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The mechanisms of the disastrous Vajont rockslide (North-Eastern Italy, October 9, 1963) have been studied in
great detail over the past five decades. Nevertheless, the reconstruction of the rockslide dynamics still presents
several uncertainties, including those related to the accurate estimation of the actual landslide mass. This work
presents the results of a geophysical characterization of the Vajont landslide body in terms ofmaterial properties
and buried geometry. Both aspects add new information to the existing dataset and will help a better under-
standing of the rockslide failuremechanisms and dynamics. In addition, some general considerations concerning
the intricacies of landslide characterization can be drawn, with due attention to potential pitfalls. The employed
techniques are: (i) high resolution P-wave reflection, (ii) high resolution SH-wave reflection, (iii) controlled
source surface wave analysis. We adopted as a seismic source a vibrator both for P waves and SH waves, using
vertical and horizontal geophones respectively. For the surface wave seismic survey we used a heavy drop-
weight source and low frequency receivers. Despite the high noise level caused by the fractured conditions of
the large rock body, a common situation in landslide studies, wemanaged to achieve a satisfying imaging quality
of the landslide structure thanks to the large number of active channels, the short receiver interval and the test of
appropriate seismic sources. The joint use of different seismic techniques help focus the investigation on the rock
mass mechanical properties. Results are in good agreement with the available borehole data, the geological
sections and the mechanical properties of the rockmass estimated by other studies. In general the proposed
approach is likely to be applicable successfully to similar situations where scattering and other noise sources
are a typical bottleneck to geophysical data acquisition on landslide bodies.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Vajont rockslide (North-Eastern Italy) is one of the best known
and most tragic natural disaster induced by human activity, and is one
of the largest catastrophic slope failures of the past century. On the
9th of October 1963 about 270 million m3 of limestone, mudstones
and marls slid fromMount Toc, in the North-Eastern part of the Veneto
Region, Italy, into a large artificial reservoir built few years earlier
for electricity production. The impact induced a water wave that
overtopped the dam (the tallest in Europe at that time) and killed
more than 2000 people in the valley of the Piave river downstream
(Fig. 1). This landslide is one of the most famous erroneous estimation
in geology history, due not only to its tragic consequences, but also to
its particular behavior. The catastrophic failure was in fact preceded
by a phase of accelerating creep, clearly related to the reservoir water
level variation tests. The appearance of an M-shaped tension crack on

the southern slope of Mount Toc, 1 km wide and 2.5 km long, foretold
in fact the oncoming failure several months before the event (Müller,
1987). Despite this clear evidence, technicians and experts of the time
remained anchored to the existing studies (Boyer, 1913; Dal Piaz,
1928) hypothesizing the presence of a very large and slowmoving land-
slide that could be controlled during the reservoir operations. The total
cost of the tragedy exceeded US$16 million of the time and the US$100
million dam and relative reservoir were abandoned just after been built
(Superchi et al., 2010).

The Vajont landslide was intensively studied immediately after the
tragedy by several international research teams (e.g. Carloni and
Mazzanti, 1964a, 1964b; Frattini et al., 1964; Kiersch, 1964; Müller,
1964, 1968). Over the past decades other contributions came from
new field observations (Semenza, 1986; Mantovani and Vita-Finzi,
2003). In spite of these research efforts, the landslide morphological
and structural controls, in terms of failure mechanisms and dynamics,
are not yet completely understood. The very large literature on the
Vajont case (see e.g. Superchi et al., 2010 for a recent review) shows
that most of the recent studies for re-evaluating the failuremechanisms
were conducted on the basis of old borehole data, re-elaborated with
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new methods and techniques for rock mass analyses (Hendron and
Patton, 1985; Semenza and Ghirotti, 1998; Semenza, 2010).

