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1 INTRODUCTION

SUMMARY

Seismic noise measurements (ambient vibrations) have been increasingly used in rock slope
stability assessment for both investigation and monitoring purposes. Recent studies made
on gravitational hazard revealed significant spectral amplification at given frequencies and
polarization of the wave-field in the direction of maximum rock slope displacement. Different
properties (resonance frequencies, polarization and spectral ratio amplitudes) can be derived
from the spectral analysis of the seismic noise to characterize unstable rock masses. The
objective here is to identify the dynamic parameters that could be used to gain information
on prone-to-fall rock columns’ geometry. To do so, the dynamic response of prone-to-fall
columns to seismic noise has been studied on two different sites exhibiting cliff-like geometry.
Dynamic parameters (main resonance frequency and spectral ratio amplitudes) that could
characterize the column decoupling were extracted from seismic noise and their variations
were studied taking into account the external environmental parameter fluctuations. Based on
this analysis, a two-dimensional numerical model has been set up to assess the influence of the
rear vertical fractures identified on both sites on the rock column motion response. Although a
simple relation was found between spectral ratio amplitudes and the rock column slenderness,
it turned out that the resonance frequency is more stable than the spectral ratio amplitudes to
characterize this column decoupling, provided that the elastic properties of the column can be
estimated. The study also revealed the effect of additional remote fractures on the dynamic
parameters, which in turn could be used for detecting the presence of such discontinuities.

Key words: Numerical modelling.

frequency range allows ambient vibrations to be used for investi-
gating geological or civil engineering structures in a wide variety of

During the last two decades, seismic noise measurements have been
increasingly used in gravitational (natural) hazard assessment for
both investigation and monitoring purposes. The seismic noise de-
notes ambient vibrations of the ground caused by natural sources
(ocean waves striking the coast, wind effects, river flows), as well
as by human activity (industrial machinery, train and car traffic)
and cover a broad frequency range from less than 10 mHz to one
hundred Hz (Bonnefoy-Claudet ef al. 2006). In the low-frequency
domain, the seismic noise is dominated by natural sources, while at
high frequency the noise is produced by human activity. This wide

sizes, from the lithospheric or crust scale (Campillo 2006) to a few
m-thick landslides and rock structures (Danneels et al. 2008; Levy
et al. 2010; Mainsant et al. 2012; Starr et al. 2015) or buildings
(Clinton et al. 2006; Michel et al. 2008).

On unstable slopes, ambient vibrations have been applied in very
different ways for reconnaissance, depending on the investigation
purpose and the landslide type. The simplest way to extract in-
formation on a given site from ambient vibrations is to perform
single-station measurements with a three-component sensor and
to process the records using the so-called Nakamura’s method

1058 © The Authors 2016. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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(Nakamura 1989). It consists in computing the spectral ratio be-
tween the horizontal and vertical components (H/V) of ambient
noise. The H/V ratio has been experimentally and numerically
proved to provide the fundamental resonance frequency of the
site (e.g. Bonnefoy-Claudet er al. 2006; Haghshenas et al. 2008;
Albarello & Lunedei 2010). For a single infinite horizontal homo-
geneous soft layer overlying bedrock, this fundamental frequency is
given by f, = Vs/4h where Vs is the soft layer shear wave velocity
and / is the layer thickness. Knowing an estimate of Vs allows the
thickness of the soft layer to be calculated.

