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SUMMARY

A small-aperture (40 m) short-period seismic array was installed during four months on the
Vercors massif (Western French Alps) at the top of a limestone column which collapsed one
month and a half later. During this monitoring period, 193 seismic events were recorded by the
seven seismometers of the array. Signal analysis yielded three main types of nearby seismic
events to be identified from temporal and spectral characteristics: microearthquakes (single
or multiple events), individual block falls and rock falls. It turned out that 60 per cent of the
193 events were classified as microearthquakes, exhibiting distinct P and S waves, while 17
per cent of these events remained unclassified. Out of the microearthquakes, 40 events with a
good signal-to-noise ratio were selected and processed. P- and S-wave traveltimes were picked
on the records and the inferred hypocentral distances agree with the two zones of the scarp
exhibiting fresh ruptures after the fall. Polarization analysis of the 3-C records, along with
numerical simulations, allowed discriminating between the two possible rupture mechanisms
(toppling and sliding). Shear rupture (sliding) was the predominant mode in the lower part of
the column whereas traction rupture (toppling) affected the upper part. Finally, the comparison
between the ground motions recorded on the column and on the rock mass showed a systematic
amplification on the column. Signal processing and numerical modelling both suggest that
this amplification resulted from the excitation of the natural frequencies of the column and is

GJI Seismology

particularly high (>3) for microearthquakes occurring at the column-to-mass interface.

Key words: Fourier analysis; Numerical approximations and analysis; Spatial analysis;
Geomechanics; Guided waves; Site effects.

1 INTRODUCTION

Small aperture seismic arrays, with a size from a few tens of metres
to 1 km, have been increasingly deployed on unstable slopes in
the last 10 yr. As gravitational movements affect all types of soils
and rocks with a large variety of mechanisms and a wide range of
displacement rates (Cruden & Varnes 1996), the objectives of such
seismic investigation or monitoring can be manifold. Recording
seismic events and/or ambient vibrations with seismic arrays have
been used to understand the seismic response of rock slopes (Del
Gaudio & Wasowski 2007; Del Gaudio et al. 2008; Burjanek et al.
2010; Levy et al. 2010), to detect and characterize the seismic
activity generated by slope deformation in rocks (Mertl & Briickl
2007; Spillmann et al. 2007) or in weaker sedimentary material
(Walter & Joswig 2008, 2009). Seismic arrays have also been used to
study the seismic precursory patterns before a cliff failure (Amitrano
et al. 2005; Senfaute et al. 2009), as well as for detecting small size
rock falls (Vilajosana et al. 2008; Lacroix & Helmstetter 2010).
Another application of such arrays is the achievement of 3-D seismic
tomography of landslides (Renalier et al. 2010).
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A large amount of these studies was devoted to rocky slopes,
with the aim of detecting and locating microearthquakes generated
by fracturing within the unstable rock mass. During such moni-
toring experiments, the number of detected seismic events, which
depends on the site characteristics and the triggering parameters, is
usually very large. During a microseismic investigation on the site
of Randa (Swiss Alps), Spillmann et al. (2007) operated a 31-month
monitoring system that recorded a total of 66 409 triggered events.
A major effort was required to classify this data set, from which
only 223 landslide-related microearthquakes with magnitudes rang-
ing from -2 to 0 were extracted. Other events were identified as
noise transients generated by electrical disturbances, distant earth-
quakes or explosions and regional earthquakes. In a similar study
performed on the Sechilienne rock slope (French Alps), Helmstet-
ter & Garambois (2010) detected several thousand events in 2 yr.
After rejection of events classified as noise (helicopter, industrial
noise and storms), they evidenced mostly block falls, and also hun-
dreds of microearthquakes and local earthquakes. During temporary
surveys conducted at the Heumoes (Austrian Alps) and Super-
Sauze (French Alps) landslides affecting weak formations (glacial

© 2011 The Authors
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Figure 1. (a) Situation map of the Chamousset site located at the border of the Vercors plateau (southeast of France). The cliff limit is delineated with a barbed
line and the site is located with a black rectangle. (b) Layout of the seismic array deployed from the 2007 July 2007 to the 2007 October 10. The seven short
period seismometers are labelled S1-S7. Vertical seismometers were installed, except for the 3-C seismometer S2. The unstable column is contoured with a

grey dashed line. The mean rupture plane 7 is a black dotted line.

