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Abstract Rockslides in alpine areas can reach large volumes and,
owing to their position along slopes, can either undergo large and
rapid evolution originating large rock avalanches or can decelerate
and stabilize. As a consequence, in particular when located within
large deep-seated deformations, this type of instability requires ac-
curate observation and monitoring. In this paper, the case study of
the La Saxe rockslide (ca. 8 x 10°m’), located within a deep-seated
deformation, undergoing a major phase of acceleration in the last
decade and exposing the valley bottom to a high risk, is discussed. To
reach a more complete understanding of the process, in the last
3years, an intense investigation program has been developed. Bore-
holes have been drilled, logged, and instrumented (open-pipe pie-
zometers, borehole wire extensometers, inclinometric casings) to
assess the landslide volume, the rate of displacement at depth, and
the water pressure. Displacement monitoring has been undertaken
with optical targets, a GPS network, a ground-based interferometer,
and four differential multi-parametric borehole probes. A clear sea-
sonal acceleration is observed related to snow melting periods. Deep
displacements are clearly localized at specific depths. The analysis of
the piezometric and snowmelt data and the calibration of a 1D block
model allows the forecast of the expected displacements. To this
purpose, a 1D pseudo-dynamic visco-plastic approach, based on
Perzyna’s theory, has been developed. The viscous nucleus has been
assumed to be bi-linear: in one case, irreversible deformations de-
velop uniquely for positive yield function values; in a more general
case, visco-plastic deformations develop even for negative values.
The model has been calibrated and subsequently validated on a long
temporal series of monitoring data, and it seems reliable for simu-
lating the in situ data. A 3D simplified approach is suggested by
subdividing the landslide mass into distinct interacting blocks.

Keywords Mont de La Saxe rockslide - Monitoring -
GB-Insar - Displacement forecast - Visco plastic model -
Slope hydrology

Introduction

Rockslides undergoing rapid changes in behavior represent a major
risk in alpine areas, requiring careful characterization and monitor-
ing, both for civil protection activities and to plan slope stabilization
strategies. In particular, these instabilities can follow a phase of very
slow and almost imperceptible movement, after which seasonal
rapid accelerations or collapse can take place. The analysis of such
instabilities, subject to continuous slow movements and intermittent
stages of slowing and rapidly (occasional or seasonal) accelerating
motion, is a challenging issue in geological and geotechnical prob-
lems. These types of landslides can occur high on the valley and
mountain flanks causing risk over large areas along the valley bot-
tom, and can rapidly evolve into a relatively short time due to the
progressive failure of the rock mass or due to an external agent which
can trigger instability (Gillon and Hancox 1992; Gillon et al. 1992;
Crosta and Agliardi 2003; Glastonbury and Fell 2010; Helmstetter
and Garambois 2010; Nishii et al. 2013).
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Many translational or roto-translational landslides occurring in
Northern Italy (Crosta et al. 2006) are characterized by velocities
on the order of few centimeters per year. Usually, this behavior
does not result in sudden and unexpected failures; nevertheless, it
can substantially impact the stability of infrastructures (roads,
tunnels, etc.) and civil buildings. Several case studies of large
rockslides have been presented in the literature (Crosta and
Agliardi 2002; Casagli et al. 2010; Ganergd et al. 2008; Chigira
2005; Helmstetter and Garambois 2010; Zangerl et al. 2010;
Greneng et al. 2011; Gischig et al. 2011; Agliardi et al. 2012) showing
dependence of displacement rate on seasonal and annual changes
of external factors [rainfall, snowmelt (Moore and Imrie 1995;
Nishii et al. 2013), temperature oscillations] or on human actions
(e.g., impounding of landslide toe by artificial lakes; Macfarlane
2009; Macfarlane et al. 1992a, b; Mansour et al. 2011).

The study of the triggering of such rockslides can be focused on
either the initial failure or the successive reactivations driven by
either meteo-climatic events or other perturbations. Displace-
ments are generally triggered by hydrologic factors and a correla-
tion between groundwater level oscillations and slope movements
has been observed (Angeli et al. 1996; Butterfield 2000; Lollino et
al. 2006; Corominas et al. 2005; Gottardi and Butterfield 2001;
Helmstetter and Garambois 2010; Ranalli et al. 2010). This seasonal
dynamic behavior generally shows a delay between perturbation
(e.g., groundwater recharge and increase in water table level) and
system reaction (e.g., increase in displacement rate). Therefore, it
can be correlated with a typical viscous response inducing a
permanent—and time delayed—deformation of the unstable
mass. These rockslides can reach very large volumes making their
stabilization technically difficult or prohibitive in terms of both
sustainable costs and logistics. To develop a good understanding
of this behavior, monitoring systems are set up with the aim of
providing a continuous description of the movement evolution
and estimating the expected displacement or eventually the col-
lapse time. The monitoring data should be as complete as possible,
to allow the understanding of landslide activity and the sensitivity
to external perturbations, the prediction of future evolution, the
estimate of expected displacements and accelerations, and the
definition of threshold values to be implemented within Early
Warning Systems (EWS).

Furthermore, most of these landslides are complex phenomena
characterized by an evolution that can be different for individual
sectors within the landslide, each at a different evolutionary step,
and that can evolve with time through a progressive failure. In
order to fulfill such a scope, a monitoring network should include
both surface and subsurface instrumentation (Eberhardt et al.
2008), and the data needs to be interpreted by suitable methods.
At the same time, these methods should be relatively simple to
allow implementation within the EWS.

In the following paper, we present the case study of the Mont de
La Saxe rockslide (Courmayeur, Aosta Valley, Italy) as an example
of complex investigations caused by environmental and local risk
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Fig. 1 Shaded 1 m x 1 m LiDAR DEM of the left hand flank of the Ferret valley. The orientation of the morphostructures and their termination close to the rockslide crown
area are visible. The superficial drainage network and the small catchments directly contributing to the rockslide at different points are shown

considerations and substantial slope activity. This active rockslide
generates a high consequence of failure because of its location just
above Entreves village and its proximity to the Mont Blanc high-
way and tunnel, to the Mont Blanc cableway, and to the access for
some important tributary.

In addition to the local population, large numbers of tourists
visit the area both during the winter and summer seasons. There-
fore, the possible impact on the area by the potential rockslide is
important both from the social and economic point of view.