In the case of landslides exhibiting a clear contrast in seismic
velocity over the slip surface, the method is able to locally de-
termine the landslide thickness, provided that the landslide’s lat-
eral extension is much greater than the vertical one (Jongmans &
Garambois 2007). This method was successfully applied on clayey
landslides affecting gentle slopes (e.g. Gallipoli et al. 2000; Méric
et al. 2007; Danneels et al. 2008). However, in the thick lacustrine
deposits of the Avignonet landslide (French Alps), Jongmans et al.
(2009) showed that the H/V peak frequencies were not linked to
the slip surface depth but rather to the deeper clay-bedrock inter-
face, where the main contrast in seismic velocity occurs. In more
complex geometry (2-D/3-D structure), the H/V ratios might show
an azimuthal variation, resulting from a resonance anisotropy. This
phenomenon was reported by some authors (Méric et al. 2007;
Del Gaudio ef al. 2008) on low to middle slopes. At the Caraman-
ico Terme site in the Apennine chain (central Italy), Del Gaudio
et al. (2008, 2014) showed that the site exhibits directional spectral
amplification and that the H/V spectral ratios are approximately
oriented as the site response (standard spectral ratios). Analysis of
ambient vibrations and of small regional earthquakes records was
also performed at the top of the Randa rock cliff site (Burjanek
etal. 2010; Moore et al. 2011), which experienced two catastrophic
failures in April and May 1991. The recorded wavefield revealed
significant spectral amplification and polarization in the direction of
maximum slope displacement within the unstable rock mass, which
the authors relate to the presence of near-vertical deep fractures
(Moore et al. 2011). Small-aperture seismic arrays were deployed at
a potentially unstable slope in the same area (Burjanek et al. 2012).
Array technique analysis showed that the wavefield was dominated
by standing waves characterized by directional horizontal spectral
amplification oriented perpendicular to open tension cracks. For an
unstable rock column, Levy ef al. (2010) derived its main reso-
nance frequency f, from seismic noise records and observed a drop
in fy prior to column collapse. Thereafter, Bottelin et al. (2013a)
studied the dynamic response of four prone-to-fall rock compart-
ments showing diverse morphology, failure mechanism, geological
context and volumes. Every single cliff site exhibited well-defined
polarized spectral peaks at distinct frequencies. The predominant
spectral peak was systematically measured at the lowest resonance
frequency f; with a polarization perpendicular to the rear fracture.

This review shows that different characteristics of the seismic
noise (peak frequencies interpreted as resonance frequencies, po-
larization, and the spectral ratios H/V and H/H) could be derived
from the spectral analysis of the recorded motion. For cliff-like
sites, this paper aims to identify the key parameters that could be
extracted from ambient vibrations and used to gain information on
the prone-to-fall column geometry. We first analyse the dynamic re-
sponse of prone-to-fall columns to seismic noise at two rocky sites,
extracting several parameters (main resonance frequency, spectral
ratio amplitudes) that could characterize the column decoupling,
and studying their variations depending on external environmental
factors. We then conduct a 2-D numerical modelling to understand

the experimental data and to assess the influence of the rear fracture
geometry on the motion characteristics. A simple relation has been
found between spectral ratio amplitudes and the column slenderness
(ratio of the column height and thickness). However, the resonance
frequency appears to be less sensitive to climatic fluctuations to
assess the column decoupling, whereas spectral ratio amplitudes
provided a way to detect the presence of additional fractures. These
results demonstrate the interest of combining these three parameters
(resonance frequency and the two spectral ratio amplitudes).

2 DATA PROCESSING RESULTS

2.1 Site characteristics

Two cliff-like sites with exposed rock columns and with an easy
top plateau access were instrumented. The first one (Les Arches)
is located in the Western Alps (France), at the Southern end of the
carbonate Vercors massif, 100 km South of Grenoble city (Fig. 1a).
The cliff, which culminates at an elevation of about 1900 m, is made
of sub-horizontal meter-thick limestone layers (Levy et al. 2010).
An unstable column about 30 m high, 15 m wide and 4.5 m thick
(Figs 1b—d), for a volume of about 1000 m* has been identified
there. The rear fracture is about 1 m wide at the surface and is
visible to 15 m depth. Seismic prospecting was carried out nearby
and the limestone was found to be strongly fractured with P-wave
and S-wave velocities of 2800 and 960 m s~!, respectively (Levy
et al. 2010).