sediments and marls, respectively), Walter & Joswig (2008, 2009)
evidenced seismic signals generated by mass movements. At the
Super-Sauze mudfiow, they distinguished three main types of seis-
mic events from the spectral and temporal signal characteristics:
rockfall events, fracture events and scratch events. These examples
show that the recorded seismic signals are usually numerous and
could be of different origins. Thus, event classification appeared
to be a sensitive and time-consuming task, requiring the designing
of semi-automatic pattern recognition procedures (Spillmann et al.
2007; Helmstetter & Garambois 2010). In a few studies, the seismic
events related to the rock slope deformation were tentatively located,
using different seismic array techniques (Spillmann et al. 2007;
Walter & Joswig 2009; Helmstetter & Garambois 2010). Event lo-
cation however turned out to be a challenging task because of the
strong heterogeneity in seismic velocity characterizing the unstable
slopes, the high seismic attenuation, and the difficulty to pick iden-
tified impulsive waves (first break P and S waves) (Spillmann et al.
2007). The difficulty of picking impulsive waves is emphasized by
the composite or multiple-event character of many events classified
as microearthquakes generated by rock slope deformation (Mertl &
Briickl 2007). Consequently, a large part of the studies were focused
on the search of seismic precursors before slope failure (Amitrano
et al. 2005; Senfaute et al. 2009; Levy et al. 2010) and on the re-
lation between seismic events (ruptures, rock falls), displacement
rate measurements and climatic parameters (Amitrano et al. 2010;
Levy et al. 2010; Helmstetter & Garambois 2010).

Here we present the results of a 4-month seismic array monitor-
ing conducted on the Chamousset site located at the top of a 300 m
high limestone cliff (French Alps). These calcareous cliffs are regu-
larly affected by rock falls (Frayssines & Hantz 2006) with little or
no precursors, highlighting the brittle behaviour of the rock mass.
The variation of the first resonance frequency of the Chamousset
limestone column was studied from seismic noise measurements in
a previous work (Levy et al. 2010). The evolution of the resonance
frequency appeared to be strongly controlled by the temperature.
During freeze-thaw cycles a significant drop in resonance frequency
was interpreted as the result of rock bridge breakage. This paper

© 2011 The Authors, GJI, 186, 296-310
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focuses on the seismic events recorded during the same experiment.
Several thousands were detected at the Chamousset site, out of
which 193 were recorded by all the seven seismometers of the 40 m
aperture array. Different types of seismic events were identified and
analysed. Contrary to previous experiments, some of these events
exhibit clear P and S waves, making possible an analysis of the
rupture mechanism and an estimation of the hypocentral distance.
However, the event location was difficult because of the small array
aperture and the heterogeneous velocity field.

2 CHAMOUSSET SITE

The Chamousset site is located to the South of the carbonate Vercors
massif (western Alps, France), at an elevation of about 1900 m, close
to the peak of Téte Chevaliere (Fig. 1a).

Seven short period (2 Hz) seismometers were deployed from the
2007 July 13 to the 2007 October 10. The array, with an aperture of
about 40 m, included one three-component and six vertical sensors
(labelled S1-S7 in Fig. 1b), one of which (S1) being installed on
the unstable column. All seismometers were connected to the same
acquisition system and signals were sampled at a rate of 1000 Hz. A
standard trigger algorithm, based on the ratio of short-time averages
STA and long-time averages LTA, was used for detecting seismic
events. During acquisition, we applied a low ratio STA/LTA of 6 for
extracting events, setting the lengths of the STA and LTA windows
to 500 ms and 20 s, respectively. Several thousands of seismic event
were recorded during the 4-month period, a large part of which
being only detected on one or a few sensors. During processing, a
second extraction phase was applied to separate the more energetic
events. Events recorded by all sensors with a STA/LTA ratio over 8
were selected. 220 events met this double criterion, among which
27 exhibit features (increasing then decreasing amplitudes through
the array) distinctive of human (hikers) and animal activity.

The rock column collapsed on the 2007 November 24 and its
volume was estimated to 21000 m® from two lidar scans of the
cliff acquired before and after the rockfall (Levy et al. 2010).
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Figure 2. (a) Digital Elevation Model of the Chamousset cliff achieved with helicopter lidar data acquired after the column collapse. The rupture plane is in
dark grey and the two zones with broken rock bridges are in white. (b) Photo of the 6 m high upper zone showing fresh intact rock rupture (white patches). (c)
Photo of the 15 m high lower zone showing fresh intact rock rupture. Some spots showing fresh intact rock rupture are pointed with arrows on (b) and (c). The

extend of these rupture surfaces are circled with red on (b).

Unfortunately, the seismic array had to be dismantled on the 2007
October 10 for logistical reasons. After the fall, the rupture plane
was inspected by a geologist abseiling the cliff face. He located two
zones exhibiting fresh rock rupture surfaces (Fig. 2a): an elongated
horizontal zone corresponding to a 6-m-thick limestone bed located
30 m below the plateau, and an elongated vertical 15 m high poly-
hedron area located 75-90 m below the plateau. Figs 2(a) and (c)
show the pictures of these two zones with the broken rock bridges
appearing as white patches of 1 dm to a few dm in size.

Two short 30 m long refraction tests were carried out on the
plateau, parallel and perpendicular to the cliff. Processing of re-
fracted events and inversion of surface waves gave the following
1-D simplified model (Levy et al. 2010): a superficial loose and
thin layer (Vp = 430 ms™'; Vs = 185 ms™'; 2 m thick) overly-
ing the fractured limestone bedrock (Vp = 2800 ms~; Vs = 960
ms).