The Mont de La Saxe rockslide
The Mont de La Saxe rockslide is located in an area known to be
unstable for many years (Ratto et al. 2007; Broccolato, M et al. 20113,
b; Crosta et al. 2012a, b), although very little detailed information
exists concerning its activity. The rockslide is located at the extreme
SW termination of a deep-seated gravitational slope deformation
(DSGSD), which occupies the terminal sector of the left-hand side of
the Ferret Valley (Fig. 1). Here, rockslide deformations clearly dis-
place gravitational morphostructures (scarps, counterscarps, trench-
es) related to the DSGSD, whose SW-NE rectilinear trend appears
strongly disturbed or obliterated inside the rockslide area (Figs. 1, 2,
and 3). This observation may be relevant to the definition of struc-
tural constraints for landslide geometry modeling and stability anal-
ysis setup (e.g., pre-existing occurrence of weakness zones with
different physical mechanical properties with respect to the other
slope sectors).

The rock slide (of about 8 x 10° m?) extends between 1,400 and
1,870 m a.s.l., over an area of about 150,000 m? with maximum
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horizontal length of about 550 m, maximum width of about 420 m,
and average slope gradient of 37°. The upper scarp is about 200 m
wide and it is characterized by a steep rock wall some tens of meters
high, locally oriented along subvertical schistosity planes (Fig. 3).
Since no quantitative information was available to characterize
the state of activity of this slope during the past decades, detailed
multi-temporal and multi-scale analyses of available aerial photos
have been undertaken. Interferometric PS-InSAR and SqueeSAR
analyses (ERS1 and ERS2, from 1993 to 2000 and from 1992 to 2000
for ascending and descending mode, respectively; Radarsat, from
2003 to 2010, all performed by TeleRilevamentoEuropa) have been

Fig. 2 The left hand flank of the Ferret valley. The photo is taken from the Mt
Blanc massif and shows the deep-seated gravitational slope deformation and the
Mont de La Saxe rockslide, at the valley outlet above the Entréves village
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Fig. 3 Simplified cross section of the NW slope of Mt de La Saxe representing the general foliation attitude, the location of some boreholes, the rockslide failure surface as
from geophysical investigations and direct inclinometric measurements, and the assumed deep-seated slope deformation surface and internal failure planes and trenches.
Main lithological limits are also shown together with a zonation of the slope in sectors with different degrees of disturbance and expected hydrogeological behavior. This

same cross-section has been adopted for 2D groundwater flow modeling (Fig. 12)

unable to provide information on the displacements of this unfavor-
ably exposed NW facing valley flank (http://geonavsct.partout.it/
pub/geoRelBac/). Multi-temporal analysis of aerial photos (1983,
1988, 1998, 2000, 2009) shows that in 1983, the upper slope sector
was intensely vegetated and no debris scree was visible at the already
existing small headscarp. Small debris flows and scree along the
slope were rare in these first photos, but started to be clearly detect-
able in 1988, along the lower slope sector. The rockslide activity
continued to develop and, on the 1998 aerial photos, the upper scarp
activity became evident. Since then, the rockslide activity has in-
creased and the occurrence of rockfalls at its toe has been observed
with blocks reaching the Dora di Ferret river (2008, 2012).

Building on this basic information, several rockslide investigation
activities have been undertaken since 2009 (Broccolato et al. 2011a, b;
Crosta et al. 2012a), including geological and geomorphological
mapping, geophysical seismic surveys, borehole drilling, in situ test-
ing, and monitoring.

Five seismic tomography profiles have been acquired along the
slope, which indicate the presence of either relaxed or fractured
rock masses extending to depths up to 70-90 m, below which
some relatively sound or slightly relaxed rock is present. This is
suggested by the available geophysical investigation data (seismic
refraction and tomography) summarized in Fig. 4.

Eighteen vertical boreholes and 11 inclined (22° to 29°) bore-
holes have been drilled (110 to 200 m long) in the landslide area
since 2005 (see Fig. 5). The large number of boreholes is due to the
complexity of the system and the need for a more complete and
clear identification of the sliding surface and groundwater levels
within the rockslide body. Moreover, the large displacement rate of

the rockslide has caused damage and loss of efficiency of the
borehole monitoring system installed, requiring new boreholes
to be drilled to continue sub-surface monitoring activities. RQD
logging of boreholes and drillcores confirmed the presence of a
thick (30-90 m) intensely fractured and disrupted layer located
above more competent bedrock (Broccolato et al. 2011a). Foliation
varies in inclination with respect to the borehole axis but mainly
dips into the slope between 20° and 60°, with extremely rare
subvertical orientation and seems more related to the pre-existing
stratification. A borehole exceeding 200 m in depth (S1-12) has
been recently drilled within one of the upper trenches, related to
the DSGSD, about 70 m above the crown area (Figs. 3 and 5). Here,
the rock was proved broken and extremely permeable for the
entire length with only a minor presence of water (short discharge
below 1 1/s). This observation is relevant to the definition of
rockslide predisposing factors and provides interesting constraints
to hydrogeological modeling and the effects of triggering agents.
Water or air losses were frequently observed during drilling
through the upper 30 to 90 m, and no Lugeon test was feasible.
Water pockets were found in two inclined drillholes, but were of
short duration. Springs have been mapped and monitored period-
ically along the slope, the most important (with short peaks up to
10-40 /s during the snow melting season) located high on the
slope a few hundred meters S of the head scarp (see Figs. 3 and 5).
The area is subjected to snow fall during the winter (average
equivalent rainfall 810 mm ca., data—Mont de La Saxe meteo-
station at 2,076 m a.s.l.) with a total average precipitation of about
1,470 mm (at the rock slide crown area) and a real evapo-transpi-
ration of about 370 mm. Water infiltration in the area seems

Landslides |
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Fig. 4 Seismic refraction tomography represented in terms of isovelocity contour lines, along longitudinal and transversal investigation lines, for the lower part of the Mt

de La Saxe slope. Simplified fracture intensity logs (as in Fig. 10) and measured inclinometric displacements are shown

strongly controlled by the presence of the large morphostructures
and their infiltration characteristics. Morphostructures parallel to
the slope direction strongly control the surface water runoff,
directing it towards the rockslide crown area or favoring its perco-
lation within the slope through the more conductive materials
aligned with the trench direction (Fig. 1). Tracer tests have been
performed both from the surface and from boreholes. The tests
allowed us to recognize that the groundwater system is locally
compartmentalized and the peak velocity from first arrivals is esti-
mated as 10 to 20 m day . The seepage direction transversal to the
slope dip is supported by tracer testing by injection of fluorescein in
borehole S1/09, which was later detected only at the springs located
on the south western side of the landslide, about 100 m below the
immission point. Infiltration and tracer tests within a morphostruc-
ture, few hundred meters uphill from the rockslide head scarp,
showed an infiltration rate ranging between 5 and 10 /s, which can
be considered typical of these morphostructures. Furthermore,
some of these morphostructures are characterized by a layered
infilling with big changes in grain size, including blocks from
scarp dismantling and sometimes finer levels corresponding to
paleosoils. This discontinuous layering can cause also subsur-
face seepage in the direction of morphostructures (SW). Be-
cause of this effect, the rockslide and the head scarp area are
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fed by the water drained by the morphostructures, immediately
to the E and SE, making this an important controlling factor of
the rockslide reactivation. The total hydrogeological area direct-
ly contributing to the rockslide has been derived from the
analysis of a LIDAR DEM and sums up to o.1i7 km* (Fig. 1).
An additional area of 0.36 km* has been interpreted to belong to
the hydrogeological basin contributing to the rockslide by per-
colation and preferential flow along DSGSD morphostructures
during periods of high rainfall or snow melt.

