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Abstract The large, deep-seated Rosone landslide (Wes-
tern Italian Alps) has been known since the beginning of the
twentieth century as an active phenomenon characterized by
a slow but constant evolution. Its possible evolution, in terms
of a catastrophic rock avalanche, could have serious conse-
quences on several elements at risk, including a hydroelec-
tric power plant. Runout estimates are needed to identify the
potential impact on the territory of such an event and, when
possible, to minimize hazard areas. This article analyses the
evolution of three potential rock avalanche scenarios, with
decreasing probability of occurrence and increasing impact
on land planning. A comparison between runout results
obtained by other authors and some new analyses that have
been carried out with the three-dimensional continuum
mechanics-based RASH?® code is made and commented on
by highlighting the advantages, but also the limits, of using a
more complete tool, such as RASH?P.

Keywords Deep-seated gravitational slope deformation -
Rock avalanche - Numerical modeling - Continuum
mechanics

1 Introduction
The increasing population density and the development of

mountainous terrain make human settlements subjected to
landslides. The most serious threat probably arises from
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small, high-frequency landslides, such as debris flows and
debris avalanches. However, large and relatively rare rock
avalanches also constitute a significant hazard, due to their
prodigious capacity for destruction. Such landslides can
involve the spontaneous failure of entire mountain slopes,
with volumes of some tens or hundreds of millions m® and
travel distances of several km (Hungr 2006).

The “rock avalanche” term has developed naturally in
literature, as a simplification of the complicated “rock slide-
debris avalanche” term, proposed by Varnes (1978). Hungr
et al. (2001) suggested that the “rock avalanche” term should
be reserved for flow-like movements of fragmented rock
resulting from major, extremely rapid rock slides. This con-
trasts with the “debris avalanche” term, which should be used
to describe landslides that originate in unconsolidated mate-
rial. However, many rock avalanches entrain unconsolidated
debris along their long travel paths. Hungr et al. (2001) rec-
ommended that the “rock slide-debris avalanche” term be
used when a rock slide mobilizes a large quantity of debris
through entrainment of a liquefied substrate from the path.

A stability analysis of entire mountain slopes is
exceedingly difficult. As a consequence, interest in the
possible occurrence of a rock avalanche usually arises only
once certain precursory signs of impending failure appear.
Once such signs have been identified, the monitoring of
displacements, strains, piezometric pressures or rock noise
can be used to gauge the deterioration in stability and to
signal the onset of failure.

As already mentioned, the stabilization of potential rock
avalanche sources is only possible in exceptional cases.
Under normal circumstances, such stabilization projects are
not economically feasible. Hazard mitigation can only be
achieved by removing vulnerable structures from the path
of the potential landslide. For this purpose, a reliable run-
out analysis is required.
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Since rock avalanches have rarely been observed
directly, very little direct data relevant to their dynamics
exist (Sosio et al. 2008) and modeling calibration usually
relies on evidences such as the mudline records of
superelevations in bends, debris extensions and elevations,
runups, erosion depths, deposit thicknesses and branching.

The purpose of this article is to give a brief description
of the Rosone deep-seated gravitational slope deformation
and to describe its possible evolution, in terms of catas-
trophic rock avalanche, by evidencing the contribution that
the application of a numerical code, based on a continuum
mechanics approach, such as RASH?P (Pirulli 2005), can
give.

The potential evolution of this rock avalanche has
already been investigated by Forlati et al. (Forlati et al.
1991) using a simple empirical approach based on the
formulations of Scheidegger (1973) and Li (1983). A
similar but more detailed analysis was carried out in 2001
by Enel.Hydro, using Friz and Pinelli’s empirical approach
(1993). Finally, in 2004, the application of the pseudo-
three-dimensional DAN code (Hungr 1995) to one of the
possible evolution scenarios of a Rosone rock avalanche
(Pirulli 2004) allowed an improvement to be made in the
knowledge of the mass behavior during the propagation
and the deposition phases. The obtained results not only
refer to the runout distance, but also to the landslide
velocity, the time at which the event finishes and the depth
of the displaced mass once it comes to a stop.

Unlike all the previous runout analyses, the RASH"
code allows the possible evolution of the movement to be
investigated on a real complex three-dimensional
topography.

A detailed description of the RASH®® results and a
comparison with the results of previous analyses are given
in the following sections.

2 Description of the Rosone Landslide

The so-called Rosone landslide is located in the Orco river
valley (Italian Western Alps, Fig. 1) and it is classified as a
deep-seated gravitational slope deformation (DSGSD). It
has been known, since the beginning of the twentieth
century, as an active phenomenon characterized by a slow
yet constant evolution with periodical accelerations (e.g.,
Forlati et al. 1991; Luino et al. 1993; Ramasco and Troisi
2003; Amatruda et al. 2004). This DSGSD affects an area
of about 5.5 km?, which ranges from 700 to 2000 m asl and
reaches great depths (Forlati et al. 2001).