3 SEISMIC SIGNAL CLASSIFICATION
The 193 events recorded by the seven sensors of the array, with

a STA/LTA over eight, were analysed and classified (Table 1). As

Table 1. Number of events per class type for events detected by all the seven
seismometers of the Chamousset site.

Event type Number
Microearthquake 28
Block fall 8
Rock fall 23
Earthquake or quarry blast 10
Multiple events (Micorearthquakes or Block 91
falls or a combination of both)
Unclassified 33

stated in the introduction, classification is a difficult task and we
started by identifying single events and by characterizing them in
the time and frequency domains. The considered parameters are
the frequency range, the amplitude, the signal shape and the dura-
tion. The event beginning was manually picked and the event end is
reached when the mean amplitude of a 0.5 s moving window falls
below the noise level preceding the event. Fig. 3 shows the seis-
mograms and spectrograms for four seismic events, recorded on
the vertical component of sensor S2. The first one is an artificially
generated block fall of a few dm? in size, which is not included in
the 193 events. Fig. 3(a) shows that the recorded signal is short and
impulsive. The striking feature is the narrow frequency range of
the spectrum (around 40 Hz), which is probably related to the size
of the block. No specific waves could have been identified at the
beginning of the signal. A high number of such mono-frequency
impulsive events were found in the data set, with the frequency
ranging from 10 to 80 Hz and durations between 0.7 and 2.6 s. One
of these events, with a predominant frequency around 60 Hz, is
shown in Fig. 3(b).

Another type of impulsive and short duration events is shown
in Fig. 3(c). The spectrogram exhibits a broad spectrum (10-100
Hz) with energy bursts at specific frequencies. In the zoomed signal
(Fig. 3¢, right-hand column), two waves can be clearly distinguished,
which were identified as P and S waves (see the polarization analy-
sis, Section 5, and Fig. 6). The signal envelope has a triangle shape
with a coda. 28 events of this type were recorded, with frequencies
ranging from 5 to 150 Hz and the duration varying between 0.7
and 3.5 s. These events generating P and S waves are interpreted
as microearthquakes related to the deformation. Their location and
mechanism will be studied in Section 5. During the seismic moni-
toring, we also recorded 10 earthquakes or quarry blasts. Only one
of these events, characterized by well separated impulsive P and
S wave onsets (Fig. 3d), was detected by the French permanent

© 2011 The Authors, GJI, 186, 296-310
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Figure 3. Single event seismograms and spectrograms recorded by sensor S2 (located on the rock mass): Left-hand column: full seismogram. Middle column:
spectrogram (window length of 0.5 s for a to ¢ and 2s for d with 98 per cent of overlap). Right-hand column: Zoom on the beginning of the signal. (a) Generated
block fall - vertical component, recorded on the 2008 July 16 at 09:43:02. (b) Natural block fall- vertical component, recorded on the 2007 July 27 at 11:37:35.
(c) Microearthquake - vertical component, recorded on the 2007 September 28 at 15:17:39. P and S waves arrivals are pointed with red arrows on the zoom
window. d) Earthquake (M1, = 3.4; epicentral distance: 112 km)—Horizontal component, recorded on the 2007 October 5 at 06:05:21. Note that the frequency

scale is different.

seismological network (SISMALP, Thouvenot et al. 1990), indicat- The majority of the recorded events (147 of 193) exhibit complex
ing that most of these events are local low-magnitude earthquakes shapes and were classified into three groups: multiple events, rock
and blasts. Their frequency range is notably lower than for the nearby falls and unclassified events. Multiple events are made of the suc-
events. cession of separated signals generated by microearthquakes and/or

© 2011 The Authors, GJI, 186, 296-310
Geophysical Journal International © 2011 RAS
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Figure 4. Vertical seismograms and spectrograms of composite events recorded by sensor S2 located on the rock mass. Left-hand column: seismogram.
Right-hand column: spectrogram (window length of 0.4 s with 98 per cent of overlap). (a) Multiple event with successive microearthquakes, recorded on the
2007 July 25 at 03:12:27. (b) Multiple event with rupture and block fall events, recorded on the 2007 August 17 at 06:00:40. (c) and (d) Rock fall records
(2007 August 6 at 09:28:45 and the 2007 July 18 at 13:58:15, respectively). (¢) and (f) Unclassified events recorded on the 2007 August 2 at 12:51:04 and the