The location of a deep groundwater table within the slope is
controlled at a larger scale by the rockslide location at the valley
outlet (see Figs. 1 and 2), where a large difference in elevation
exists between the Ferret tributary valley and the main valley
bottom. Here, the deep groundwater table should respond to the
variations of both the secondary and main base levels (Gleeson
and Manning 2008), draining water from within the Ferret valley
flank. Finally, after drilling operations, most of the boreholes
showed water levels at or below the depth of the sound bedrock
appearance (ca. —9o m) late in the summer and during the winter.

Geological and geomorphological settings
The La Saxe rockslide is located in meta-sedimentary sequences
cropping out along the left hand flank of the valley (Fig. 6). These
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rocks belong to Ultra-Helvetic basal decollement units located
south of the Mt. Blanc crystalline massif and are made of very
low-grade, intensely deformed Middle Jurassic meta-sedimentary
sequences, including limestones and marls, argillaceous schists,
black schists, micaschists, and calcschist with quartz-arenite levels
(Antoine et al. 1979; Guermani and Pennacchioni 1998; Perello et
al. 1999; Leloup et al. 2005). To the south, these rocks are found in
tectonic contact with the Ultra Helvetic Mt. Chetif unit, made of
metagranites and metarhyolites. Just a few kilometers south of the
rockslide area, Ultra-Helvetic units are overthrusted along the
WSW-ENE trending Frontal Penninic Thrust (PFT in Fig. 6) by
low-grade meta-sedimentary sequences belonging to the External
Penninic Units (Courmayeur-Sion zone). In the area affected by
the rockslide, dominant black argillaceous schists prevalently dip
to the SE, into the slope, with dip angles ranging between 20° and
60° (more rarely sub-vertical), due to the effect of tectonic defor-
mation events at the outcrop scale. The rock fabric seems to be
more controlled by pre-existing sedimentary features (bedding)
than by the development of an axial plane foliation.

Slope morphology and superficial deposits reflect the imprint
of Quaternary glaciations and subsequent readjustment by gravi-
tational processes. The slope is extensively covered by discontin-
uous till deposits reworked by gravity and colluvial processes,
whereas significant talus and landslide deposits are found at the
slope toe. As was above mentioned, a large sector of the valley
flank is affected by a DSGSD characterized by SW-NE trending
morphostructures (associations of gravitational scarps and
counterscarps) conditioned by persistent inherited brittle tectonic
features, including subvertical, dextral strike-slip faults reactivated
by slow rock slope instability. These morphostructures also exert a
strong conditioning on the SW-trending pattern of superficial
drainage axes, which are almost parallel to the slope direction in
the upper part of the slope.

Monitoring system

As was already mentioned, some evidence of past activity along
the slope has been recognized on old aerial photos, and since 2002
an evident reactivation of the phenomenon has been observed

Landslides |
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(Broccolato et al. 2011a, b; Crosta et al. 2012a). For this reason, 15
EDM (Electronic Distance Measurement) repeated measurements
of eight optical targets were carried out from two reference sta-
tions between 2002 and 2009.

In 2009, the recognized high level of risk posed by the rockslide
pointed to the need for a more complete monitoring system. This
has been deployed integrating different types of surface and sub-
surface monitoring data (both in point-like and distributed forms)
to achieve a better understanding of rockslide displacement, fail-
ure mechanisms, and trigger-response relationships, and to sup-
port emergency civil protection actions.
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In its present configuration and in order of deployment, the
monitoring system for surficial displacements includes the follow-
ing (see Fig. 5):

® 9 GPS benchmarks for periodic, manually operated measurements;

® 1 permanent GB-InSAR LisaLab™ system (operated by Ellegi
srl);

® 5 GPS network devices for automatic continuous measure-
ments; and

® 1 Leica TCA™ robotic total station, surveying 31 optical targets
(four of which relocated outside the rockslide area on stable
ground) hourly.

The total station is positioned on the opposite valley side, just
near the LisaLab™ GB-InSAR system and the GPS master refer-
ence station (Fig. 4).

The GB-InSAR equipment has been operating in permanent
monitoring mode since June 2009, with a synthetic aperture of
3 m. The equipment acquires radar images with a range resolution
of 1.5 m, and an azimuthal resolution between 0.5 and 4 m de-
pending on the distance from different parts of the monitored
scene, ranging between 500 and 2,000 m, respectively. Radar
sensor location and elevation have been selected to optimize the
alignment between the radar line-of-sight and the average direc-
tion of slope displacements. The system collects and processes
radar images approximately every 10 min, and provides a spatially
distributed, near real-time information of landslide behavior, in
the form of geo-referenced cumulative displacement maps and
cumulative displacement streaming time series at 15 pre-defined
points of interest.

The GPS network is based on a set of single frequency stations,
which transmit phase data every 15 s to the main controlling unit.

In addition, a geotechnical monitoring network has been
deployed in different stages since 2009, including 11 casings for
periodic borehole inclinometer measurements, three borehole
wire extensometers, eight water pressure transducers in open-pipe
piezometers (below different depths, 16 to 50 m), and four DMS™
multi-parametric probes.

The monitoring network has been regularly reviewed and up-
dated because of damages related to large slope displacements
causing excessive deformations of inclinometer casings and
open-pipe piezometers. At present, only four inclinometer casings
are accessible and four piezometers are still measuring reliable
piezometric levels. The four DMS™ columns (operated by CSG
srl, Italy) collect water level and subsurface displacement data
every 30 min, at measurement points in quasi-open holes and
located every 1 m along columns of different lengths (12, 80, and
110 m). A weather station is located at about 2,200 m a.s.l. close to
the ridge of Mont de La Saxe and acquires a complete set of data
for temperature, rainfall, and snow depth data allowing for evalu-
ation and modeling of snow melt (Broccolato et al. 2011a; Crosta et
al. 2011, 2012a).