Modern investigations of landslides have increasingly adopted non-
invasive (geophysical) techniques (for a review, see e.g. Jongmans and
Garambois, 2007). Among the most commonly used methods are:
geoelectric (Suzuki and Higashi, 2001; Lapenna et al., 2005; De Vita
et al., 2006; Nguyen et al., 2007; Piegari et al., 2009; Tric et al., 2010)
and seismic (Heincke et al., 2006; Stucchi and Mazzotti, 2009;
Romdhane et al., 2011; Gance et al., 2012; Samyn et al., 2012;
Malehmir et al., 2013). More limited use has been made of GPR, some-
times in combination with other methods (e.g. Carpentier et al.,
2012), possibly as a consequence of a depth of penetration too limited
to reach targets of interest in landslide studies (e.g., the slip surface).
The use of multiple geophysical techniques and interdisciplinary
data integration has been advocated and practiced with variable
degrees of success, using geoelectrics and GPR (e.g. Göktürkler et al.,
2008), geoelectrics and electromagnetics (e.g. Godio and Bottino,
2001; Schmutz et al., 2009), geoelectrics and seismics (e.g. Jongmans
et al., 2000; Godio et al., 2006; Heincke et al., 2010; Grandjean et al.,
2011) and even wider multi-disciplinary approaches (e.g. Bievre et al.,
2012).

While of course geometries and geological structures vary widely be-
tween case studies, and so vary the specific requirements of non-invasive
characterization, some general guidelines can be drawn, particularly for
the most commonly used methods, i.e. seismic and geoelectric:

- Seismic can provide key information on landslide structure, provid-
ed that resolution and penetration issues are properly tackled in an
environment made difficult by scattering induced by the damaged
soil/rock sliding body.

- Seismic can also provide information on the mechanical properties
of the rock mass, of course with some important caveats: (a) P-
wave velocity may depend more on water-saturated conditions
than on rock mechanical properties; (b) elastic moduli derived
from seismics are inherently small-strain moduli, thus their direct
translation into rockmass elastic properties or even worse mechan-
ical resistance properties shall be approached with great care.

- Geoelectric is generally easier to deploy along steep hillslopes and
can give, like seismic does, information on the system's structure.
However, one should always recall that the presence of water is
the single most important affecting soil and rock electrical proper-
ties. As water is also a critical factor in slope stability issues, this

Fig. 1. The Vajont Mount Toc landslide and the Piave river valley, N–E Italy. The dotted red line shows the extent of the landslide detachment area.

Fig. 2. Techtonic map of the Alps. The red area marks the zone of interest, in the Southern Alps domain (from Doglioni and Bosellini, 1987, modified).
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maymean that geoelectric can give a fundamental contribution par-
ticularly in understanding the hillslope hydrological dynamics and
the relevant impact on landslide triggering. However the two
aspects of structural and hydrological characterization shall not be
confused.

In the case of the Vajont landslide, amajor role was played bywater.
Currently, though, the elevation of thewater table in the landslidemass
is very deep (about 200 m) and is controlled essentially by the water
level in the remnant reservoir. Thus water does not play a key role in
this study, and we elected to concentrate essentially on the use of seis-
mic techniques. As we are interested in both the structure and the rock
mechanical properties, we made also use of S-wave related techniques.
In particular, the use of surface wavemethods has been increasingly re-
ported in the recent literature (e.g. Coccia et al., 2010; Socco et al., 2010;
Renalier et al., 2010; Vignoli et al., 2012)with someparticularly enlight-
ening results, particularly for situations similar to the Vajont case
(Mainsant et al., 2012). The main advantage of surface wave methods
lies in their capability of identifying shearmoduli that are ofmore direct
interest in slope stability issues.

The Vajont case represents a particularly chaotic, large size landslide
body that for the most part has been displaced substantially from its
pre-collapse position. As a consequence, no deep geophysical seismic
studies of the entire landslide body have been performed so far, also
because of the difficult logistics of operating on this large landslide.

The main goal of this work is to investigate the feasibility of
conducting a seismic survey under these conditions, using a variety of
techniques and aiming at integrating the results into a comprehensive
view of the landslide body geometry and its (current)mechanical prop-
erties. P-wave and SH-wave reflection/refraction surveys have been
combined with the results of a controlled source surface wave analysis.
As a result of the investigation we wish to achieve also the following
practical goals:

(a) reconstruct the buried geometry of the landslide failure surface,
described until now only by few data from old boreholes, and

(b) estimate themechanical properties of the upper part of the land-
slide body, to be used for future geo-mechanical simulations of
the event dynamics.