2007 August 8 at 04:41:54, respectively.

block falls. Signals are considered to be separated when interevent
durations of at least 0.5 s with average absolute amplitude below
10 per cent of the event maximum amplitude can be identified.
Two examples are shown in Figs 4(a) and (b). In the first case, the
record evidences a succession of three main impulsive events (and
two minor ones) which were clearly identified as microearthquakes
(presence of P and S waves, triangular envelop shape, broad fre-
quency spectrum with energy bursts). Most of the multiple events
exhibit these characteristics. The second record (Fig. 4b), which is
characterized by a lower signal-to-noise ratio, also exhibits several
impulsive events, which are however more difficult to classify. Spec-
tral characteristics suggest the presence of both microearthquakes
and block falls in the signal. During the field campaign, we also
recorded 23 signals exhibiting a lemon-shape envelope with spikes
and a broad frequency range sometimes spanning the 10-150 Hz
range. The signal duration varied between 1.6 and 43 s. Two exam-
ples with different frequency ranges and durations are shown in Figs
4(c) and (d). Walter & Joswig (2009) and Helmstetter & Garambois
(2010) also detected that type of events that they interpreted as rock
falls. Rock falls, with a size varying between a few dm? to a few
tens of m® in this case, are complex phenomena with several phases
(breakage, detachment, impact, rolling and/or sliding) likely to emit
seismic waves with different characteristics (Deparis et al. 2008).
They often occur with successive detachments, generating complex
signals. Other processes, like fragmentation and soil entrainment,
could also affect the signal characteristics, in particular the dura-
tion. It results that the recorded signals are composite (mixing of
emerging phases and spikes) with a broad spectrum that can also be
altered by the wave attenuation depending on the distance from the
station. Finally, we incorporated all the nearby events with unclear
attributes (33) in a class of undetermined events. These could be
made up of a complex mixing of nearby rupture events and rock

or block falls with short delays, which made impossible any clear
identification. Two such events are shown in Figs 4(e) and (f).

4 CORRELATION WITH
METEOROLOGICAL PARAMETERS

The temporal distribution of the 183 seismic events recorded during
the 4-month experiment (e.g. whiteout the distant earthquakes and
anthropogenic events) is plotted in Fig. 5(a), with two data gaps
of 4 and 12 d when the acquisition system was not operating. We
grouped the block fall and rock fall events in the same category. The
air temperature and the rain fall data measured at a meteorological
station located 3.2 km southwestward from the Chamousset site are
also plotted in figure (Fig. 5b). Considering that the multiple events
are mainly a succession of microearthquakes, the rupture events are
predominant with regards to the rock falls. Five peaks appear on the
histogram of the number of events, on 2007 August 1, August 8§,
August 14, August 21 and September 28. Increases in the daily event
number are correlated with minima in the temperature curve, which
are reached after a significant temperature drop of 15-20°C. The
largest daily number of events was observed when the temperature
fell below 0 °C, as Got et al. (2010) observed on other seismic data
acquired at the same experimental site. On the contrary, no rela-
tion emerges between the event number and the rainfall data. These
results suggest that temperature drops, which generate thermal con-
traction stresses, increase the number of micoearthquakes resulting
from rock breakage. They are in agreement with the analysis of the
resonance frequencies on the same site, which also showed a strong
temperature control on rock damaging (Levy et al. 2010). The cor-
relation between microseismic event clusters and temperature falls
was already shown at the foot of the Matterhorn mount (3829 m
a.s.l., Italian Alps) in stiff gneissic rocks (Amitrano et al. 2010).

© 2011 The Authors, GJI, 186, 296-310
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Figure 5. (a) Temporal distribution of the 183 events detected on all the seismic array sensors at Chamousset (anthropogenic events were removed from
statistics, as well as earthquakes). Events were classified in microearthquakes, multiple events, rock falls (including block falls) and unclassified nearby events,
(see text for details). (b) Air temperature curve and rainfall bar diagram recorded at a meteorological station located 3.2 km to the South West from the site and

120 m below in altitude.

On the contrary, the little influence of rainfalls, at least during the
experimental period, can be explained by the high permeability in
this karstic limestone.

5 MICROEARTHQUAKE
CHARACTERIZATION

As evidenced in Section 4, most of the recorded seismic events are
microearthquakes or a succession of microearthquakes, probably
related to the deformation of the prone-to-fall column. Signals clas-
sified as microearthquakes systematically exhibit two distinct wave
arrivals (Fig. 3a). We performed polarization analysis on the seis-
mograms recorded by the 3-C seismometer S2 in order to identify
these waves. Fig. 6 shows the seismograms and the corresponding
particle motions for one microearthquake. The polarization analysis
was performed on short time windows (15 and 80 ms for the first
and second identified waves, respectively). The first arrival (Fig. 6d)
exhibits the characteristics of a P wave, vibrating along a single,
near-vertical direction. This result is consistent with the presence
of rupture sources below the sensor. The latter wave is clearly a S
wave with a near-horizontal polarization (Fig. 6e), perpendicular to
the propagation direction given by the P-wave vibration. In the hor-
izontal plane, this S-wave vibrates along a N80°E direction, almost
perpendicular to the orientation of the rupture plane 7.