On the basis of its morphological characteristics, Ram-
asco et al. (1989) divided the sliding mass into three main
sectors according to the different evolutional stages:
Ronchi, Perebella, Bertodasco (Fig. 2).
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Fig. 1 Location of the Rosone landslide (modified after Pisani et al.
2010)

Since the Bertodasco sector has been identified as the
most likely to undergo a catastrophic evolution, and two
important inhabited zones are located around this sector:
the village of Rosone and the hydro-power plant, presently
owned by the City of Turin Electricity Board, IRIDE
S.p.A. (Fig. 2), this sector is the most intensely investi-
gated and well known sector.

Water, drawn from the Ceresole Reale dam, is sent to
some pools through a 17-km-long gallery tank, and falls
toward the power plant inside a penstock, which covers
almost the entire length of the landslide, with a drop of
813 m (Fig. 2).

The landslide also involves the N 460 National Road
from Turin to Ceresole Reale, which runs along the valley
bottom.

2.1 Geological and Structural Settings

The Orco valley is located in the central part of the Gran
Paradiso Massif (Pennine Domain), whose geological unit
consists of a composite crystalline basement and a locally
preserved Permo-Liassic cover (Compagnoni et al. 1974).

The Rosone landslide is modeled on the Augen Gneiss
Complex. The geological-structural configuration of the
studied area is relatively simple: granite and augen gneiss
crop out (Delle Piane et al. 2010).

The deformation is controlled by structural settings and
presents brittle behavior. Three main systems of disconti-
nuities have been identified, namely: schistosity (SR in
Fig. 3; dip direction 154°, dip 34°), which is defined by
regional metamorphic foliation, and two main joint sys-
tems, K1 and K2, with dip/dip direction of 85/100 and
68/015, respectively (Forlati et al. 2001).
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Fig. 2 Sketch of the Rosone deep-seated gravitational slope defor-
mation (DSGSD) process (modified after Forlati et al. 1991) with
indication of the three sectors: Ronchi, Perebella and Bertodasco.
Each sector represents a different phase of the whole evolutionary

Fig. 3 3D sketch of the main tectonic discontinuities of the Rosone
area (modified after Forlati et al. 2001)
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process of the slope. As far as the Bertodasco sector is concerned, the
A, B and C letters are used to identify the three different types of
movements that characterize this sector, and whose details are given
in § 2.2

The two main orthogonal fracture systems (K1 and K2)
in the Perebella sector display wide open fractures and, in
some cases, simply juxtaposed rock elements. However,
the three discontinuity systems are also locally evident in
the Bertodasco sector, even though it is much more chaotic
and disrupted (Pisani et al. 2010).

The upper part of the Bertodasco sector has several
trenches perpendicular to the main direction of the slope
movement, whereas the middle part is affected by rota-
tional sliding movements as well as general toppling and
planar slides.

2.2 Field Estimation of the Sliding Volumes

On the basis of the morphological and structural charac-
teristics, inclinometric measurements, surface deformation
measurements, seismic imaging and laboratory tests that
have been carried out since 1929, the Bertodasco sector,
has already mentioned, has been identified as the most
active part of the DSGSD (Fig. 4).
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Fig. 4 Geomorphological map
of the Rosone area with an
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For this reason, attention has been focused on this sec-
tor, and in particular, considering the above-mentioned
investigations, Forlati et al. 1991 subdivided it into three
main sectors with different rock mass evolutions and
movements, referred to as A, B and C, going from the top
to the bottom of the valley (Fig. 5).

As a consequence, the following three different evolu-
tion scenarios, with decreasing probability of occurrence
and increasing impact on land planning, have been taken
into account:

Scenario 1 Zone C (Fig. 5). The rock mass in Zone C is
heavily fractured and disarticulated. The sliding surface is
about 40/60 m deep. The type of movement is mainly roto-
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translational. This sector is also affected by rock falls and
debris flows. In 1953, a reactivation of the movement
caused severe damage to the Bertodasco village, and the
inhabitants were evacuated. The volume of the entire slide
can be estimated as about 2.4 x 10° m®.

Scenario 2 Zones B and C (Fig. 5). The collapse of Zone
C could cause the collapse of Zone B at the same time. The
rock mass in sector B is rather weathered, with completely
disarticulated rock blocks, scarps and the presence of a
great deal of debris. The sliding surface has been identified
at a depth of 40/50 m, and the type of movement is mainly
planar. The total volume involved in this scenario would be
of about 11.7 x 10° m>.
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Scenario 3 Zones A, B and C (Fig. 5). The collapse of
Zones C and B could induce the failure of the whole rock
body that would involve a volume of about 22.7 x 10° m>.
The rock mass in Zone A presents very few deformations
and it is quite compact. However, many trenches and
scarps can be detected. The sliding surface is between 30
and 75 m deep and the movement is generally weak.
Because of the small recorded displacements, this scenario
should be considered less probable than the previous ones.

2.3 Occurrence Probability

The estimation of the probability of sliding is one of the
critical components of the assessment of landslide risks and
hazards for natural and constructed slopes. The probability
of sliding can be estimated using probabilistic analysis
approaches (e.g., Fell et al. 2007) which are inherently
quantitative in nature, or using semi-quantitative methods
based on historical records, geomorphology, rainfall, slope
geometry, performance and other indications.