2. The geological setting

The study area is located in the Southeastern Alps that, including
the Dolomite region, are separated from the Orogenic wedge of the
Alps (s.s.) by an important fault system known as the Insubric
(or Periadriatic) lineament (Fig. 2). In the Vajont valley the outcrop-
ping stratigraphic sequence goes chronologically from the Trias for-
mation (‘Dolomia Principale’) to the Eocene formations (flysch).
The sequence is made of the following units: ‘Dolomia Principale’
formation, ‘Soverzene’ formation, ‘Igne’ formation, ‘Vajont’ lime-
stone, ‘Fonzaso‘formation, ‘Soccher’ formation, ‘Scaglia Rossa’ forma-
tion, ‘Erto’ marls and the Eocenic flysch. The Jurassic and Cretaceous
rocks that were involved in the landslide movement (limestones and
marls mainly of the Soccher and Fonzaso formations) present various
degrees of fracturing. These formations slid down along the “chair-
like” bedding planes, causing the outcropping of the Fonzaso forma-
tion on the Mount Toc slope (Genevois and Ghirotti, 2005). The
upper part of the Fonzaso formation is characterized by a series of in-
terbedded clay layers with variable thickness from few cm to about
3 m. The above-mentioned clay layers in the Fonzaso formation are
considered one of the causes for the failure of the Vajont landslide
(Hendron and Patton, 1985). This is confirmed by evidence from
the existing boreholes, which show how the rock sliding surface is
located precisely in the Fonzaso formation. In fact, these clayey
layers seem to be continuous over a large area of the failure surface
(Hendron and Patton, 1985), as shown in Fig. 3.

3. The geophysical surveys

Weperformed an intense geophysical survey program on the Vajont
landslide body in the Spring of 2011. The aim of the investigation was
primarily to test the feasibility and effectiveness of a number of seismic
methods to study such a large and complex landslide environment. Two
reflection seismic lines with a vibrator source, both for P waves and SH
waves' orientations, were collected on the top of the landslide body (L1
and L2 in Fig. 4). One surface wave seismic survey with a heavy drop-
weight source and low frequency receivers was collected along part of
line L1.

In the 1960s, shortly after the slide event, several boreholes were
drilled in the landslide body but unfortunately most of the data appear

Fig. 3. Schematic section of the Mount Toc slope before and after the 1963 landslide, as
reported by Rossi and Semenza (1965), modified. The red circle indicates the area
investigated in this study. Note that the landslide failure surface is confined in the
Fonzaso formation.

Fig. 4.Geophysical surveys localized onto a Lidar image of theMount Toc. Note on themap
the large scar left by the landslide (marked by the dotted black line). The seismic lines L1
and L2 are shown in red. R3 and R6 are existing post-event boreholes used for correlation
with the seismic data.
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to be lost (Superchi et al., 2010). In the studied area only 2 boreholes
drilled in 1964 have been identified with reliable stratigraphic descrip-
tions (R3 and R6 in Fig. 4). These datawere then considered for compar-
ison with the seismic results.

3.1. Seismic reflection acquisition

The very limited access conditions to the landslide body, espe-
cially in terms of seismic source vehicle movement, drove the choice
for the locations of the acquisition lines. The landslide body surface
has a very irregular topography and is very heterogeneous in
terms of outcropping materials. To overcome the logistic problems
we adopted a large number of recording channels with short trace
interval in a fixed spread configuration. This approach allowed us
to obtain an investigation with a very high spatial density, thus

introducing a redundant information content, mandatory for appli-
cations on such highly heterogeneous and noisy fields. The seismic
line acquisition parameters for P- and SH-wave surveys are reported
in Table 1,

The reflection analysis on single common P wave shot gather
highlighted complex wavefields. Beyond first arrivals, clearly observ-
able even at large offsets (400 to 500 m), a significant ground roll is
present (see e.g. Fig. 5). Outside the ground roll cone reflected events
are detectable in many P-wave common-shot gathers, even if they
present complex patterns and limited lateral continuity. SH-wave data
are contaminated by strong ground roll and they are not processed for
reflections.