Analysis of monitoring data

Monitoring data, gathered by different types of sensors at both
slope surface and depth, have been integrated and processed in
order to (1) improve the understanding of the rockslide kinematics
and provide a framework for further analysis, and (2) investigate
the relationships among different triggers (i.e., rainfall and
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snowmelt) and the rockslide response. A sound knowledge of
these aspects of landslide dynamics is required in order to provide
reliable landslide forecasting and emergency management
measures.

Figure 7 shows ground surface displacement data from June
2009 to September 21, 2012. The quality of the measurements and
the redundancy of the system are demonstrated by the very close
agreement between measurements obtained by means of different
techniques (GPS, GB-InSAR, total station). This has also been
demonstrated during some emergency phases when both GB-
InSAR and total station measurements have been able to follow
recent, minor failure events (May and September 2012).

The spatially distributed information obtained by GB-InSAR
measurements presented in the form of geo-referenced cumulative
displacement maps provides a consistent format to revise and
integrate all the available investigation and monitoring data and
to improve the knowledge of the kinematics and style of activity of

this complex landslide. In particular, the patterns of displacement
derived from the analysis of time series extracted from the entire
stack of GB-InSAR cumulative displacement maps have been eval-
uated against surface morphological evidence and borehole infor-
mation. This allowed a subdivision of the rockslide into five zones
(inset in Fig. 7).

The landslide head (zone A) shows a strong morphological
irregularity, evidenced by a rapid evolution of shear fractures,
opening or closing tension cracks, and intensely broken rock
mass. The downhill limit of the head is formed by steep slope
sectors with multiple, discontinuous rock outcrops, below which
slope continues with no major scarp down to the slope toe (almost
500 m wide), which is marked by an intensely broken rocky cliff.
The landslide body downslope of zone A can be subdivided into
four sectors roughly parallel to the slope strike and dip direction.
The NE right hand sectors (zones B and C) show higher rates of
displacement, between 1 and 1.6 m/a, and are covered by abundant
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presented in Fig. 11

loose debris with sparse vegetation. The central sector (zone D)
shows a spatially variable state of activity with displacement rates
ranging between 0.3 and 1 m/a. Finally, the SW or left hand sector
(zone E) is well vegetated and does not show clear evidence of
activity.

In general, time series of displacements available over three
complete seasonal cycles (i.e., 2010, 2011, 2012) show a clear sea-
sonal pattern with sudden acceleration stages during snow melting
periods, followed by declining movement rates (usually April to
June, with minor shifts between different years; Fig. 7). Less snow
cover in 2011 resulted in a lower degree of activity of the landslide,
especially in the head (zone A) and in the central (zone D), and
western (zone E) sectors. The SW part of the landslide generally
shows a significantly smaller activity with average velocity between
0.05 and o0.15 m/a. Direct rainfall during the summer period does
not seem to significantly control landslide activity (Fig. 8). In
contrast, available data suggest that rockslide acceleration occurs
immediately after the beginning of snowmelt. Sectors located at
lower altitudes (zones C and E) respond slightly before the upper
sectors, presumably because of earlier snowmelt and the more
abundant fine debris material typical of these areas, and/or higher
local degree of saturation of the landslide mass. The NE rockslide
sector (i.e., zones B and C) is always characterized by higher

| Landslides

displacement rates as compared to zones A, D, and E. From a
temporal point of view, displacement rates measured during ac-
celerating periods of 2010 and 2011 are similar, whereas much
higher values were recorded during 2012. In this period, a sharp
acceleration of zone C has been detected (ie., displacement of
about 2 m in less than 2 months for some optical targets and
GPS stations), possibly indicating a significant step ahead of the
rockslide system towards failure.

It is also worth noting that continuous slow slope movements
are recorded during every cold-dry season. They occur at a con-
stant rate, interposing themselves between seasonal stages of sud-
den acceleration/slowing phases, occurring when the groundwater
level is at or just below the recognized shear zone. This possibly
reflects the occurrence of an overall creeping rockslide behavior
related to rock mass fatigue and damage.

Inclinometer and multi-parametric borehole probe (DMS)
readings allow a comparison between surficial and deep move-
ments and to evaluate the sensitivity of deep displacements to the
rockslide triggers (rainfall and snow melting). Figure 8 supports a
consistent link between the ground surface and deep response of
the rockslide system to the same triggering inputs. Deep-seated
displacements start slightly later (approximately 7 to 10 days) and
grow faster than ground surface ones. As an example, the DMS
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Fig. 9 DMS cumulative displacements measured at different depths within two
boreholes (see Figs. 5 and 10), showing the acceleration during the 2012 spring
snowmelt phase

column installed in borehole S3-11 (Fig. 8) shows a slow displace-
ment rate in the downhill direction (measured at 1-m depth
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intervals) since the beginning of the snowmelt, corresponding to
the progressive increase in the water level measured by the piezo-
metric cells. Once a threshold groundwater level is reached, a
sharp, step-like acceleration takes place. Rockslide response mea-
sured by traditional inclinometric devices appears to be more
linear: this probably derives from the fact that no measures have
been taken in the period from March 1 to May 10, when the
strongest acceleration was expected, and displacements are spread
over the 15-day measurement interval.

A similar behavior, but on a shorter time scale, has been
observed in DMS data and two examples are shown in Fig. 9. This
shows the short-term reaction of the rockslide at different depths
to snowmelt during the 2012 late spring. The DMS data describe a
sort of stick slip behavior with successive steps characterized by a
progressively accelerating displacement up to an almost instanta-
neous movement followed by a subsequent step. This behavior is
evident along the main localized shear zone (see Figs. 9 and 10)
and could be either related to stick-slip behavior or to rapid
changes in water pressure along the shear zone.

Piezometric levels in open stand pipes have been monitored on
an almost continuous basis (see Fig. 8), and changes up to about
10 m have been observed in a relatively short time and associated
to major snowmelt periods. No clear or relevant variations have
been observed following major rainfall periods. Discontinuity in
measurements is due to the large annual displacements at the
failure surface, which cause rapid deterioration or complete cut-
ting of the piezometers, and damage of the pressure transducers.
Piezometric level at the S1-09 borehole within the rockslide head is
generally measured 40 m below the active failure surface and at
the base of a 9o-m-thick broken rock mass sector.

Spatial-temporal evolution of the movement
The analysis of GB-InSAR datasets reveals relationships between
the temporal and spatial styles of activity of different rockslide

25/10/11 - 23/10/12
364 728

11/07/09 - 27/08/10
412 824

11/11/11 - 23/10/12
347 694

10/11/11 - 29/06/12

232 464 10!