In the case of the Rosone landslide, quantitative meth-
ods could not be applied because the uncertainty in the
definition of the parameters involved is too large and it was
not possible to define any reliable variability for these
parameters (Amatruda et al. 2004).

Since several historical records on the landslide activity
in the area existed, Amatruda et al. (2004) applied the
historical approach to the Rosone case: in this way, it was
possible to obtain information related to the periodic fre-
quency of events.

An occurrence time range was obtained, from the his-
torical data analysis, for each scenario, considering the
minimum and maximum time intervals between two con-
secutive recorded events. On the basis of their mean values,
the frequency indicated in Table 1 was calculated, in terms
of events per year (Amatruda et al. 2004).

3 Description of the Different Methodologies Used
to Analyze a Potential Rock Avalanche Event

The consequence of the possible evolution of the Rosone
rock avalanche has been studied by different authors and
using different methodologies.

A description of the different approaches is given in the
following sub-sections.

3.1 Scheidegger’s (1973) and Li’s (1983) Empirical
Methodologies

Empirical methods can roughly predict the overall travel
distance of a landslide mass, or its areal extent, but they
give no indication of the distribution of debris in the
deposition area, information that is needed for the planning
of protective measures (Hungr 2002).

Heim (1932), on the basis of empirical observations,
ascertained the dependence of the distance traveled by the
rock mass (L) upon the initial height (H), the regularity of
the terrain and the volume of the landslide (V). He defined
the slope (o) of a line drawn between the crown of the
source area and the toe of the deposit, measured on a
straightened profile of the path, as “Fahrboschung”.

Since first introduced by Heim, correlations between the
angle of reach and changes in the landslide volume, type
and runout path have been investigated by many authors.
For example, Forlati et al. 1991 used the Scheidegger
(1973) and Li (1983) methods to analyze a potential
Rosone landslide.

Scheidegger (1973) formalized Heim’s relationship by
defining a correlation between landslide volume (V) and
the ratio of the total fall height (H) to the total runout
distance (L). Considering data from 33 prehistoric and
historic rock avalanches, regression Eq. 1 was obtained.

H
log (E) = —0.15666 - log V + 0.62419 (1)

Li (1983) examined a sample of 76 landslides to find a
correlation between volume and H/L, as well as between
the landslide volume and the spreading area. Disregarding
all events with volumes of less than 10> m?, he obtained an
equation for the regression of landslide propagation (L)
which is similar to that obtained by Scheidegger, namely,

H
log (Z) = —0.1529 - log V + 0.6640 (2)

and an indication of the area (A) affected by the arrival of
landslide debris, that is:

Table 1 Frequency of each

. . Scenario
scenario calculated in terms of

Occurrence range (years)

Average (years) Frequency (event/year)

events per year (modified after 1

0+ 50
Amatruda et al. 2004) 50 = 250
3 >250

25 1/25 = 0.04
150 1/150 = 0.007
1000 1/1000 = 0.001
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logA =1.9+0.57-logV (3)

3.2 Friz and Pinelli’s Empirical Methodology (1993)

The three previously described scenarios were analyzed in
2001 by Enel.Hydro using the Friz and Pinelli’s empirical
methodology (1993), which is based on both mechanical
and statistical considerations (Perla et al. 1980; Li 1983;
Dutto and Friz 1989). The simple two-parameter model of
Perla et al. (1980) was applied to define both the maximum
axial sliding distance (R,, Fig. 6b) and the maximum lat-
eral sliding distance (R;, Fig. 6¢). The unstable mass was
considered as a dimensionless block that slides on an
assigned topography, and which is subjected to gravity and

(a) movement
direction

valley
direction

(b)
1

125m

(0

2 4

Rj

Fig. 6 Definition of the geometrical parameters used in Friz and
Pinelli’s methodology (1993)
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basal resisting forces. The dynamic friction coefficient (u)
is obtained using the following.

w=0.173 + 0.0024K; — 0.0007V 4)

where V is the volume of the event in millions of cubic
meters and K is a shape coefficient which considers the
transversal section of the valley in the direction of propa-
gation of the flowing mass. Moreover,

K = (1 _%> 100 (5)

where A is the width of the valley, conventionally mea-
sured in the direction of the mass propagation at 125 m
above the valley bottom, and B is the horizontal distance
from the upper limit of the potentially unstable volume and
the horizontal projection of the distal point of the A seg-
ment on the opposite slope (Fig. 6b).

As far as the R, determination is concerned, it should be
pointed out that the estimation of this aspect hypothesized
that once the mass reaches the bottom of the valley, its
propagation direction changes and it immediately starts to
follow the direction of the valley bottom (Fig. 6¢).

The maximum lateral expansion (S;, Fig. 6a) was instead
obtained from a multiple regression analysis, made consid-
ering the lateral expansion ($)), the front width (F) and the
volume (V) of a large number of historical cases (Friz and
Pinelli 1993). The following relation was obtained:

S = —235.9 4+ 2.43F + 1.99V (6)

where F is the width of the flow front at triggering (Fig. 6a)
and V is the volume of the event in millions of cubic
meters.