The second site (Bory) is located on the Piton de La Fournaise
volcano (La Réunion Island, Indian Ocean) (Fig. 2a). The studied
column was formed after the Dolomieu crater collapsed in April
2007 (Peltier et al. 2012). This event cut the already present but
smaller Bory crater (semi-elliptic shape) and created new cliffs up
to 300 m high along the crater walls (Fig. 2b). Numerous open
hectometre-size fractures, parallel to the cliff, were observed in the
Bory crater (Figs 2b and c). The 10 000 m? column is separated
from the crater by an open fracture (about 1.5 m wide at the surface
and deeper than 10 m; Figs 2d and e). The adjacent rock cliff is
made of three layers, with from top to bottom: an 11 m thick dark
basaltic layer, a 4 m reddish scoria layer and a thick basaltic layer
(Fig. 2e). Seismic prospecting was performed at several sites on the
remaining Bory crater (Bottelin 2014). The upper basalt layer was
found to be strongly and heterogeneously fractured, with P- and
S-wave velocity varying from 630 to 1500 m s~!, and from 420 to
650 m s~!, respectively. These ranges of values for the near-surface
velocity are also observed for other volcanoes (Perrier et al. 2012).

The two sites were equipped with short-period 3-C seismometers
connected to Nanometrics Taurus stations. The seismometers were
oriented northward and the seismic stations operated in continuous
recording mode with a 250 Hz sampling frequency. Periods of study
vary across the two sites. Les Arches is a semi-permanent observa-
tion site equipped with two seismometers (Fig. 1b). We considered
the recording period between 2015 June 12 and 2015 July 28, and
for which full 3-C data are available. Air temperature, rainfall and
wind speed were recorded by the permanent meteorological station
‘Jardins du Roi’, located 3.2 km southwest from the site and 120 m
below in altitude.

The Bory site (Fig. 2c) was temporary monitored in October
2012. Two seismometers (S1 and S2) recorded continuously at the
same location during three full days (2012 October 28 to 2012
November 1). A seismometer was also moved along a profile (S3
to S8) and the ambient noise was recorded during 45 min at each
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Figure 1. Site of Les Arches. (a) Location map. (b) Simplified contour map with the location of the sensors S/ and S2. (¢) Picture of the column, taken from
the southeast. (d) Schematic vertical section (limestone). The rear fracture (RF) delineating the unstable column is shown with red lines. D; and 7} are the

fracture depth and the column thickness, respectively.

location. As the dynamic response of an unstable compartment was
previously found to be partly thermally controlled (Levy et al. 2010;
Bottelin et al. 2013b), the air temperature was measured in the
main rear fracture and all data series were referenced using the
Coordinated Universal Time (UTC) system.

2.2 Experimental results

2.2.1 Les Arches site

For les Arches site, the polar plot of the normalized Fourier spec-
tra (horizontal components) at sensor S1 is displayed in Fig. 3(a).
Fourier spectra were computed over a 24 hr long period (2015
July 14) with 1° azimuthal increment in the frequency range [0.5—
10 Hz]. Azimuths are displayed clockwise with respect to the North,
whereas the radial direction corresponds to the frequency axis. This
plot exhibits a clear peak at an azimuth of 55° with a frequency of
6 Hz. It corresponds to a predominant motion oriented perpendicu-
lar to the rear fracture (Fig. 3b). This peak frequency was previously
interpreted as the fundamental resonance frequency (first bending
mode) of the column, using numerical modelling Bottelin et al.
(2013b). The monitoring of the Fourier spectrum (horizontal mo-
tion H oriented N55°) during 1.5 months (from 2015 June 12 t0 2015