189 69 1041 1236 92

10

20

30

40

drilled borehole

drilled borehole
drilled borehole

E £ ,
=~ 50 2 ) |
ES] H U i
o 1 = \ |
[0} R R i
i
3 SR I 11 ; i
intact rock ] =~ ] ! '
701 jointed rock [l - h---------- e |
highly jointed ity I | ! !
¥ 2 . \
804 rozl:kl E main zone A !
soil-like rock = shear zone = sone B I .
904 _ ___ ______.x v, __¥.max ground zone C E
{ water level zone D pr T
100 b 4 *min g.w.l. ----zone E |
Inclinometer DMS column Incli Inclir Inclinometer DMS column Inclinometer DMS column
1104.81-09 S2-11 $2-09 | $4-10 S5-11 S3-11 S$3-09 S7-11
0 1 2 30 1 2 30 1 2 30 1 2 30 1 2 30 1 2 30 1 2 30 1 2 3
displacement rate (mm/day) mm/day mm/day mm/day mm/day mm/day mm/day mm/day

Fig. 10 Inclinometer and DMS cumulative displacement plots and average displacement

rate at different rockslide sectors (A to E; see Fig. 5 for position) for different total measuring

intervals (see dates above each plot) compared with simplified fracture density logs. Percussion drilling intervals, main shear zone extent, and groundwater table levels are shown
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zones to be assessed in response to the triggering inputs. In
particular, cumulative displacement maps have been processed
in order to obtain maps of the incremental displacements for 7-
day time intervals (Fig. 11). These maps show the seasonal trends
and sudden changes (i.e., accelerating events) of displacements in
parts of the landslide characterized by different behaviors (i.e.,
zones A to E). This analysis allowed us to identify the following
clear rockslide “spatial activation sequence”:

1. initial (precursory?) displacements start within the scree de-
posit at the landslide toe before activating the main rock slide
area, manifested by small rockfall events detaching from the
main rockslide body;

2. initial rockslide accelerations take place during the first part of
the snowmelt period in the NE, faster rockslide sector (zones B
and C, characterized by the sharpest morphological evidence);

3. at the end of the snowmelt period, also corresponding to the
highest groundwater table stages, the entire rockslide body
becomes involved in a generalized movement (displacements
extending to zones A and D), with an inferred failure surface
day-lighting either at the base of the landslide rocky toe or at
the apex of the scree deposit;

4. during the recession stage of groundwater table, the activ-
ity again becomes confined to zones B and C, progres-
sively slowing until the end of the activation period. The
length of the groundwater recession stage varies from year
to year, due to the possible contribution of snow depth,
temperature pattern, and rainfall periods following the
snowmelt.

2D groundwater flow model
Groundwater flow modeling allows to verify both the conse-
quences and the validity of some of the surveyed characteristics,
and of the assumptions made about the role played by major
features (e.g., morphostructures) and local to regional topography
(Gleeson and Manning 2008). At the same time, groundwater
modeling offers the means for assessing the oscillation of ground-
water level which is a major input in rock slide and deep-seated
gravitational slope deformation modeling (Crosta and Agliardi
2003; Guglielmi et al. 2005; Pisani et al. 2010).

To this aim, both 2D and 3D groundwater flow modeling of the
slope have been performed (Crosta et al. 2011). To better outline
the general behavior of the slope, the results of a 2D saturated-
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Fig. 11 GB-InSAR maps of incremental displacement at 7-day intervals through the main snow melting periods in 2010, 2011, and 2012. The same color legend has been
applied through the figures to show the progressive seasonal acceleration and deceleration of the different rockslide sectors (A to E zone limits are traced in black)
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unsaturated flow model are presented. The model considers the
presence of a detensioned upper rock slide mass and a slightly
detensioned deep-seated gravitational instability (see schematic
cross-section in Fig. 3). The two instabilities are bounded at their
base by thin cataclastic shear bands. The hydraulic conductivity
values have been estimated by borehole observations and mea-
surements, infiltration testing, geophysical investigation data, and
laboratory tests on samples of cataclastic breccia. Water charac-
teristic curves have been assumed tri-linear with parameters typ-
ical of coarse (e.g., sandy-silty soils for broken weathered rock
mass) up to very fine soils (e.g., cataclastic shear bands). Seismic
velocities allowed us to estimate a porosity value for each of the
main contour intervals in Fig. 4. In particular, some empirical
relationships linking compressional wave velocity (V) with po-
rosity (n) (Wyllie et al. 1956, 1958; Watkins et al. 1972; Lama and
Vutukuri 1978; Kirsch 2006), and with degree of jointing (Sjogren
et al. 1979) have been presented in the literature. Following, for
example, Watkins et al. (1972) and Kirsch (2006), a progressive
decrease in porosity with depth can be associated to the wave
velocities presented in Fig. 4 (V,=1,350 m s~ ', n=0.30;
Vp=1,750 m s™', n=0.25; V,=2,450 m s, n=0.19; V,=3,000 m s,
n=0.16). A similar trend can be derived for RQD values or linear
(1D) joint frequency (Palmstrom 1995). The change in elastic wave
velocity with RQD and 1D joint frequency allowed us to attribute
fracture intensities to slope sectors delimited through seismic
refraction tomography.

Grain size analyses and laboratory permeability tests provided
a range of hydraulic conductivity values for the breccia level
ranging between 1077 and 10 ® m s . These values are in good
agreement with measurements on cataclastic breccias at the base
of large deep-seated deformations (Crosta et al. 2012a, b) and from
cataclastic materials described in the literature (Fischer et al. 1998;
Burgi et al. 2001; Riedmiiller et al. 2001; Sausgruber and Brandner
2003; Mansour et al. 2011).

The stage of development of the rockslide and the amount of
cumulative displacements play a major role in controlling the
breccia parameters. In fact, it is reasonable to suppose that for
small initial displacements the breccia will represent a level more
permeable than the contiguous rock mass, especially in case of
quasi-translational mechanisms. On the contrary, for larger dis-
placements the rock slide mass will progressively break and strain
localization will occur with a progressive grain size reduction by
clast fragmentation and shearing. This induces a decrease in hy-
draulic conductivity along the basal failure zone and an increase
within the fractured rock-slide mass.

On the basis of all these data and from similar studies in the
literature (Agliardi et al. 2001; Binet et al. 2007; Boadu 1997; Cappa
et al. 2004; Guglielmi et al. 2005; Pisani et al. 2010; Crosta et al.
2011; 20123, b) for large rock slides and deep-seated gravitational
slope deformations, it has been decided to attribute a range of
values to each of the main sectors within the Mont de La Saxe

slope (Fig. 12a) based on the conceptual model illustrated in Fig. 3.