In the first step, P wave data were processed by a conventional pro-
cessing sequence (Table 2) with a pre-stack signal enhancement and a
subsequent cdp stacking. Subsequently a prestack Kirchhoff timemigra-
tionwas applied to improve the continuity of the horizons and to obtain
a better seismic imaging (Fig. 6). The velocity model was derived by a
lateral interpolation of the vertical velocity functions picked in the
semblance spectra during the velocity analysis for the NMO correction.
The same model was also used to perform the depth conversion of the
P-wave L1 line.

Clear first arrivals were detected both in P- and SH-waves' dataset so
a preliminary P wave and SH wave velocities were computed from the
first arrivals of the L1 recordings. Fig. 7 shows the first arrival pickings
performed on P- and SH-wave respectively. Direct modeling was
adopted to obtain simplified 1D velocity models for depth conversion
of the refraction data (Fig. 7).

Table 1
Acquisition parameters of the reflection seismic lines on the Vajont landslide body.

P-wave reflection survey

Line L1
Seismic source MiniVib P-wave mode
Channel number (fixed spread) 256
Receiver Single 10 Hz vertical geophone
Channel interval 2 m
Total length 510 m
Sampling rate 1 ms
Shot interval 4 m
Shot points 125

Line L2
Seismic source MiniVib P-wave mode
Channel number (fixed spread) 162
Receiver Single 10 Hz vertical geophone
Channel interval 2 m
Total length 322 m
Sampling rate 1 ms
Shot interval 4 m
Shot points 81

SH-wave reflection survey

Line L1
Seismic source MiniVib SH-wave mode
Channel number (fixed spread) 113
Receiver Single 10 Hz horizontal geophone
Channel interval 4 m
Total length 448 m
Sampling rate 1 ms
Shot interval 8 m
Shot points 50

Fig. 5. Seismic line L1: examples of common shot-gathers (P-wave source and vertical geophones).

Table 2
Seismic reflection processing flow for the reflection seismic data.

1 Format from SEG2 to SU
2 Cross-correlation with ground force signal
3 Preliminary editing
4 Vertical stacking
5 Assign geometries (input source and receiver locations)
6 First arrival picking
7 Spherical divergence recovery
8 Predictive deconvolution
9 First arrivals muting
10 Frequency filtering
11 Surgical muting (removal of ground-roll)
12 Static correction
13 Notch filter (50 Hz only for bad trace)
14 Sort into CDPs (re-order traces in common midpoints) and binning
15 Velocity analysis
16 NMO correction (semblance)
17 CDP stack
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3.2. Surface wave acquisition

One of the aim of this study was to obtain a shear wave velocity (VS)
profile of the Vajont landslide body. This, together with estimates of P-
wave velocity (VP) from first arrival refractions, allows the estimation
of in-situ Poisson's ratio, that in turn can be compared against laborato-
ry measurements on rock samples.

In order to overcome the limitations in detecting velocity coming
from usual SH prospecting, we also adopted surface wave analyses. In

particular the method was applied to enhance the inversion of S-wave
velocity in the upper Soccher formation.

The surface wave survey was performed by the use of a weight-
drop controlled source, using a 250 kg weight released by the arm
of a crane at 6, 10 and 14 m above ground at 9 different locations
along line L1 (Fig. 8). We performed both MASW analysis (Multi-
channels Analysis of Surface Waves, Park et al., 1999; Foti et al.,
2014) and FTAN analysis (Frequency–Time Analysis, Dziewonski
et al., 1969; Levshin et al., 1972; Knopoff and Panza, 1977;
Nunziata et al., 1999; Boaga, 2013).