July 28), along with the amplitudes of the H/V and H/H spectral
ratios at fy (4 and Ay, amplitudes, respectively) and temperature
and wind variations is shown in Fig. 3(b). The frequency f; exhibits
variations ranging from 5.6 to 6.5 Hz, and it clearly appears to be
controlled by the temperature fluctuations. This in-phase relation is
interpreted as resulting from the rear fracture closure induced by
rock thermal expansion (Bottelin et al. 2013b). A,y and Ay, values
at the resonance frequency vary widely over time, from 2 to 30 and
from 7 to more than 100, respectively (Fig. 3b). The H/V and H/H
curves (mean and £ one standard deviation, in log scale) for both
sensors S1 and S2 are shown over the 1.5-month period in Figs 3(e)
and (f). The mean H/V value on the column (S1) reaches about 15
at the average resonance frequency of 6.2 Hz with a high scattering
(6 to 31). At the S2 reference sensor, the mean H/V curve remains
almost flat and consistent, exhibiting values between 1 and 2 below
10 Hz. The mean Ay, value is higher (33) than A4y, showing
strong scattering (16 to 70). Higher Ay, and Ay values are ob-
tained during periods of strong wind (blue vertical bands, Fig. 3b).
We computed the mean 4y, amplitude in successive 1 m s~ '-wide
wind speed classes (Fig. 3¢). 4y and 4y values regularly increase
with the wind speed, with a lower scattering for strong winds. This
relation might result from the wind-induced seismic solicitation of
the column in the vicinity of the sensor. This hypothesis was nu-
merically tested with a 2-D model by applying a horizontal wind
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Figure 2. Bory Site (Piton de la Fournaise Volcano). (a) Map showing the location of the Bory crater (red triangle) and of the seismological reference station
RER of the Geoscope network (yellow dot). (b) Contour map showing the older Bory crater (BC) truncated by the Dolomieu crater (DC). (c) Detailed contour
map (rectangle in Fig. 2b) with the location of the sensors S1 to S8. (d) Picture of the prone-to-fall column, taken from the north. (¢) Schematic geological
section showing basaltic flows with an interbedded 4 m thick scoria layer (black dots). The rear fracture (RF) delineating the unstable column is shown with

dashed red lines.

pressure P, on the cliff free surface. We used the simple equation
P,, = KpS,* (Mendis et al. 2007), where S,, is the wind speed, Kis a
shape factor and p is the air density, with strong winds (S,, between 3
and 5 m s~!). Results indicate that the wind speed increases the H/V
and H/H ratios over a relatively wide frequency range (Appendix A;
Fig. Al). At the peak frequency, the rise is about 20 per cent for
H/V and 80 per cent for H/H, Ay and Ay y reaching values of
22 and 60, however below the amplitudes of 30 and more than 100
(Fig. 3c) measured in strong wind conditions. These results suggest
that the pressure of strong wind on the column could contribute to
the observed ratio increase, without totally explaining its magni-
tude. Another factor could also originate from turbulence effects at

the air/instrument/ground interface (Mucciarelli e al. 2005). Both
sensors are superficially buried at Les Arches site, owing to rocky
ground conditions. Enhanced horizontal component vibration could
then be due to air flow rotation near the ground and/or turbulences
in the fracture during windy periods.