Analysing the wave polarization, we determined P- and S-wave
arrival times for the 40 signals (28 events in the microearthquake
class and 12 in the multiple-event class) allowing an accurate pick-
ing. The delay times between P and S-wave arrivals (Ts-Tp) were
computed for all events and are plotted against time in Fig. 7. Val-
ues are ranging from 0.01 to 0.1 s, indicating that microearthquakes
are local. Ts-Tp values were converted into hypocentral distances
(Fig. 7), using the seismic model derived from seismic prospecting
(see Section 2). The distance uncertainty resulting from picking
and velocity uncertainty has been estimated to about 6 m. Most of

© 2011 The Authors, GJI, 186, 296-310
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the hypocentral distances (except for one higher value) range from
10 to 90 m, and could be consistent with microearthquakes occur-
ring along the interface between the 90 m high column and the rock
mass. The two zones where fresh ruptures were observed are shaded
in Fig. 7. Considering the depth uncertainty, they concentrate 33 of
the 40 microearthquakes.

From the Ts—Tp values determined at sensor S2 and the P-wave
arrival times at the other vertical sensors of the seismic network,
we attempted to localize the event hypocentres, using the Hypoline
software (Joswig 2008). For most events, it was however impossible
to find an appropriate hypocentre to explain the data. This failure
probably results from the small array aperture (40 m) with regards to
the event depth, and from insufficient knowledge on the 3-D seismic
structure of the site. Indeed, rock velocities in unstable slope could
be extremely heterogeneous (Heincke et al. 2006). Spillmann et al.
(2007) showed that these large velocity variations had to be included
in the microearthquake location process. The simple refraction tests
made here were unable to produce a 3-D velocity model of the field
site.

Magnitudes for the 40 microearthquakes were computed using
the estimated hypocentral distances and the displacement ampli-
tudes. The event magnitudes M were derived using the empirical
law used by Joswig (2008) for seismic events with a hypocentral
distance lower than 3 km

My = 10g,o(Amax % 2800) + [0.25 + log,,(D)]. (1)

where A,y is the maximum displacement (in metre) and D is the
hypocentral distance (in km).

Fig. 8(a) shows the magnitude distribution for the 40 events. Mi-
croearthquake magnitude ranges from —4.5 to —2, with most of the
events between —4 and —2.75. Extrapolating empirical relations
established for earthquakes (Wells & Coppersmith 1994), the mag-
nitude range (—4, —3) corresponds to a rupture area between 0.01
and 0.1 m?, which matched the size of the observed individual fresh
rupture surfaces (Figs 2b and c). Gibowicz et al. (1991) analysed
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seismic events generated during a shaft excavation in granite be-
tween 324 and 443 m of depth. They studied the source parameters
of 155 tremors with moment magnitude from —3.6 to —1.9. They
found rupture areas between 0.3 and 1.5 m? (source radius between
0.3 and 0.7 m) which are in a range consistent with the Wells and
Coppersmith’s relation (rupture area of 1 m? for a magnitude of
-2).

S-wave polarization diagrams of the 3C sensor S2 were calculated
for the 40 events (Fig. 9). The S-wave polarization in the horizon-
tal plane (Fig. 9a) shows a vibration orientation which is more or
less perpendicular to the rupture plane 5. A linear regression model
was fitted to the 0.08 s of signal following the first S-wave arrival
and the correlation coefficient R was computed. The polarization
angle is defined as the angle made by this line and the rupture
plane (N 165°), and is counted positive for anti-clockwise rotation.
The ground motions are considered as linearly polarized when R is
higher than 0.7. The events fitting this criterion are distinguished in
Fig. 9(a) (R > 0.7). The bar diagram of the polarization angles is
drawn in Fig. 8(b). 80 per cent of the values are between 70° and
110°, indicating a preferential orientation perpendicular to the rup-
ture plane. The corresponding motions are predominantly linearly
polarized with R values higher than 0.7. No evolution of the S-wave
polarization angle was observed with time or with hypocentral dis-
tance. Polarization diagrams in the vertical plane perpendicular to
the rupture plane usually shows predominant horizontal S-wave
motions much higher than vertical P-wave motions. The link be-
tween the polarization diagrams and the rupture mechanism will be
numerically studied in Section 6.

6 RUPTURE MECHANISM MODELLING

Two main rupture mechanisms could explain the opening of the
rear fracture and the collapse of the Chamousset column: slide
along a plane with a shear mechanism similar to a normal fault,
or topple with a tensile fracture mode. In order to understand the
observed polarization patterns for P and S waves and to constrain
the microearthquake source mechanism, we numerically simulated
the ground motions generated by the two possible rupture modes
(traction and shear). We applied a code coupling the discrete wave
number method (Bouchon 1981; Cotton & Coutant 1997) for com-
puting Green’s functions in an axisymetric medium and the reflec-
tivity method (Kennett & Kerry 1979) for propagating the wavefield
in a layered medium. Synthetic seismograms are calculated by con-
volving Green’s functions with a source function.