Since R, and S; are point parameters, the shape of the
possible runout area was obtained by Enel.Hydro through
graphical interpretation of the topography. The runout area
was not assumed as symmetrical to the axial travel dis-
tance, but was shifted taking into account a prevalent
expansion of the mass in the direction of the valley (see the
solid black line in Figs. 10, 11 and 12).

3.3 The Numerical Modeling Based on a Continuum
Mechanics Approach: from DAN (Hungr 1995)
to RASH?? (Pirulli 2005)

The theoretical basis of both DAN and RASH?" is a system
of depth-averaged governing equations derived from con-
tinuum mechanics principles. The pseudo-three-dimen-
sional DAN code, adopted by Pirulli (2004) to study
Scenario 1 of the Rosone potential landslide, uses a one-
dimensional form of the equations of motion, while the
three-dimensional RASH?® code, whose application to all
the possible Rosone evolution scenarios is presented in this
paper, uses a two-dimensional form of the same equations.
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The assumption of a homogeneous continuum material
(e.g., Savage and Hutter 1989; Iverson and Denlinger
2001) is supported by the observation that the depth and
length of a flowing mass are usually larger than the char-
acteristic dimensions of the single particles involved in the
movement. It, therefore, becomes possible to find an
“equivalent” fluid within these limits whose rheological
properties are such that the bulk behavior of the flowing
body can simulate the expected bulk behavior of the real
landslide.

It follows that the evolution of the avalanche mass is
governed by mass and momentum conservation laws,
namely

V-v=0 (7)
ov
p<5+v-Vv>:—V-a+pg (8)

in which v = (v,, v,, v,) denotes the three-dimensional
velocity vector of the avalanche in a (x, y, z) coordinate
system, ¢ is the Cauchy stress tensor, p the mass density
and g the gravitational acceleration vector.

Assuming that the vertical structure of the flow is
much smaller than the characteristic length, the balance
equations can be integrated in depth, thus obtaining the
so-called depth-averaged St. Venant equations (Savage
and Hutter 1989). This depth-averaged approach, together
with the assumption that most of the collisions and
deformations are concentrated in the boundary layer near
the bed surface (Kilburn and Sorensen 1998), allows
changes in the mechanical behavior inside the flow to be
ignored. The complex rheology of the moving material is,
therefore, incorporated in a single term which describes
the frictional stress that develops at the interface between
the flowing material and the rough surface. Neglecting
transverse shear stress, the equations that have to be
solved are, therefore:

O (k) O(wh) _
ot ox dy
o) (%) o@wh))  owan)
p( a T oy )T ox moesdh
o) omh) (%)) a(emm)
p( o T Ty | T Ty T eeh

©)

where v,V denote the depth-averaged flow velocity in the
x and y directions, & the fluid depth, 7, 7, are the shear
stresses in the x and y directions, o, Gy, denote the depth-
averaged stress in the x and y directions and g,, g, are the
projections of the gravity vector along the x and
y directions.

Equation 9 is solved in RASH" using an Eulerian
framework and a finite volume approach, which solves
hyperbolic systems using the concept of cell-centered
conservative quantities, developed by Audusse et al. (2000)
and Bristeau and Coussin (2001) to compute Saint-Venant
equations for hydraulic problems.

The one-dimensional form of Eq. 9 is instead solved in
DAN with a Lagrangian framework as an extension of
lumped mass models (e.g., Kérner 1976; Hutchinson 1986).

Both codes allow a variety of material rheologies to be
considered. It was then possible to simulate the dynamics
of the Rosone event with a Frictional rheology in DAN
(Pirulli 2004) and with both Frictional and Voellmy rhe-
ologies in RASH?P.

The Frictional rheology is based on a constant friction
angle ¢, which implies a constant ratio of the shear stress
to the normal stress. The shear resistance stresses, 7,;, are
independent of velocity:

T = —(szh tan QD) - (10)

<[

where & is the flow depth, p is the material bulk density, g
is the acceleration due to gravity and v the depth-averaged
flow velocity.

The Voellmy rheology combines a Coulomb-based
frictional term and a velocity-dependent turbulence
parameter to account for velocity-dependent energy losses.
The resulting basal shear stress, 7., is given by the fol-
lowing equation:

2
T = — (>gzh.u + >g%> :

where £ is the turbulence coefficient and p is the friction
coefficient. Voellmy (1955) developed this model empiri-
cally for snow avalanches by combining Coulomb’s fric-
tional formula and Chezy’s formulas. The turbulence term,
¢, which is similar, although not exactly equivalent, to the
Manning “n” term, was used to cover all the velocity-
dependent factors in snow avalanche motion, including
turbulence of the air—snow dispersion and air drag on the
top surface of the avalanche (Hungr and Evans 2004).
Korner (1976) showed that the model offers a good sim-
ulation of rock avalanche velocities, and it has been suc-
cessfully applied to debris flows and debris avalanches by
many authors (e.g., Rickenmann and Koch 1997; Revellino
et al. 2004; Pirulli and Marco 2010).

(11)

< | =

4 Calibration of the RASH? Numerical Analyses

To run RASH? analyses, the following three steps have to
be performed (1) uploading the topography of the study
area as a digital elevation model (DEM), (2) defining the
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triggering volume, and (3) selecting the rheology and set-
ting its parameters.