In order to minimize the wind effect, the H/V and H/H curves
were computed for wind speed weaker than 1 m s~! (Figs 3h and i,
respectively). This condition yielded smaller values of mean Ay,
and Ay/n (10.8 and 30, respectively) with reduced scattering for
Apyn. However, these two parameters still exhibit greater variation
than the resonance frequency f;, suggesting that they are more sen-
sitive to the environmental conditions.
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Figure 3. Les Arches site. (a) Polar plot of the normalized Fourier spectra at sensor S1 (column), computed from a 1 hr long record (2015 July 14). The
main peak is at 7 Hz (fy with a motion polarized in the N55°direction. (b) Top: Fourier spectra along the horizontal component H oriented perpendicular to
the cliff (N55°) during 1.5 months (2015 June 12 to 2015 July 28). Middle: amplitudes of the ///V and H/H ratios (An/y and Apyyp) at fo during the same
period. Bottom: temperature and wind speed curves measured at the permanent meteorological station during the same period. (¢) 4z, (black) and 4y (red)
values (mean with error bars) at the resonance frequency as a function of wind speed. (d) Horizontal spectral motion at sensors S1 (black) and S2 (grey). (e)
H/V spectral ratios at the two sensors S1 (black) and S2 (grey). (f) H/H spectral ratios (motion at sensor S1 over motion at sensor S2 in the N55° direction).
(g) Same legend as (d) for wind speed weaker than 1 m s~!. (h) Same legend as (e) for wind speed weaker than 1 m s~!. For diagrams (d) to (i), solid lines
are mean curves and dashed lines represent £ one standard deviation around the mean. All the spectra were computed for the same period (2015 June 12 to
2015 July 28).

2.2.2 Bory site azimuth of N65° (Fig. 4a). This peak corresponds to a motion per-
pendicular to the rear fracture (Fig. 2d). Similarly to the Les Arches
site, this frequency is interpreted as the fundamental resonance fre-
quency f; (bending vibrational mode) of the column. The Fourier

At the Bory site, the Fourier spectra polar plot (horizontal compo-
nents) at sensor S1 shows a clear peak at a frequency of 2.9 Hz for an
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Figure 4. Bory site. (a) Polar plot of the normalized Fourier spectra at sensor S1, computed from a 1 hr long record (2012 October 29). The motion is polarized
in the N65 © direction. (b) Normalized seismic noise spectrum and air temperature as a function of time for the 3 d experiment. (c) Fourier spectra along the
horizontal component oriented perpendicular to the cliff for the two sensors S1 and S2 (3 d duration). Solid lines are mean curves and dashed lines represent
mean =+ one standard deviation. (d) H/V spectral ratios (mean =+ one standard deviation) computed at the two sensors S1 and S2 (3 d duration). (e) H/H spectral
ratio (mean =+ one standard deviation) between the horizontal components (perpendicular to the cliff) at sensors S1 and S2 (3 d duration). (f) Mean horizontal
spectrum (perpendicular to the cliff) for the 8 sensors S1 to S8 (45 min duration). (g) Mean H/V spectral ratios computed at the 8 sensors S1 to S8 and at the
permanent station SRef (45 min duration). (h) Mean H/H Spectral ratios between the horizontal component (perpendicular to the cliff) at sensor S1 and the
same component at the 7 other sensors (45 min duration). Note the difference between panels (e) and (h) over 5 Hz.

spectrum variation during the 3 d of experiment, along with the
air temperature fluctuations is shown in Fig. 4(b). The two curves
are globally in-phase, with a variation in f, of 0.2 Hz around the
average under thermal variations of about 8 °C (from 10°Cto 18°C
between day and night). This observation is consistent with the re-
sults obtained at Les Arches site and reveals the thermal response
of the decoupled column.

The N65° oriented Fourier spectra are shown for sensors S1
and S2 in Fig. 4(c). The spectrum on the column exhibits a peak
at about 3 Hz, not observable on the spectral motion on the rock
mass. Both spectra show high amplitudes in the low frequency
range (below 2 Hz) and show significant scattering over 4 Hz. The
mean spectral curves for the 8 stations are shown in Fig. 4(f). The
striking feature is that all sensors located in the Bory crater (S2
to S8) exhibit similar spectra in the low frequency range, with a