For the MASW approach the seismic signals were recorded by 48
vertical geophones with a natural frequency of 4.5 Hz with 4 m trace
intervals, along the first portion of line L1. For the FTAN methods
the weight drop signals were recorded by 3 low-frequency vertical
receivers with natural period of 1 s, located at fixed positions from
the source (100 m, 200 m and 510 m). MASW data were inverted
using the SWAMI code (Lai and Rix, 1998), while for FTAN data
the Hedgehog non-linear inversion was adopted (Valyus et al.,
1968; Panza, 1981). Given the current field conditions and source
frequency range, MASW data are estimated to reach an exploration
depth of 60 m (λ ≈ 120 m) while the FTAN method, based on few
lower frequency receivers, likely reached 130 m (λ ≈ 260 m) in
depth (Fig. 9).

Given the different penetration depths of the two surface-wave
methods, we assumed as a representative 1D vertical VS profile the
one obtained by combining MASW results in shallower layers and
FTAN results for the deeper structure (see Section 4 for details).

4. Results

Fig. 10 shows the P-wave and S-wave velocity profiles, as derived
from the seismic refraction analysis (using P waves and SH waves)
and from the surface wave analysis. The figure shows also the Poisson's
ratio as estimated on site from the seismic measurements and the
Poisson's ratio as derived from laboratory measurements on a number
of Vajont rocks specimens (Ferri et al., 2010). Fig. 10 shows that the VS

estimated from surface waves and the VS from SH profiling along the
same portion of line L1 are in good agreement. Both profiles show a
low velocity upper part (referred to the deep fractured Soccher forma-
tion) followed by a sharp velocity increase at around 80 m depth.

Fig. 6. Seismic line L1: example of Kirchhoff pre-stack timemigration. The red dashed lines
mark the main visible reflection (see Section 5 for discussion).

Fig. 7. L1 first break picking for P-waves (on the left side) and SH waves (on the right side). Black points corresponds to the measured data while red and green lines represent the
computed first arrivals obtained by a simplified 1 D models for P- and SH-wave velocities.
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Surface wave VS results also show an interesting velocity inversion be-
tween 40 and 60m in depth. This layer is not visible from SH refraction,
since velocities inversion cannot be seen by layer-based refraction
methods for intrinsic limitations. This inversion can play a relevant
role in mechanical interpretation of the landslide event.

The in-situ estimated Poisson's ratios are in general agreement with
laboratory measurements, showing a low value corresponding to the
lower Fonzaso formation at 160 m depth.

Fig. 11 shows the depth converted L1 seismic line with a line draw-
ing of the main visible reflections. Here we considered the L1 seismic
line results for the presence of the R3 borehole data for comparison.
There are several minor reflections and intense scattering, as expected
in such a chaotic landslide environment, and one main, although fairly
discontinuous, reflector located between 160 m and 110 m in depth
from the western part to the eastern part respectively.

Fig. 12 shows a summary of the results along section L1 with the
line drawing of main P reflections together with the obtained veloc-
ity profiles and the R3 borehole simplified stratigraphy. We show
only R3 borehole data because it is closer to the seismic line than
R6 (Fig. 2) and because the two boreholes present very similar
stratigraphy.

The shallower low velocities zone, including theVS inversion layer, is
likely to be related to the partially fractured Soccher formation, while
the sharp increase in velocity at 80 m depth can be related to the tran-
sition between the Soccher formation and the less fractured Fonzaso
upper formation (Superchi, 2010).

Themain identified reflection surface is located, sloping from East to
West, between 110 and 160 m depth, seems to be related to the upper
and lower Fonzaso formation limit, where there is an increment also
in VP velocity values. This zonewas reported in the borehole description
as the recognized landslide failure surface.Fig. 8. The weight-drop apparatus used for surface wave surveys.