Once a rheological relationship is chosen, the setting of
its rheological parameter values, to define the flow char-
acteristics, still remains an open question. As a conse-
quence, the here discussed numerical results were obtained
investigating a set of rheological values for each scenario
and for each selected rheology. The range of variation of
each rheological parameter was defined on the basis of a
calibration-based approach.

In a calibration-based approach, the rheological parameters
are constrained by means of systematic adjustment during the
trial-and-error back-analysis of full-scale events. In this
frame, the simulation of a historical event is usually achieved
by matching the simulated travel distance, the velocities and
the extent and depth of the deposit to those observed on site.
The back-calculation of rheological parameters contributes to
the understanding of the dynamics of past complex phenom-
ena and can provide calibrated input parameters that can be
used for first-order runout forward-analyses.

Taking into account that the effectiveness of the use of
back-analyzed values in forward-analyses is a function of
the degree of similarity between the characteristics of the
back-analyzed cases and the potential event (e.g., Hungr
and Evans 1996; Pirulli 2005; McDougall et al. 2008;
Pirulli and Mangeney 2008), the dataset of the back-ana-
lyzed cases has to be subdivided on the basis of the type of
phenomenon (e.g., rock avalanche, debris flow, etc.), event
volume, path morphology, source and path material type
and many other factors, thus introducing further constraints
to the calibration results.

As an example, considering the path morphology, the
potential Rosone rock avalanche can be compared to phe-
nomena such as those of the Val Pola rock avalanche

(Fig. 7a), which occurred in Italy in 1987 and involved a
volume of about 30 x 10° m3, and the Hope rock ava-
lanche (Fig. 7b), which occurred in Canada in 1965 and
involved an estimated volume of 47 x 10° m°.

Considering the above-mentioned subdivision criteria,
the first splitting criterion, suggested by Nicoletti and
Sorriso-Valvo in 1991, was the subdivision of the rock
avalanche dataset into three groups as a function of the path
morphology (Fig. 8): elongated, tongue and T-shaped
runout areas. All the above-mentioned examples of rock
avalanche fall into the T-shaped runout areas.

As a result, the ranges of values given in Table 2 have
been investigated with RASH for the three Rosone
landslide scenarios.

In the following section, the results obtained with
RASH?® are discussed and compared with the results
obtained by other authors.

5 Results of RASH?” Numerical Simulations
and Comparison with Previous Results

Even though (1) the runout analyses carried out by Forlati
et al. 1991 did not produce spatial distribution maps of the
mass in the area affected by the propagation of the
potential rock avalanche and (2) the results presented by
Pirulli (2004) only concern one of the previously described
scenarios (Scenario 1) and the runout area defined by
Enel.Hydro (2001), a short description of the above results
will also be given in this section.

Before describing the results obtained on the possible
runout of the three Rosone landslide scenarios (§2.2),
Forlati et al. 1991 gave an indication of the limitations of
the adopted approach:

(b)

Fig. 7 a Val Pola rock avalanche (courtesy of Martin Mergili); b Hope rock avalanche (courtesy of Quaternary Geoscience Research Group)

@ Springer
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Fig. 8 Runout paths.

a Elongated, b tongue, ¢ T-
shaped (modified after Nicoletti
and Sorrivo-Valvo 1991)

Table 2 RASH?P-investigated range of rheological parameters

Frictional Voellmy rheology

rheology

Friction Friction coeff., Turbulence coeff.,
angle, ¢ (°) =) ¢ (m/s?)

16 0.1 200

18 0.1 500

20 0.2 500

1. A linear interpolation is used to describe the relation
between the friction coefficient (tana) and the mobi-
lized volume. However, the data distribution is not
normal for either the independent variable y (=log H/L)
or the dependent variable x (=log V);

2. the number of considered past events is somewhat
limited (33-76), and the type of landslides is
inhomogeneous;

3. it is not clear whether the volume that has to be
considered is the one that is measured at triggering or
at deposition;

4. these methods neglect any confinement of the flowing
mass;

5. these methods only provide an indication of the
equivalent friction angle and a rough evaluation of
the area potentially affected by the moving mass.

After these preliminary remarks, a swell factor of 30 %
was assumed to account for the bulking processes during
propagation and a 99.73 % confidence interval was con-
sidered by Forlati et al. 1991, who stated that using
Scheidegger’s (1973) and Li’s (1983) empirical methods
for the different scenarios, the mass could theoretically
reach the area between the hamlets of Rosone (upper limit
of the confidence interval) and Locana (lower limit of the
confidence interval), which is about 4 km downstream

from Rosone. As discussed in detail in Sect. 5.1, none of
the analyses carried out with RASH?® shows that the mass
deposit could reach Locana.

From a chronological point of view, the results obtained
by Enel.Hydro (2001), with Friz and Pinelli’s (1993)
empirical method, should be now described. Since these
results are the more exhaustive as far as the number of
analyzed scenarios, spatial mapping and description of
results are concerned, they will be the subject of a detailed
comparison with RASH>P results in Sect. 5.1.