scattering that increases with frequency over 4 Hz. The H/V curves
were computed for the two sensors S1 and S2 (3 d recordings; mean
=+ one standard deviation curves, Fig. 4d) and for sensors S1 to S8
(45 min recordings; mean curves, Fig. 4g). The S1 curve shows a
peak with a mean amplitude 45,y = 25 at a frequency of 3 Hz,
associated to a plateau-like shape (amplitude of about 7) in the low
frequency band 0.8-2.5 Hz. This feature is also observed for S2
and S3, while the plateau extends to higher frequencies for $4 and
S5 (Fig. 4g). Interestingly, the H/V curve computed at a permanent
station located 8.5 km from the Bory crater on the Piton de la
Fournaise Volcano does not show such large amplitudes (Fig. 4g),
suggesting that the plateau in the H/V curve results from a local
effect. Finally, the H, /H, spectral ratio curves (with n corresponding
to station S,) are plotted in Figs 4(e) (n = 2) and (h) (n = 2 to 8).
All curves exhibit a peak at the same frequency (around 3 Hz) with
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red solid line) defining a prone-to-fall column (77, D). The horizontal and
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dashed lines.

Ay amplitudes varying from 8 to 13 according to the location of
the reference station. The H, /H, curves exhibit similar shapes from
0.5 Hz to 4 Hz and increased discrepancy at high frequency where
the H/H ratios drop. At low frequency, all H,/H, ratios are close
to 1, indicating that all sensors are affected by the same local effect
appearing on the H/V curves. These results suggest that the seismic
noise measured by the 8 sensors is affected by an amplification
effect on the horizontal component, which is limited to the Bory
crater. Another significant feature is the difference observed at high
frequency between the H, /H, curves of Figs 4(¢) and (h), computed
for two different recording times (3 d and 45 min, respectively). This
observation will be discussed further.

At the two sites, the processing of the seismic noise allowed the
natural frequency f; of a prone-to-fall column to be easily retrieved
from the horizontal motion spectrum or from the spectral ratios
H/V and H/H. Significant differences in the spectral ratios were
however found between the two sites: (1) Ay is higher than 4y,
at les Arches site, while it is the contrary at the Bory site. (2) The
shape of the H/V curve is more complex at Bory, with a bump in the
frequency range below f;. In order to understand these differences
and to test the capacity to derive the rear fracture depth from seismic
noise measurements, 2-D numerical modelling has been applied.

3 2-D NUMERICAL MODELLING

3.1 Numerical model and tests

First, the 2-D response of a homogeneous cliff including a sin-
gle fracture of depth D, and delineating a column of thickness 7
(Fig. 5) is numerically studied. This geometry approximates the
shape of the studied column at Les Arches site (Fig. 1d), with T
=4 mand D, = 15 m. The dynamic characteristics of the medium
(Table 1) are based on previous seismic prospecting results (Levy
et al. 2010), considering a slightly less fractured medium. Mod-
elling was performed using the Finite Element software Comsol
(http://www.comsol.com) with triangular finite elements. The mod-
elled medium (Fig. 6a) is a square of 1000 m side with two free
boundaries (the cliff and the plateau) and two absorbing boundaries
(shown in red in Fig. 6a). A mesh size s, of 4 m with a refined

Table 1. Medium dynamic characteristics chosen for numerical modelling
(Les Arches site).

Characteristic Symbol Value
Young’s modulus E 10 GPa
Poisson’s ratio v 0.35
Density P 2500 kg m 3
P-wave velocity Vp 2530 ms~!
S-wave velocity Vs 1220 m s~
zone with s,, = 1 m was used in the model and in the upper right

zone embedding the fracture (Fig. 6b), respectively. Considering
the criterion that the minimum wavelength A, = 10s,, to ensure
correct wave propagation (Moser et al. 1999), the maximum fre-
quency is around 120 Hz in the refined zone and 30 Hz in the
other part of the model. Three hundred ambient vibration sources
were randomly placed around the upper zone as punctual forces in
the medium (Fig. 6a) and simultaneously triggered. The source is
a 660 s long eye-shaped random signal with a near-flat frequency
spectrum between 1 Hz and 30 Hz (Figs 6c¢ and d).