The finite-elements mesh consists of 33,537 elements with an
average area of about 100 m? down to about 5 m* within the
cataclastic zones (Fig. 12a).

Recharge has been applied at the ground surface accordingly to
the total equivalent precipitation, taking into account for snow
melting in spring and early summer, evapotranspiration, and
concentrated infiltration at some trenches considered continuous

and highly permeable as found from infiltration tests and borehole
drilling (S1-12). The transient model was implemented by using
daily time steps from July 1, 2009 to September 12, 2012, starting
from head distribution simulated with a steady-state simulation.
The net recharge rate has been calibrated starting from field
surveys and the measurements mentioned above.

Model results show the presence of a main groundwater table,
which is located at the bottom of the rockslide. Different values of
hydraulic conductivity relative to the different materials result in
different groundwater geometries, with perched groundwater table
above a deeper unsaturated zone, but these models were less suc-
cessful in the calibration process, and a full description of the
possible results is out of the scope of this paper. This groundwater
table varies during the hydrologic year between 5 and 10 m, with
maximum levels in late spring (Fig. 12c) and minimum values in
early spring, before snowmelt occurrence (Fig. 12d). The hydrological
dynamics in proximity of the rockslide shear zone is complex. Above
the shear zone, the hydrologic response following snowmelt is ex-
tremely rapid (Fig. 12b), as observed in monitored boreholes (see
Fig. 8). This response seems mainly controlled by melting within the
rockslide area or convoyed to the rockslide by high permeable
materials (e.g., trenches). Below the shear zone, the response is
significantly slower (Fig. 12b), and it is associated with a deep circu-
lation system which is also supported by the higher mineralization
observed at the springs located at lower elevation. These results
support the idea that the groundwater recharge close to the rockslide
is mainly to be attributed to a major vertical infiltration and redirec-
tion by highly permeable structures (e.g., trenches, counterscarps).

A simplified approach for the modeling of the rockslide temporal
evolution

The La Saxe rockslide movement (Figs. 7, 8, and 9) is here
interpreted as the result of two specific mechanisms:

(a) a sort of “creep”-driven movement that is always present
even under dry-winter conditions, when the water table is
either below or close to the failure surface, and

(b) a superimposed (seasonal) acceleration-slowing trend directly
related to the snow melt (late spring-early summer) and to the
consequent water table fluctuations, which disappears when the
water inputs are reduced (late summer and winter conditions).

In order to model this type of rockslide behavior, a correct
approach should satisfy the following monitoring-driven guidelines:

- modeling of the material time-dependent mechanical behavior
by means of a viscos-plastic constitutive law capable of captur-
ing creep phenomena (di Prisco and Imposimato 1996; di
Prisco and Zambelli 2003);

- assuming the water table fluctuation as the main input to
reproduce the late spring-early summer acceleration;

- considering the 3D behavior while maintaining simplicity to
allow the implementation within the EWS for risk mitigation.

As it was illustrated in the previous sections, the Mont de la
Saxe rockslide is a complex landslide, in which the displacement field
is in general a function of space and time. The rockslide displace-
ments have thus to be expressed as a vector function u(x, y, z, t) and,
at any instant of time, this vector function should be suitably
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Fig. 12 2D transient groundwater model of the slope. a Model setup and results of the steady-state simulation used as initial condition for the transient model; b
comparison of relative water table averaged from monitored data (cf. Fig. 17a) and pressure variations for observation points within the model; c transient model results
corresponding to maximum water table level (June 20, 2010); transient model results corresponding to minimum water table level (April 29, 2011). The reported values for
the hydraulic conductivity are the calibrated values for this model, and slight changes in values can generate the formation of perched groundwater tables. Formation of a
surficial and a deep groundwater flow path is shown in the model, together with the role of more permeable trench material and less permeable cataclastic shear bands

evaluated from monitoring data. Nevertheless, in the following, for
the sake of simplicity:

(a) the entire landslide mass will be subdivided into a finite
number 7 of rigid blocks, where both the direction and the
intensity of the displacement vector are assumed constant
within each volume. This implies that the dispersion velocity
both in direction and in modulus within each volume is
neglected;

(b) within each volume the direction of the displacement vector
is assumed to be constant, that is:

(o)

where x(f) is a scalar function describing the temporal evolution of
the displacement in each volume, whereas u" is the unit vector
describing the direction of displacements.

In this study, Newmark’s approach (1965) and Perzyna’s theory
(1963) have been coupled (Frigerio 2010; Secondi et al. 2013) to
model the rockslide behavior. According to Newmark’s approach,
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each volume in which the rockslide is subdivided is interpreted as a
rigid block (Fig. 13), where the active forces taken into account are (1)
the weight, (2) the inertial forces, and (3) the seepage force deriving
from the water table level which is a function of time, Ah,,(t). All the
non-linearities are lumped both (1) at the interface between the rigid
block and the bedrock and (2) at the interface between each volume
and those surrounding it. The mechanical response of these inter-
faces is assumed to be rigid-visco-plastic. Similar approaches have
been introduced in the recent past by Karampatakis and Hatzigogos
(1999), and Puzrin and Schmid (2012).

In the following sections, (1) the model and the methodological
approach adopted to simplify the relatively complex 3D geometry
of the rockslide, (2) the capability of this approach to reproduce
the displacement history of La Saxe rockslide, and (3) its possible
use in EWS will be discussed.

The 1D model
According to standard visco-plasticity, the plastic flow rule is
modified, the consistency condition removed, and the visco-



Fig. 13 Proposed mono-dimensional block model with main geometrical elements
(shear band thickness, elevation of the water table, depth of failure zone, slope
inclination)

. . .V . . . . .
plastic strain rate tensor sijp in soil mechanics is defined as

follows:

v~ g
ef =7 (f)o
ij

([2])
where f is the yield function, g the plastic potential, ¥ a positive
constitutive parameter, o;; the effective stress tensor, and &(f) the
viscous nucleus. Owing to the simplicity of the geometry taken
into consideration, and under the assumption that the material
within the process zone has reached a sort of critical state, that is
volumetric strain rates are nil, Eq. [2] becomes

P =7 o(f) (B3)
where the left term is the visco-plastic shear strain rate developing
within the shear band while 5 is a viscous constitutive parameter
(calibrated either on experimental data or by means of back
analyses). Since it has been assumed that: (1) strain rates are
negligible within the sliding mass not belonging to the shear band,
(2) shear strain rates, located within the shear band of thickness As
positioned at the interface, are constant within the shear zone, and
(3) elastic-strain rates are negligible, the sliding mass displacement
rate X can be simply related to ¥ :

%= A5 = A3 =5 45 0(f) (4)

Here in the following, a simple bi-linear formulation for the
viscous nucleus (Fig. 14) has been chosen:
(f) =<f (s])
where brackets imply the viscous nucleus to coincide with the
yield function for f>o and nil for negative values of f. In the model
here employed, the f function is written in an explicit non-dimen-
sional form as follows:

T Tres
f=7

([6])

()

Fig. 14 Rate of axial deformation as a function of the parameter of viscosity

where 7 represents the effective shear stress and 7, the yield
threshold, depending on the adopted failure criterion, whereas
0. represents the average effective normal stress at the sliding
plane depth.