For this reason, the DAN results are now commented on.
Only one of the previously described scenarios (Scenario 1)
was investigated using DAN and a Frictional rheology
(p = 19.7°) by Pirulli (2004). Since DAN is a pseudo-
three-dimensional model, it requires that the lateral
spreading of the mass along the runout path is given as
input data. This spreading is not a result of the numerical
analysis. As a consequence, the lateral spreading defined in
the Enel.Hydro (2001) graphical interpretation of the
topography was used.

For this reason, the DAN results have led to an
improvement in the knowledge of the landslide velocity,
the time at which the event finishes and the depth of the
displaced mass in the deposition area for Scenario 1, but
this knowledge is a function of the runout area defined by
Enel.Hydro (Fig. 9).

However, a comparison between the DAN (Pirulli 2004)
and RASH?P results could be made, in terms of flow depth
and velocity, for Scenario 1 and Frictional rheology.

DAN gives a maximum depth of the mass in the depo-
sitional area of about 32 m and a maximum velocity of the
mass during propagation of about 48 m/s (Pirulli 2004).
RASH?” instead gives values of 27 m and 57 m/s con-
sidering a Frictional rheology and a friction angle equal to
20°. It is important to remember that unlike DAN, the
shape of the runout path is not input data for RASH>P.
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Fig. 9 Scenario 1. a Enel.Hydro results: the solid line indicates the
runout area as being symmetric to the axial travel distance, the dashed
line indicates the runout area in the case of a prevalent expansion in

5.1 Comparison of the RASH*” and ENEL.HYDRO
Results

As already mentioned, a dedicated section has been
devoted to the comparison of the RASH®P and ENEL.-
HYDRO results, since the latter represent the most com-
prehensive existing results pertaining to the possible
evolution of the Rosone landslide.

A continuum mechanics-based model, such as RASH3D,
allows the different aspects that characterize the flow-dy-
namics of a rapid moving mass to be analyzed.

Starting from the main topic of interest of the authority
responsible for territory management, attention is initially
focused on the comparison between the shape of the runout
area (i.e., propagation plus deposition) obtained by
Enel.Hydro with an empirical approach and that obtained
with RASH".

A first comparison is carried out concerning Scenario 3,
which is the most catastrophic one (Fig. 10). Superim-
posing the Enel.Hydro result onto each of the results
obtained with RASH?® for both the Frictional and the
Voellmy rheology in the investigated parameter range, it
can be observed that the eastern part of the runout area
defined by Enel.Hydro is in good agreement with many of
the RASH?® results, and RASH?® almost always remains
on the safe side (except in case of Fig. 10b). On the con-
trary, in the western side of the runout area, the Enel.Hydro
result is always underestimated in comparison to the
RASH?® results. RASH?® indicates that the Fornolosa
hamlet could be struck by the landslide.
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the direction of the valley; b DAN results for the Enel.Hydro
symmetric runout area (modified after Amatruda et al 2004 and Pirulli
2004)

Moving on to Scenario 2 (Fig. 11), which is the inter-
mediate one in terms of volume of mobilized material, it
immediately emerges that the Enel.Hydro result is always
underestimated in the eastern part of the mass runout in
comparison to the RASH? results. A certain similarity
between the two approaches can be observed for this side
of the deposit, but only when a Frictional rheology with a
friction angle equal to 20° is adopted in RASHP
(Fig. 11f). The same observations as those of Scenario 3
can be made for the western side of the runout area, except
for the fact that, in some of the RASH>P analyses, the
Fornolosa hamlet appears totally or partially safe.

Finally, Scenario 1, which is the least catastrophic, but
concerns the most active portion of the slope, is analyzed
(Fig. 12). In this case, a certain fitting can be observed
between the two approaches, but only when a Voellmy
rheology, with a friction coefficient equal to 0.2 and a
turbulence coefficient equal to 500 m/s*, is adopted in
RASH?" (Fig. 12¢).

As far as the analysis of the mass deposit in the valley
bottom is concerned, it emerges that this deposit could
cause an obstruction of the Orco River with the consequent
formation of a lake on the western side of the deposit. Once
knowledge of the river discharge and the maximum depth
of the deposit is available, it is possible to determine the
basin extension and the time necessary to fill it completely.
To determine the maximum depth of the deposit,
Enel.Hydro assumed that the deposit had a wedge shape
and an average slope of 18°. In this way, the maximum
depth values given in Table 3 were obtained.
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Maximum flow depth [m] 0.05-10

Fig. 10 Scenario 3. Comparison of the RASH®P (shadowed area) —a p=0.1, ¢ =200m/s* b u=0.1, £ =500 m/s* ¢ pu=02,
and Enel. Hydro (solid line) results in terms of computed runout area ¢ = 500 m/s. Frictional rheology: d ¢ = 16°, ¢ ¢ = 18°, f ¢ = 20°
extension. RASH®P rheological parameters: Voellmy rheology:

Maximum flow depth [m]

Fig. 11 Scenario 2. Comparison of the RASH® (shadowed area) —a p=0.1, £ =200m/s* b u=0.1, £ =500 m/s* ¢ pu=02,
and Enel. Hydro (solid line) results in terms of computed runout area ¢ = 500 m/s*. Frictional rheology: d ¢ = 16°, ¢ ¢ = 18°, f ¢ = 20°
extension. RASH®P rheological parameters: Voellmy rheology:
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Maximum flow depth [m]