Four simulations were performed with a nine sensor array located
at the free surface and a source (in traction or in shear) situated at
—30 or —75 min depth (Fig. 10a). The geometry of the rupture sur-
face was simplified as a plane dipping at 80° (Fig. 10b). The source
positions in depth mimic the location of rock bridges observed
along the rupture plane (Fig. 2). The source time function is a 0.03
s Ricker wavelet for all the simulations and the focal mechanism
is either a traction (strike = 0°, dip = 80°) or a shear (strike = 0°,
dip = 80°, rake = —90°), in agreement with the convention given
in Aki & Richards (2002). The elastic seismic model obtained from
refraction tests was used for the simulations, and quality factors
values were chosen for this type of material (see Table 2). The 1st
two metres thick layer corresponds to soft soil, whereas the 2nd
layer corresponds to the calcareous bedrock.

Fig. 11 shows the four sets of polarization diagrams for the two
rupture mechanisms and the two source depths. As the problem is
symmetrical, the motions at only six sensors (1-6) are shown in the
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horizontal plane and in the two vertical planes on both sides per-
pendicular to the rupture plane. For the shear mode (normal fault
mechanism; Figs 11a and c), S-waves above the source are mainly
horizontal and are predominant with regards to P waves. They are
polarized perpendicular to the rupture plane trace, particularly for
the source at —75 m. This polarization pattern is very similar to
70 per cent of the observed polarization diagrams (Fig. 9). The
observed dispersion in polarization angle (Fig. 8b) probably partly
results from the roughness of the rupture surface, which locally
exhibits strike and dip variations and, also, from the relative source
location compared to the sensor position. For the traction mode
(toppling mechanism), the polarization diagrams (Figs 11b and d)
also show S-waves polarized approximately perpendicular to the
rupture plane trace, with a more complex shape in the vertical
plane. A distinctive feature is that P-wave vibrations (vertical com-
ponent) are much higher than those computed for the shear mode,
with amplitudes similar to S-waves. In Fig. 12(a) are plotted the
ratios of the maximum amplitudes of S and P waves (As/Ap) in
the vertical plane perpendicular to the rupture plane n, as a func-
tion of the sensor number for the two rupture mechanisms. Two
distinct clusters clearly appear, separated by a ratio threshold of
about 3. Fig. 12(b) presents the experimental As/Ap ratios versus
the polarization angle. Experimental ratio values are in a range
similar to the theoretical ones (from about 1 to 60). Considering a
threshold of 3 defines two ensembles of events which could corre-
spond to the two distinct rupture mechanisms. About 30 per cent
of the microearthquakes are characterized by As/Ap ratios lower
than 3, with poorly defined polarization angles (white triangles).
On the contrary, the ground motions of events with high As/Ap ra-
tios are in majority linearly polarized (black circles). These results
suggest that the two rupture mechanisms could be distinguished.
Fig. 13(a) displays the magnitude of the 40 microearthquakes as
a function of the hypocentral distance, distinguishing the two fo-
cal mechanisms. Whereas no relation appears between magnitude
and hypocentral distance, the majority of the events with a traction
mechanism turned out to be located between 20 and 39 m, in the
vicinity of the upper zone where rock bridges were observed. On the
contrary, most of the shear-like events are scattered between 30 and
90 m. These results suggest that, during the 4-month experiment,
toppling seemed to occur predominantly in the upper part of the
column. Sliding, which was spread along the column height, was
the main rupture mode in the lower part. These results have been
obtained for a limited number of microearthquakes and could be
biased. The drawn conclusions have to be corroborated by further
studies.

7 COLUMN MOTION
CHARACTERISTICS

So far, we have investigated the information available in the 3-C
seismograms recorded on the rock mass. We now compare the ver-
tical signals measured on the rock mass (sensor S2, Fig. 1b) and
on the rock column (sensor S1). Fig. 14 shows the seismograms,
the corresponding spectrograms and the spectral ratios for three
microearthquake events (M1-M3). A striking feature is that the
ground motion on the column is systematically higher than on the
rock mass, with an amplitude ratio between 2 (event M1) and 50
(event M3) in the time domain. Spectrograms on the rock mass (S2)
evidenced energy in different frequency ranges for the three events
(first 0.5 s), probably varying with the source location and char-
acteristics. Notably, the higher magnitude event (Fig. 14c) exhibits
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Figure 9. Polarization diagrams for the 40 microearthquakes recorded at sensor S2. (a) in the horizontal plane. (b) in the vertical plane perpendicular to the
rupture plane. Grey line: S-wave motion. Black line: P-wave motion. Events interpreted as resulting from shear (traction) mechanism have black (grey) axis.
Linear regressions (dotted lines on Fig. (a)) are performed on the S-waves to deduce polarization angles. Whenever the correlation coefficient R of these linear
regressions is higher than 0.7, it is written ‘R > 0.7’ at the bottom the corresponding subplot.

