other aspects of
the propagation stage of the May 1998 landslides
event are extensively analyzed in the literature.

Most of the contributions focuses on the geo-
metrical characteristics of the landslides. Particu-
larly, heuristic methods are applied by Pareschi
et al. (2002) and Budetta & de Riso (2004) who
analyze the height of fall (H) and run-out distance
(L) of the landslides. In both contributions, the
above quantities are computed between the upper-
most landslide source area and the lowest deposi-
tion zone (along the propagation path) and they
are related by linear functions.

As a further contribution, Di Crescenzo &
Santo (2005) outline that the height of fall is
also strongly related to the length of the deposi-
tion zone.

Differentiating the landslides based on slope
morphology, landslide source areas and presence
of anthropogenic structures, Cascini et al. (2011)
highlight that: i) the source areas location affected
the landslide reach angle (ratio of H to L) with
higher values computed in the northwest sec-
tor of the massif (i.e., Quindici and Bracigliano)
and lower in the southern sectors of the massif
(i.e., Sarno and Siano), ii) the triggering mecha-
nism and the features of the associated source
areas influenced the propagation stage in terms of
either reach angles or travel distances, iii) multiple
landslides (i.e., landslides which joined along the
propagation path) had longer travel distances
and lower reach angles and finally iv) anthropo-
genic structures, such as paved roads and channels
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Figure 2. Displacement-time curves simulated for a
particle triggered in the landslide source area (Pastor
et al., 2009).

located at the toe of hillslopes, significantly
increased the landslide run-out.

The above heuristic approaches while providing
an overall understanding of the landslide mobil-
ity do not allow analyzing their kinematic features
(e.g., velocity and height) for which the current lit-
erature provides some contributions through the
mathematical modelling.

For instance, Pastor et al. (2009) using a depth-
integrated mathematical model and disregarding
the entrainment phenomena show that both land-
slide run-out distance and velocity are strongly
affected by pore water pressures and, in particular,
by the: i) initial pore water pressure p:f[)l? ii) initial
height of the water table (i) and iii) vertical
consolidation coefficient (B,,,) (Fig. 2). Using this
model a satisfactory back-analysis of the events is
also provided by the Authors.

Vice versa, Revellino et al. (2004) disregarding
the pore pressure and by applying the 1D math-
ematical model proposed by Hungr (1995), empha-
size the role of entrainment in both landslide source
and propagation areas. In particular, entrainment
is assessed capable to increase the initial volumes
by a factor of 30 for the largest landslides.

In conclusion, the current literature while pro-
viding several insights on the selected case study
does not still allow to properly understand the
role of entrainment during the propagation stage.
A contribution to the topic is hereafter proposed
based on a mathematical modeling of two impor-
tant landslides performed through the above
mentioned depth-integrated coupled SPH model
(Pastor et al., 2009).

3 NUMERICAL MODELLING

3.1  Mathematical model

In the theoretical framework, mainly derived
by the contributions of Hutchinson (1986) and
Pastor et al. (2002, 2004), the propagating mass

is schematized as a mixture of a solid skeleton
saturated with water and the unknowns are the
velocity of the solid skeleton (v) and the pore water
pressure (p,,).

For the propagation stage of landslides, the
governing equations are the following: i) the
balance of mass of the mixture combined with
the balance of linear momentum of the pore
fluid, ii) the balance of linear momentum of the
mixture, iii) the rheological equation relating
the soil stress tensor to the rate of deformation
tensor and iv) the kinematical relations between
the rate of deformation tensor to the velocity
field. From here, a propagation—consolidation
model is derived assuming that pore pressure dis-
sipation takes place along the normal to the ter-
rain surface, assuming that the velocity of solid
skeleton and pressure fields can be split into two
components, i.e., propagation and consolida-
tionasv =y, + v and p, = p,, + p,,. Since many
flow-like landslides have average depths small in
comparison with their length or width, the above
equations can be integrated along the vertical
axis and the resulting 2D depth integrated model
presents an excellent combination of accuracy
and simplicity.