Fig. 9. Examples of surface wave analysis on the Vajont landslide body: a) a MASW record and b) the corresponding P–F spectrum; c) example of FTAN map and d) the corresponding
vertical low frequency receiver recorded signal (black) and the extracted signal selected from the FTAN map as the fundamental mode (red).
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5. Discussion, interpretation and conclusions

The combined seismic surveys conducted on the Vajont landslide
body allowed us to reconstruct the subsoilmain geometries and to char-
acterize the mechanical properties of the rockmass. Fig. 13 summarizes
the reconstruction of the landslide body compared against borehole
data, the obtained velocity profiles and the geological interpretation.
The first sharp increase of the seismic velocities at depth is interpreted
as the contact between the Soccher and the upper Fonzaso formations,
which theB3 borehole stratigraphy identifies at 70mdepth. The lowve-
locities found in the shallower layers can be associated to the deeply
fractured Soccher formation, which is characterized by a sequence of
fractured limestone and marls. The low VS velocity layer detected by

the surface wave analysis can be related to the presence of a thick
marls level within the Soccher formation (Superchi, 2010). The re-
trieved velocities are consistent with the expected properties of these
fractured rocks (Ferri et al., 2010). For this upper part of the landslide,
the comparison between the Poisson's ratio estimated on site by the
shear and compressional wave velocities and the one obtainedwith lab-
oratory tests on specimens, can play a relevant role in futuremechanical
interpretation (compare e.g. with Palchik, 2011). In particular our
results, in terms of landslide seismic characterization, support the
most recent reconstruction of the landslide dynamic (see Wolter et al.,
2013; Stead and Eberhardt, 2013), addressing a failure surface at ca.
150 m depth from the actual topographic surface. On the contrary
our study highlights the unlikely reconstruction of some authors

Fig. 10. a) 1D velocities profiles as derived from seismic (P and SH) refraction surveys and surfacewave analysis. Note that the surfacewavemethod produces an inversion of VS velocities
between 40 and60m indepth that cannot be detected by the refractionmethods. Two sharp velocity increases are visible at 80mand at 170mdepth. b) Poisson's ratio as derived from the
seismic surveys and from laboratorymeasurements on Vajont rock specimens (Ferri et al., 2010). Note the low Poisson's ratio in the Fonzaso formation at 160m depth, and confirmed by
both in situ and laboratory estimates.

Fig. 11. L1 depth section with the line drawing of the main visible reflections. The R3 borehole that can be used for comparison is located in the western part of the section.
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(Hendron and Patton, 1985; Trollope, 1980; Alonso, 2010), which con-
sider deeper failure surface and consequently different mass involved
in the failure process. For these reasons the conducted seismic charac-
terization will play a relevant role in the future geo-mechanical recon-
struction of the Vajont landslide.

The main visible reflector in the reflection sections can be in fact
interpreted as the landslide failure surface. As described by the borehole
data it is in fact located at a maximal depth of about 160 m in this area.

The hypothesis that the sliding surface corresponds to the limit between
upper and lower Fonzaso formation seems to be verified by the pres-
ence of the main reflector smoothly increasing in depth from West to
East, from 160 to 110 m below the ground surface.

The very detailed seismic surveys were conducted in very difficult
subsurface conditions, with chaotic buried structures and surface scat-
tering, posing challenging issues about quality of the data. Nevertheless
the huge amount of reflection/refraction data, together with surface

Fig. 12. Line drawing of themain reflections in line L1, compared against theVP andVS velocity profiles and the schematic stratigraphy from the1964 R3 borehole. Thedotted red line in the
R3 borehole is the recognized failure surface from borehole information.

Fig. 13. Interpretation of seismic line L1. R3 is the 1964 borehole used for correlation. In blue the Soccher formation; in orange the upper Fonzaso formation, in green the lower Fonzaso
formation. Velocities profiles (are as above) VP in black line, VS in red line, both from first arrival refractions. The green line shows the VS profile derived from surface waves. The dashed
thick red line marks the interpreted main sliding surface.
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wave analyses, allowed us to characterize the seismic properties of the
Vajont landslide mass.

These results are particularly good, considering also the logistical
challenges of this large landslide. In fact, even though the site only
allows sub-optimal geophones ground coupling and limited sources
deployment, the geophysical surveys show good agreement with bore-
hole data and allow a 2D imaging of the landslide shear zone. These
good quality results could be achieved by using a large number of active
channels, together with short receiver intervals and adequate seismic
sources. In addition, the joint use of refraction seismic and surface
wavemethods considerably improve the estimation of subsoil mechan-
ical properties, and are for these reasons promising tools to be used in
similar situations.
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