lower frequency content ([0 10 Hz]) than those observed for the two different frequencies, whose amplitude increases from event M1
other events. Spectrograms measured on the rock column (S2) show (Fig. 14a) to event M3 (Fig. 14c). For events M2 and M3, the en-
significant differences with those computed on the rock mass (S1). ergy in the coda (late part of the signal) concentrates at one given
Spectrogram ratios evidence spectral amplifications at specific but frequency (43 Hz) (see spectrograms S1 and spectrogram ratios).
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Figure 10. Layout of the sensors and sources for the source mechanism simulations. The sensors (labelled from 1 to 9) are represented with grey circles. The
rupture plane 7 (80° of dip) is marked with black dotted lines. The sources at —30 m and —75 m along the rupture plane are dark stars. The medium is a
layered half-space with the characteristics given in Table 2. (b) Vertical cross section through the Chamousset rock column Digital Elevation Model deduced
from LIDAR data. The rupture surface is in bold dark line. The mean rupture plane n (dip of 80°) chosen for the simulation is shown with a black dotted line.

Table 2. Dynamic characteristics of the two-layer seismic model used for
ground motion simulations.

Layer P-wave S-wave Density Quality Quality
thickness velocity velocity factor, factor,
(m) (ms™") (ms~") Op Os

2 430 185 2 40 20

- 2800 960 2.65 1000 500

Two other less energetic lower frequencies also appear at about 3.5
and 6.7 Hz for event M3. These frequencies match some of the col-
umn resonance frequency values (3.5, 6.7 and 43 Hz) which were
determined from seismic noise analysis (Levy et al. 2010).

These observations show that microearthquakes could excite the
rock column at some of its resonance frequencies, depending on the
spectral characteristics and the location of the source. In Fig. 13(b)
are plot the column-to-mass amplitude ratio versus hypocentral dis-
tance from sensor S2 for the 40 microearthquakes, distinguishing
events with long coda dominated by resonance frequencies. Highest
ratios (over 3) are clearly associated with a longer coda, highlight-
ing the role of resonance phenomena in the motion amplification on
the column. Also, most of the microearthquakes exhibiting a longer
coda seem to be located along or close to the zones with fresh rock
ruptures (Fig. 13b).

To understand these observations, the 2-D dynamic response of
the rock column to nearby seismic events was numerically modelled
for different source locations. Fig. 15(a) presents the geometry of
the 2-D model with the Chamousset rock column (Fig. 15b) attached
to the mass by rock bridges. The elastic dynamic characteristics of
the layers are derived from the seismic prospecting (Table 2). Four
sources were introduced in the model: two along the rock mass-
column interface at 30 and 75 m depth, and two in the rock mass
at the same depths (Fig. 15b). The source mechanism is a simple
horizontal point force with a 0.03 s Ricker wavelet as time function.

© 2011 The Authors, GJI, 186, 296-310
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Synthetic seismograms were computed using the explicit dynamic
finite element code Plast2 (Baillet et al. 2005; Levy et al. 2010),
using 9245 quadrilateral finite elements with absorbing boundaries
and a minimum element size h of 0.4 m. Details on the numerical
method can be found in Levy et al. (2010).

Simulation results for sources R1 and R2 are shown in Fig. 16
with the same presentation as in Fig. 14. For the source located in
the rock mass (position R1, Fig. 15b), the motion amplitude and the
frequency content (between 20 and 50 Hz) of signal S2 measured
on the mass are similar for the two components (Figs 16a and b). On
the contrary, the motion spectral characteristics on the rock column
(S1) differ between the horizontal and vertical components, with
a concentration of energy at given frequencies (e.g. 35 Hz for the
vertical component), associated with a signal amplification of 2-3.
The spectrogram at sensor S1, as well as the spectrogram ratio, ev-
idences energy at some specific frequencies in the late coda along
the horizontal component (3 and 10 Hz). This phenomenon is less
visible along the vertical component. When the seismic source is
located along the interface (source R2 located in the upper rock
bridge breakage zone; Figs 16¢ and d), seismograms show a dra-
matic motion amplification on the column, with an amplitude of
5 and 11, on the vertical and horizontal components, respectively.
Analysis of the spectrograms computed on the rock column (S2)
and of the spectrogram ratios S1/S2 clearly evidences a concentra-
tion of seismic energy at some specific frequencies (3, 10, 20, 29, 35
and 40 Hz), both in the early and late parts of the signals. This phe-
nomenon is particularly apparent along the horizontal component,
for which spectral ratios as high as ten were computed. We calcu-
lated the five first theoretical resonance frequencies of the column
(3.2,9.8, 12.6, 15.1 and 19.4 Hz) and a very good agreement was
found between the frequencies which concentrate energy and the
resonance frequency values. Similar numerical results (not shown
here) were obtained for sources R3 and R4 located at 75 m depth
(Fig. 15b).
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Figure 14. Vertical seismograms (1st column), normalized spectrograms (2nd and 3rd columns) and spectrogram ratio in log scale (4th column) for three
microearthquakes (M1-M3). Seismograms were recorded on the rock column (sensor S1) and on the rock mass (sensor S2). Seismograms of sensor S2 (of
lower amplitude) are shifted by 0.5 s and by two unities along the X and Y axis, respectively. Spectrograms (S2 and S1) are computed with a window length
of 0.8 s and 98 per cent of overlap. (a) Microearthquake (M1, = —4.15) showing no coda pattern, recorded the 2007 July 18 at 22:50:23. (b) Microearthquake
(M1, = —4.11) showing a mono-frequency coda at 43 Hz, recorded the 2007 September 28 at 15:17:39. (c) Microearthquake (M1, = —3.76) showing a coda
with energy at peak frequencies (3.5, 6.7 and 43 Hz), recorded the 2007 August 8 at 00:03:31.