Fig. 12 Scenario 1. Comparison of the RASH?P (shadowed area)
and Enel.Hydro (solid line) results in terms of computed runout area
extension. RASH" rheological parameters: Voellmy rheology:

Table 3 Enel.Hydro-maximum depth of the deposit

Scenario 1 (m) Scenario 2 (m) Scenario 3 (m)

35 65 95

On the other hand, RASH?? allows the depth of the
mass to be known at each point of the final deposit as well
as the maximum depth that the flowing mass has reached at
each point of the valley bottom involved in the mass
propagation. The spatial distribution can be observed for
each scenario in Figs. 10, 11 and 12, while the maximum
depth values on the valley bottom are summarized in
Table 4 for the final deposit (Hgyep) and during the event
(Hmax)-

From a comparison of the two approaches it can be
observed that the values estimated by Enel.Hydro are
closer to Hp,x than to Hyep.

Further aspects that can be analyzed using the RASH?P
code concern the velocity reached by the mass during
propagation at each position and in each time step, and the
maximum velocity distribution obtained throughout the
entire process. This last piece of information is resumed for
each rheology and each scenario in Table 5.

It can be observed that, for all of the analyzed scenarios,
the Frictional rheology overestimates the velocity, com-
pared to the Voellmy results. Similar behavior was
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a u=01, ¢=200m/s>; b u=0.1, ¢ =500 m/s>; ¢ pu=02,
¢ = 500 m/s”. Frictional rheology: d ¢ = 16°, ¢ ¢ = 18°, f ¢ = 20°

observed by Hungr and Evans (1996) when they back-an-
alyzed 23 case histories of rock avalanches with three
alternative rheologies: Frictional, Voellmy and Bingham.
Having had the possibility of comparing calculated veloc-
ities with actual observations in terms of velocity, Hungr
and Evans noticed that the Voellmy rheology gave an
excellent correspondence of the calculated and observed
velocities. The Frictional and Bingham models both over-
estimated the velocities. This trend had previously been
noted for the frictional model by Korner (1976).

Furthermore, the velocity computed with RASH® is
comparable to other famous rock avalanches observed in
other parts of the world. For example, the 1881 Elm rock
avalanche in Switzerland (11 x 10° m?), which traveled at
a maximum speed of 70 m/s (Hsu 1975), the 1903 Frank
rock avalanche in Canada (3 x 10° m3), which traveled at
a maximum speed of 40 m/s (Sosio et al. 2008), and the
1959 Madison Canyon rock avalanche in USA (30 x 10°
m°) traveled at a maximum speed of 50 m/s (Hadley 1964).
Therefore, the RASH?P results appear to be of the right
order of magnitude.

Finally, a spatial distribution of the maximum velocities
of the three investigated scenarios obtained with RASH?P
is given as an example in Fig. 13, for a selected combi-
nation of Voellmy rheological parameters (i.e., 0.1-500 m/
s?). It can be observed that the maximum velocity is
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E;l:(l;n‘:‘ rrl;liisrn}fr:\cllzl}fg during Rheology Scenario 1 Scenario 2 Scenario 3
mass flowing of the mass (Humax) Hgep (m) Hipax (m) Hygep (m) Hppnax (m) Hgep (m) Hpax (m)
and after the final deposition of
the mass (Hgep) Voellmy
0.1-200 m/s” 20.69 25.92 51.96 72.16 60.19 80.44
0.1-500 18.18 28.71 43.61 83.15 51.06 96.04
0.2-500 24.66 26.23 56.81 84.06 63.51 92.12
Frictional
16° 20.35 45.44 60.84 93.13 69.76 101.21
18° 23.22 42.74 62.39 89.74 70.55 94.62
20° 27.03 43.94 66.77 82.22 74.76 85.66

Table 5 RASH>P-maximum velocity reached by the mass through-
out the entire process

Rheology Scenario 1 Scenario 2 Scenario 3
Vinax (m/s) Vinax (m/s) Vinax (m/s)
Voellmy
0.1-200 m/s? 39.54 50.71 52.89
0.1-500 46.81 64.01 66.22
0.2-500 42.03 56.20 57.82
Frictional
16° 66.27 79.54 87.64
18° 60.82 73.10 82.01
20° 57.33 65.56 76.44

reached by the mass in the lower part of the triggering
slope.

6 Conclusions

This paper gives a brief description of the Rosone deep-
seated gravitational slope deformation, with particular
emphasis on the analysis of its potential evolution, in terms
of a catastrophic rock avalanche.

Efforts have long been made to give an exhaustive
description of the morphological and structural character-
istics of this site. The result of these efforts is that the
Bertodasco sector, which has been identified as the most
active part of the DSGSD, can be divided into three main
sectors with different rock mass evolutions and move-
ments, here referred to as A, B and C. Three different
possible evolution scenarios, with decreasing probability of
occurrence and increasing impact on land planning, have
been investigated in this work.