With reference to the numerical discretiza-
tion, the Smoothed Particle Hydrodynam-
ics (SPH) method is used. As in any meshless
method, the propagating mass is schematized
through a set of moving “particles” or “nodes”
to which information concerning field variables
and their derivatives is linked. Of course, the
level of approximation depends on how the nodes
are spaced and on their location. Based on this
numerical discretization, the depth-integrated
coupled SPH model consists on a set of ordinary
differential equations whose details are provided
by Pastor et al. (2009).

In this model, material entrainment causes the
elevation decrease of the ground surface in time
depending on: i) height of propagating mass,
ii) velocity and iii) entrainment rate. The latter is
hereafter computed according to Hungr (1995)
and assumed as an input in the analyses. The
entrained material is assumed to have nil velocity
and nil pore water pressure when included in the
propagating mass.

3.2 Input and methods

The modeling of either propagation and entrain-
ment is performed for a selected basin (Figs. 1b, 3)
where two landslide source areas were triggered at
an altitude of 500-700 m a.s.l. with a total mobi-
lized volume of about 50,000 m?® (Cascini et al.,
2006). Particularly, triggered masses joined in a
channel with steep flanks. There the whole mass

1725



paph
hillslope

channel

piedmont

— _“_T__M_ﬂ.a_?%"_ -

T el

cha‘nnel pie(}mont

" 1

hilI‘slope
r v

0 200 400 600 800 1000 1200 1400 1600 1800 2000
x (m)

Figure 3. Overview of the “Tuostolo” mountain basin
and 1998 landslides (a), longitudinal slope profile (b).
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Figure 4. Morphological zoning of 1998 landslides (a),
3D view of the 5 m x 5 m Digital Elevation Model used
for the numerical analyses (b).

travelled about 1500 meters of which 400 meters in
the channel and 1100 meters in a flatter piedmont
area (Fig. 4a).

As input for the SPH model, a S m x 5 m Digital
Elevation Model was used which well repro-
duces the pre-event conditions (Fig. 4b). As for
the temporal discretization of the analysed proc-
ess, an automatic adaptive time stepping (Pastor
et al., 2002) was used with time intervals shorter
than 0.8 s.

The frictional rheological model was referred
and its properties selected also based on those used
by Pastor et al. (2009)—case 0 in Table 1—who do
not consider any erodible area for their analysis.
Instead, in this paper different hypotheses are con-
sidered for the: i) erodible area “A_,” corresponding
to either the channel, piedmont or both and ii) ero-
sion rate “Er” whose values are reported in Table 1.
Particularly, the minimum and maximum erosion
rates (4.0 x 10™* + 1.3 x 10 m™') were estimated
applying the empirical relation of Hungr (1995) to
the travel distances, initial and final volumes of the
May 1998 landslides.

3.3 Numerical results

It must first be observed that the material entrain-
ment in the channel (Table 1, case 1) or along
the entire propagation path, i.e., channel and
piedmont (Table 1, case 2), greatly modifies the
landslide propagation pattern. In the former case
(Fig. 5), the simulated landslide travels more along
the right-hand side; in the latter case (Fig. 6), the
material entrainment at the hillslope piedmont pre-
vents the landslide propagation along the right side
and, in turn, causes a longer propagation along
the left side. In the above cases, despite a distinct
propagation area, the simulated run-out distances
are similar but shorter than that observed. Moreo-
ver, assuming the maximum estimated erosion rate
(Table 1, case 3), the landslide completely stops at
the end of the channel where a thick deposit devel-
ops (Fig. 7).

The above results mismatch the in-situ evidences
while a satisfactory simulation is obtained for

Table 1. Rheological soil parameters assumed for the
numerical simulations.