In each block, the effective shear stress can be interpreted as the
sum of both the static term, 7, (i.e., weight of the masses acting
on the system), and a dynamic term, depending on both the
acceleration along the x-direction ¥ and the landslide mass over
the landslide contact area m*:
T = Toa—m" X

(7))

The static term is in general evaluated as:

Tetat = (W, [4h(¢)]sin(a) + ] + F”Z) /A ([8])

where A stands for the total contact area, W’ is the buoyant weight
(above the water table is assumed in dry conditions, whereas
below the buoyany material weight is used), J is the total seepage
force, Ah(t) the groundwater table level varying with time f,
whereas term F*! stands for the resultant of both the forces
transmitted by the lateral boundaries of each block and the forces
transmitted by the uphill blocks to the downhill ones. In case the
number of blocks is equal to one, F**' nullifies. For the sake of
simplicity, a Mohr-Coulomb failure criterion has been chosen
Tres = C/ + Ulntan(b/res ([9])
where 7, stands for the effective force normal to the sliding plane
N’ over the total contact area.

The strategy employed to calculate, in an uncoupled way and
for each block, both F* and ¢, in case n>1, will be clarified in the
following section.

In case f is positive, by substituting Egs. [4], [6], and [7] into
Eq. [5], and by introducing the geometrical and constitutive pa-
rameters, we obtain for each block an equation of the following

type:

ax +bx +c=o0 ([10])

where coefficients a, b, and ¢ depend on time and can be derived
from the previous equations. In case f<o, coefficients 4, b, and ¢
change and in particular term b nullifies since visco-plastic dis-
placements disappear. In both cases, the slope displacements can
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be numerically calculated by employing a standard finite differ-
ence integration scheme.

Spatial discretization

The spatial discretization of the rockslide and the groundwater
table oscillation Ah,,(f) (with 1 <i < n)are evaluated by means of
an ad hoc averaging procedure (Figs. 15 and 16).

The first attempt consisted of assuming one single block (n=1,
ABCDE). The lateral forces Ty; (Fig. 15), due to the friction between
the lateral faces of the block and the rock boundary, are considered
as in Eq. [1]. In this case, the average water table fluctuation
obtained by means of a 3D reconstruction of the winter and
summer groundwater table surface (discretization #1 in Fig. 15
and Table 1) is always below the average elevation of the failure
surface. Therefore, given that discretization #1 is too poor, the
model simulation is not affected by the groundwater table
oscillation.

Discretization #2 (Fig. 15) considers four blocks (A, BC, D, E),
discretization #3 (Fig. 15) considers the same five blocks/zones (A,
B; C, D, E) of Fig. 7. Each zone is supposed to correspond to a
block of specific inclination, height, width length, and shear band
thickness as is shown in Table 1. The interaction between the
blocks has been taken into account by assuming lateral and nor-
mal forces (Fig. 15). Normal forces Ny; are related to the active
pressure exerted by the uphill blocks on downhill blocks while
normal forces N,; are due to the mutual interaction between
blocks moving at the same speed. These forces have been evaluat-
ed by assuming:

TL,' = 1/2fyH2,-L,-k°tanq,’)
Noi =1 / 2’yH2 ,‘B,‘ko
Nai= 1/2vH* Bk,

()

where k, and k, represent the at rest and the active pressure
coefficients, respectively. In discretization #3 (Fig. 15), the inter-
action force between block B and C has been evaluated by

Discretization #1

Discretization #2

employing the at rest pressure coefficient since the monitored
displacements are very similar, while for block B, C, and A the
active pressure coefficient was employed since block BC is
moving faster than A.

Once the rockslide mass is split into subzones, the same
subdivision can be applied to the groundwater table surface
(Fig. 16). For each zone (i), the minimum, h,MN and the
maximum, h,,;""**, groundwater table positions are evaluated
(see Table 1) after a 3D reconstruction of the minimum (winter)
and maximum (summer) water table level as is shown in Fig. 16.
In contrast, function Ah,;(t) is assumed to be unique for all the
i-blocks.

Numerical simulations
The model has been applied and validated by considering the
2010-2012 displacements of Mont de La Saxe slope. Calibration,
by back analysis, of the model parameters (viscous parameter, 7 ,
and strength parameters, ¢’ and ¢re5') has been carried out by
using the already described displacements and groundwater
datasets. In contrast, the shear band thickness As; is assumed to
be constant in the landslide area and it has been derived from
inclinometer measurements.

The analyses have been performed systematically by consider-
ing discretization #1, #2, and #3.

In all the cases taken into account, for each “homogenized”
zone (i), the following procedure was followed:

® evaluation of function x;(f) by an averaging procedure of the
measured cumulative displacements (e.g., Fig. 7);

® estimation of the input function h,,(£)=h,,"™+4h,,(t); where
h,,™™ (Table 1) is evaluated from a 3D reconstruction of the
lower groundwater surface (Fig. 16a) while Ah,,(t) (Fig. 17a) is
obtained by means of an averaging procedure of the piezomet-
ric measurements and is assumed constant for all the zones. If
a more continuous set of piezometric data were available at
different points within the rockslide, the most convenient

/] Ti=1/2y HéiLikotang y
@ No=1/2y H?Biko y_ A
I Na=1/2y H’i Bi ka y y L2

Discretization #3

Fig. 15 Different discretization adopted in the model: #1 single equivalent rockslide block; #2, #3 multiple equivalent rockslide blocks, one for each representative

rockslide sector
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Fig. 16 3D view of the summer (or high) (a) and winter (or low) (b) groundwater
table surface. Colored polygons refer to the above five sectors’ rockslide zoning

approach would consider a function Ah,,;(t) different for each
zone;

® definition of the geometrical input parameters (inclination «,
height H;, width B;, length L; of the block, and shear band
thickness, As;); oy, H;, B;, and L; are easily evaluated from a
geometrical 3D averaging of zone (i) using GIS tools, the shear
band As; is evaluated by averaging borehole and inclinometric
observations. Following this procedure, and considering the
vertical distribution of measurements as well as the strati-
graphic borehole log, the shear band thickness has been set
equal to 1 m. The values for the mean shear band and damage
zone thickness agree also with results from empirically derived
relationships (e.g., Faulkner et al. 2010);