The modeling of the possible consequences of the
catastrophic evolution of these scenarios has been the
subject of analyses of different authors (Forlati et al. 1991;
Enel.Hydro 2001; Pirulli 2004) and with different approa-
ches. Among these, the most exhaustive analysis was made

by Enel.Hydro, but none of the analyses used a three-di-
mensional continuum mechanics-based approach. Hence,
the continuum mechanics-based RASH" code has been
here used to run new analyses on the potential catastrophic
evolution of the Rosone rock avalanche.

Two different rheological laws (Frictional and Voellmy)
have been adopted and a range of rheological values has
been investigated for each rheology. The range of each
rheological value has been obtained from the literature by
selecting the rheological values that were computed
through the back-analysis of past events with similar
characteristics to the here investigated case.

An analysis of the obtained results has pointed out that
the first advantage of using the RASH" code is that it
offers the possibility of simulating the propagation of the
mass using a real three-dimensional topography (i.e., the
Digital Elevation Model). In fact, simplified codes that can
only analyze single topographical sections can neither
investigate the lateral spreading of the mass nor simulate a
change in the flowing direction of the movement (e.g., the
presence of a narrow valley transversal to the main direc-
tion of the flow propagation can cause a run-up of the mass
on the opposite slope and a change in the flowing
direction).

The possibility of studying the flowing mass in three
dimensions allows the shape of the runout area to be
defined not only from point information. In RASH?P, the
runout area is an output of the code, and both spatial and
temporal information of the flow depth and velocity are
made available.

A comparison of the Forlati et al. (1991) and RASH?P
results has shown that none of the analyses carried out with
RASH?P determines a direct deposition of the mass in
Locana, as was instead observed with the empirical
methodology applied by Forlati et al.

A comparison of the Enel.Hydro (2001) and RASH*"
results has evidenced that:

— the former underestimates the extension of the runout
area when compared to the latter;
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Fig. 13 Spatial distribution of the maximum velocity computed with
RASH?P using a Voellmy rheology with ¢ = 0.1 and ¢ = 500 m/s>.
a Scenario 3; b Scenario 2; ¢ Scenario 1

— the former overestimates the maximum depth of the
deposit in the valley bottom compared to the latter.

A comparison could be made between the DAN (Pirulli
2004) and RASH’P results in terms of flow depth and
velocity, but not in terms of runout area, since the runout
area used in DAN is the graphical interpretation of the
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topography made by Enel.Hydro in 2001. As far as the
maximum flow depth at deposition and velocity during
propagation are concerned, it has been observed that
RASH?P slightly underestimates the depth and overesti-
mates the velocity for Scenario 1 compared to DAN. As
already mentioned, the same trend is observed when the
RASH?® and Enel.Hydro results are compared in terms of
maximum flow depth at deposition.

In conclusion, the use of a continuum mechanics-based
code, such as RASH3D, can result in a great deal of
information on the dynamics of the propagation of rock
avalanche events; in particular, compared to previous
analyses, the shape of the runout path is not an input of the
code, but is a result of the analysis. The spatial distribution
of the velocity and depth during the runout and after
deposition of the material can be computed as well as the
consequences of a possible runup of the flowing mass on
the opposite slope. However, the main problem is still that
of calibrating the rheological parameters. In fact, the use of
a selected set of values calibrated through the back-analysis
of past events has been proposed here.

As for the consequences on the area that could be
impacted by the Rosone landslide, all the analyses con-
ducted with the different methodologies have evidenced
the problem of a possible obstruction of the Orco River on
the valley bottom and the possible formation of a lake.

The presence of a lake would endanger downstream
areas in the case of overflows, or even worse, in the case of
dam breaks. A wave could also originate if more material
were to be released from the slope, in the form of a land-
slide, and to fall into the above-mentioned lake (e.g., the
Vajont effect).

Such a lake could form over a short or long period of
time, as a function of the maximum depth and shape of the
landslide deposit in the valley bottom, and could contain
different quantities of water. However, the Ceresole dam
(15 km upstream from the Rosone area) could retain water
and give the Civil Protection the time necessary to arrange
targeted interventions, unless the Rosone landslide were to
collapse because of overloading of the hydrographic net-
work and then the Ceresole dam were to already be filled.
In fact, owing to dam filling, huge quantities of water had
already been released from the Ceresole dam in the past
during heavy rainfalls (e.g., 1947, 1977). In similar con-
ditions, the consequences on the area surrounding the
landslide deposit are easy to imagine, in terms of both
filling of the landslide dam lake and safety of the popula-
tion (Forlati et al. 1991).

Besides the problems connected to the creation of a
landslide dam lake, dam overflows and dam breaks, the
underestimation of the extension of the valley bottom area
that could be directly impacted by the landslide could
produce serious consequences for some hamlets located at
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the borders of the runout area. The RASH’" analysis
results have in particular pointed out the possibility of the
Fornolosa hamlet being affected by a landslide. However,
taking into account (1) that the analyzed scenarios only
refer to a part of a wider DSGSD and that other sectors of
the slope could also destabilize, (2) that instead of an all at
once release of the material, a progressive failure could
occur and (3) that no considerations have been made on the
possible wind and dust effects, it should be noted that in the
case of an emergency, the results of the hypothesized
scenarios should be combined with an attentive and actual
evaluation of the current conditions.
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