Case tang’ h* p< B, Er(m?) Er(m)
# (<) (=) (=) (m?s') channel piedmont
0* 04 025 1.0 1.1x102 0 0

1 04 025 1.0 1.1x102 40x10* 0

2 04 025 1.0 1.1x10?% 40x10* 4.0x10*
3 04 025 1.0 1.1x10?2 1.3x107 1.3x107
4 04 04 10 1.0x102% 40x10* 0

©": friction angle, h™ : relative water height, p™ : relative
pore water pressure, B, : consolidation factor, Er: erosion
rate. (*) values assumed in Pastor et al. (2009).
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Figure 5. Heights of the propagating mass (a) and
eroded heights (b) computed assuming the minimum
erosion rate in the channel (case 1 of Table 1).
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Figure 6. Heights of the propagating mass (a) and
eroded heights (b) computed assuming the minimum
erosion rate in both the channel and piedmont area
(case 2 of Table 1).

case 4 of Tab. 1 that allows to well interpret both
the run-out distance and extent of propagation-
deposition zones (Fig. 8). Minor mismatches are
instead related to the complex morphology of the
landslide deposit which could have been influenced
by either partial deposition of the first propagating
mass or diversion of the following volumes.

Quantitative comparisons among the above
cases are reported in Figure 9 which shows
the velocities and heights computed for the parti-
cle “A” of Figure 4 initially located in the landslide
source area.
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Figure 7. Heights of the propagating mass (a) and
eroded heights (b) computed assuming the maximum
erosion rate in both the channel and piedmont area
(case 3 of Table 1).
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Figure 8. Best simulation of the in-situ evidences (case 4
of Table 1).
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Figure 9. Simulated velocity and displacement for the
particle A of figure 4 with the indication of the zones
(hillslope, channel and piedmont) of the Tuostolo basin.
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For instance, in the hillslope and in the
uppermost channel, the displacement-velocities
curves coincide in all the cases because the kin-
ematical features of the propagating mass are
mainly related to: i) the volume mobilized in
the source area and ii) topography which are the
same in all the simulations.

As the unstable mass propagates downslope the
effects of the erosion phenomena appear more rel-
evant. Particularly, the entrained material brakes
the landslide along distinct propagation paths also
depending on soil deposition patterns at the hills-
lope piedmont (cases 0, 2 and 3). In the Figure 9,
it can be also noted that cases 0 and 4 globally
almost coincide; however, some important differ-
ences are outlined in the channel and piedmont
zones where the case 4 outlines higher velocities
of the propagating mass and higher heights of the
landslide deposit.

Another comparison is provided in terms of
computed heights at the point “B” of Figure 4
which is representative of the overall landslide
propagation-deposition stage (Fig. 10). Particu-
larly, an increasing erosion rate (Er) causes the
height-time curves change with a smoother peak
(respectively case 0, 2 and 3); the latter corresponds
to the arrival of two following masses at the con-
sidered point. At the same location, the final simu-
lated heights increase with Er because deposition
occurs rather than propagation. In the same plot,
it is also shown that: i) the propagation path and
deposition stage depend on the extent of the erod-
ible areas (A,,), ii) disregarding the entrainment
phenomena an underestimation of the deposition
heights can be obtained especially at the end of the
channel (case 0 instead of case 4).

It is worth noting that material entrain-
ment while significantly modifying the landslide
propagation path does not much affect the dura-
tion of the wholepropagation-deposition stage

height (m)
S

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
time (s)

Figure 10. Simulated heights at the point “B” of
Figure 4.

(45 to 66 seconds for cases 0—4). Comparison of
the results obtained for cases 0, 1 and 4 shows that
a fundamental role towards the landslide mobility
assessment is always played by the initial height of
the water table (/ﬁ’ )

4 CONCLUDING REMARKS

In the paper a depth-integrated coupled SPH
model is applied for the simulation of landslides
of the flow type by considering either pore water
pressures consolidation or material entrainment
along the propagation path. Apart from a sat-
isfactory back-analysis of the selected case his-
tory, some general insights are provided by the
numerical results: i) the run-out distance globally
diminishes as the erosion rate increases (in the
channel or at piedmont area), ii) entrainment
may cause different landslide propagation paths,
iii) erosion phenomena play a major role for
landslide propagation run-out when they affect
areas characterized by high velocities and heights
(typically in the channel areas), iv) an adequate
modeling of the run-out distance can be obtained
by either neglecting or including the entrainment
phenomena if the rheological parameters are
well calibrated. From a technical point of view, if
entrainment phenomena may occur, they must be
taken into account to properly evaluate the land-
slide deposition heights in the piedmont zones.
To this aim, a key factor for the numerical mode-
ling is represented by the initial height of the water
table in the source areas.
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