In summary, numerical simulations mimic the stronger ground column resonance triggered by the seismic events. Modelling also
motions observed on the rock column with regards to the rock mass, evidenced the predominant effect of the source location on the dy-
as well as the energy concentration at specific resonance frequen- namic response of the column. Higher amplifications and longer
cies. This suggests that the motion amplification results from the coda were simulated for sources acting along the column-to-mass
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interface. This association of high motion amplification (>3) and
longer duration was also observed in the measurements and could
serve as a criterion for indentifying events related to rock bridge
breakage along the interface. Although a general good agreement
was found between the simulated and measured seismic motion
characteristics (including resonance frequencies), some discrepan-
cies exist on the more excited resonance frequencies. In particular,
numerical modelling failed to simulate the observed predominance
of the 43 Hz frequency in the coda on the rock column (compare
Figs 14a and 16d for sensor S1), as well as the highest amplifications
(over 12). This discrepancy could result from the 2-D modelling ap-
proximation and from a difference in the source spectral signature
and mechanism, which strongly control the column excitation. Also,
the attenuation properties of the medium (which are unknown here)
could play a significant role in resonance phenomena and could
modify the energy amplification and repartition between the natural
frequencies.

8 CONCLUSIONS

A small-aperture short-period seismic array monitored the seismic
activity during a 4-month period preceding a column fall (21 000
m?) in the Vercors massif (Western French Alps). Almost 200 events
were recorded by the seven seismometers of the 40 m aperture array.
Apart of distant events (earthquakes and quarry blasts), signal anal-
ysis has evidenced three main types of nearby seismic events (mi-
croearthquakes, individual block falls and rock falls) which showed
distinctive temporal and spectral characteristics. Microearthquakes
(single or multiple events) are the more numerous (62 per cent of
the events), followed by rock falls (12 per cent), earthquake type
events (5 per cent) and block falls (4 per cent). Finally, 17 per cent of
the events were unclassified and probably correspond to a complex
mixing of nearby rupture events and rock or block falls with very
short delays, which made impossible any clear identification. A re-
lation was found between the daily number of seismic events and the
temperature values. The largest numbers of events fit with minima
in the temperature curve, after a severe temperature drop (from 15 to
20°C). This result suggests a temperature control on rupture events
and damaging, as it was recently shown from resonance frequency
analysis on the same site (Levy et al. 2010).

The polarization analysis of 40 microearthquake seismograms
with a good signal-to-noise ratio allowed P and S waves to be iden-
tified on the only 3-C sensor of the array. The magnitude of these
microearthquakes ranges from —4.5 and —2. Using a simple seis-
mic model derived from refraction tests performed on the plateau,
we transformed Ts-Tp values in hypocentral distances from the
sensor. Most microearthquakes are located in a distance range com-
patible with the two zones exhibiting fresh rupture along the scarp.
No accurate location was possible using the six vertical sensors
and the one 3-C sensor, probably because of the complex veloc-
ity structure at the site. The polarization patterns were numerically
modelled for the two possible rupture mechanisms (sliding with a
shear mode and toppling with a traction mode). Comparison be-
tween observed and simulated polarization diagrams showed that
30 per cent of the microearthquakes were probably generated by
traction in the upper part of the column, while the remaining 70
per cent were shear-rupture events, distributed in the two rupture
zones. These results indicate that the two rupture modes coexisted
in different zones before the fall. Comparison of the vertical ground
motions on the prone-to-fall column and on the rock mass showed
a higher amplitude on the column. In particular, 60 per cent of
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the 40 microearthquakes generated an amplification higher than 3,
associated with a longer coda dominated by specific frequencies.
These events turned out to be located at hypocentral distances from
the 3-C sensor, which are in a range compatible with the fresh rup-
ture zones observed after the collapse. 2-D numerical modelling of
the dynamic response of the column to nearby seismic events suc-
cessfully simulated the motion amplification observed on the rock
column. Higher amplification values and longer coda with domi-
nant frequencies were retrieved when sources were located along
the column-to-mass interface. Dominant frequencies were found to
be natural column frequencies. All these results suggest that seismic
events generating high motion amplification (>3) and longer coda
duration result from rock bridge breakage along the interface. This
study has shown that the analysis of the signals generated before a
rock failure could bring some insight on the rupture mechanisms,
at least in a stiff rock like limestone.
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