® model calibration to set the viscous and strength parameters.
The viscous parameter, 7 , has been evaluated by back analysis
for discretization #1 (Fig. 15) and then maintained in all suc-
cessive simulations (discretization #2 and #3 in Fig. 15). The
strength parameters (¢’ and ¢res) are the output of each back
analysis; concerning the large magnitude of displacements, a
nil value of cohesion has been assumed;
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Fig. 17 Plots comparing the results of the visco-plastic model to the measured
cumulative displacements for different discretization schemes (1 to 3) of the
rockslide mass and of the piezometric surface. Color codes refer to the different
subareas. Model 2012 shows the results of a best-fitting model for the 2012
displacements only (see also Table 2)

Table 1 Geometric parameters for each rockslide sector relative to each of the three discretization schemes (Fig. 15)

Discretization Slope Depth Transversal Longitudinal Shear
inclination failure length B; length L; (m) band
a (%) surface (m) thickness
H; (m) As (m)
1 ABCDE 335 62.4 280.0 620.4 1.00 77.7 68.5
2 A 39.0 60.8 180.0 169.2 1.00 86.5 773
BC 33.1 74.1 114.7 4273 1.00 63.4 54.2
D 36.8 59.5 140.0 4433 1.00 74.5 65.3
E 25.8 433 115.0 279.7 1.00 100.5 91.3
3 A 39.0 60.8 180.0 169.2 1.00 86.5 773
B 37.2 78.0 107.5 198.9 1.00 64.5 553
C 29.0 703 122.0 226.6 1.00 623 53.1
D 36.8 59.5 140.0 4433 1.00 74.5 65.3
E 25.8 433 115.0 279.7 1.00 100.5 91.3

Averaged values have been obtained from GIS calculations on interpolated surfaces (piezometric and failure plane)
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Table 2 Values for the mechanical parameters adopted in the 1D visco plastic model to compute displacements for each one of the discretization schemes presented in Fig. 15

Discretization Zone ¢’ (kPa) o' (°) ~ (1/s)

1 ABCDE 0.00 30.65 4.00E-06

2 BC 0.00 27.90 4.00E-06
D 0.00 36.98 4.00E-06

2* (degradated) BC (2012) 0.00 27.70 4.00E-06

3 B 0.00 29.04 4.00E—-06
C 0.00 26.69 4.00E-06
D 0.00 36.98 4.00E-06

3* (degradated) C (2012) 0.00 26.46 4.00E-06

From the analysis of the obtained results, we can derive the
following remarks:

® Jtis evident that in case of discretization #1 (Fig. 17b) the model
does not reproduce the seasonal oscillation related to snow-
melt, rainfall, and water table oscillation (Fig. 17a). In fact, the
averaged groundwater table level is always below the averaged
shear band depth. Nevertheless, this simulation is very useful
(1) to evaluate the viscosity-driven movements, (2) to assess
the viscous parameter, 7, and (3) to constrain the strength
parameters (Table 2) representative of the average rockslide
behavior.

® Discretization #2 (Fig. 17¢) for zones B, C, and D reveals the
capability of the model to describe the displacement oscillation
due to groundwater table changes. This also suggests the ne-
cessity of considering a subdivision into different zones. In
fact, by properly considering the input parameters for each
zone, the different behavior of zone D (with a maximum
groundwater table below the shear band) with respect to zone
BC is quite well captured, although the same value for the
viscous parameter is employed. The discrepancy in the last
year between data and predictions suggests the occurrence of
a degradation process that seems to be suitably described by a
slight reduction in the friction angle (see Fig. 17c, model BC
2012).

® the finer discretization #3 (Fig. 17d) shows results similar to
discretization #2.

Conclusions

Large rockslides can pose significant hazards, and the understand-
ing of their mechanism and stabilization requires acquisition of
comprehensive data sets. The case study of the Mont de La Saxe
rockslide was presented together with the monitoring dataset to
show the relevance of surface and subsurface measurements for a
better understanding of the rockslide behavior. A continuous set
of GB-InSAR measurements has been acquired and time histories
extracted for about 120 points, forming a network of virtual sen-
sors. These provide a robust description of the ground surface
displacement field for most of the rockslide. Subsurface displace-
ments are available to constrain failure surface geometry and time
of reaction to external perturbations.

| Landslides

The monitoring dataset allows the subdivision of the landslide
into zones with different behavior and sensitivity to triggering, which
are also associated with different failure scenarios (e.g., size, expected
runout). Each zone can be provisionally considered as an indepen-
dent block or as a block interacting in different ways with neighbor-
ing blocks, and for which stability and dynamics can be modeled. To
this aim, a visco-plastic one-dimensional dynamic model is
presented and applied. The model has been calibrated and applied
to the available displacement data showing a good performance at
predicting rockslide displacements during acceleration and deceler-
ation phases controlled by groundwater level oscillations. It is im-
portant to stress that all the simulations have been carried out with
the same viscous parameter obtained through a very basic 1D model
averaging the characteristics of the entire slide. The relevance of
snowmelt infiltration, ground water recharge, and increasing piezo-
metric level has been described and discussed by performing in situ
measurements, tracer testing, and some 2D groundwater flow simu-
lations. The study of groundwater flow and the application to the
prediction of the rockslide dynamics could be useful to simulate
expected displacements and their accelerations due to seasonal
changes and future climate changes (i.e., considering different snow-
melt and rainfall distribution). The same model could be applied to
verify the change in expected displacements when an efficient drain-
age system is put in place. Due to the extreme simplicity of the
model, a real-time calibration and prediction process can be imple-
mented in order to continuously refine the values of the model
parameters. This step could be implemented in the La Saxe rockslide
EWS via collection of a consistent and comprehensive dataset. In
conclusion, this simple model applied by a proper zonation of the
rockslide mass copes satisfactorily with the complex rockslide activ-
ity. The model seems therefore suitable for a consistent and reliable
prediction of displacements directly related to hydrogeological and
climate forcing. At the same time, the model is presently unable to
predict a possible sudden collapse of the entire mass or of one of the
sub-blocks, and this is part of the ongoing research effort by the
authors. Consequently, the displacement-rate threshold values,
adopted in the EWS for the case of a rapid collapse scenario, are based
on previous experience on similar alpine rockslides and on the ob-
served reaction of the rockslide. Contemporaneous overpassing of
these threshold values at multiple measuring points, both at the
surface and at depth, is a requirement to initiate any civil protection
action and allows either to avoid false alarm or to differentiate among



the various possible scenarios (i.e., rock falls or slides of limited
volume).
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