Ambient vibrations (along the y vertical and x horizontal axes)
were simulated at two points located at the column top (S1) and on
the mass (52), 2 m and 10 m back of the cliff edge, respectively
(Fig. 7a). As expected, the simulated seismic motion excites the col-
umn at a frequency fy, the maximum horizontal displacement being
recorded at its top (Fig. 7a). The Fourier spectrum of the horizontal
component H,(f) and the spectral ratios H,(f)/V(f) and H,(f)/ H2(f)
are shown in Figs 7(b)—(d), respectively. In the following, the two
spectral ratios will be referred to as H/V and H/H for the sake of
simplicity. The five retrieved seismic noise parameters are the fre-
quency of the first peak visible on the three graphs (fou, for, v, for/m)
and the corresponding maximum amplitudes of the spectral ratios
(Anyy and Apyp). The three values (foy, fory v, for/r) were found iden-
tical (f, = 4.9 Hz) during all the tests, leading to the three dynamic
parameters (fy, Ayyy and Ap ) to study. Modal analysis showed
that the first peak frequency f; is the fundamental frequency of the
column.

In order to compute stable values of the three parameters (fy,
Apyv and Ay ), numerical tests were performed to tune the follow-
ing modelling parameters: the mesh size s,,, the number of sources
(ns), the time step (df) and the time of simulation (#s). Considering a
4 m meshing over the whole model led to computation times longer
than 8 hr on a laptop. As we are modelling ambient vibrations and
not specific seismic events, the size of the mesh in the remote area
was increased. No noticeable difference has been observed between
the computed spectral curves when increasing the mesh size s,, un-
til 20 m. This value has been used in the computation, enabling
to decrease the computation time to less than 4 hr. In a second
step, we studied the influence of the parameters ns, df and ts. The
stability (less than 5 per cent variation in f, values) was reached
for the following values: ns > 300, dt < 0.004 s and ts > 360 s.
These three values are considered in all the performed simulations.
The simulation time ts was increased (up to 660 s) for some mod-
els in order to ensure the correctness of the computations down to
half the column natural frequency (fy/2), respecting the rule ts =
1000/fiin proposed by different authors (e.g. Michel et al. 2008).
The reliability of our simulations was checked by comparing the
peak frequencies observed on spectral curves with the theoretical
resonance frequencies computed using the modal approach imple-
mented in the software Comsol. The three spectral curves computed
from seismic noise records (Figs 7b—d) show two peaks at about 4.9
and 22 Hz, which were found to correspond to the fundamental
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Figure 6. 2-D Numerical modelling of seismic noise. (a) Model meshing with source location (blue crosses) and absorbing boundaries (red lines). The refined
zone is a square of 40 m size. (b) Enhanced view (25 m x 25 m) of the upper right refined zone showing the fracture of depth D; decoupling a column of
thickness 77. (¢) Source force signals along the horizontal (green) and vertical (blue) axes. The inset shows a detailed view over 0.5 s. (d) The corresponding

spectra in the 0.5-30 Hz frequency range.

mode and the first higher mode, respectively, with a difference less
than 1 per cent. Finally, all the computations were made assuming
the material to be elastic without damping, although rock and soil
exhibit wave attenuation (e.g. Rix ez al. 2000). We tested the influ-
ence of attenuation on the three dynamic parameters by introducing
a Rayleigh damping, a convenient way of accounting for damping in
numerical models (Semblat 1997). We considered a near-constant
damping coefficient of 5 per cent on the frequency band [1-10 Hz],
close to the maximum possible value in the near-surface rocks
(Toksoz et al. 1979). The results, shown in Appendix B (Fig. B1),
indicate that the three parameters derived from seismic noise are
little affected by the damping in the considered frequency range,
allowing the computations to be made in the elastic domain.

3.2 Parametric modelling study

The approximate geometry of Les Arches site (7; = 4 m and
Dy = 15 m) and the dynamic characteristics given in Table 1 were
taken as a reference model. Modelling results (shown in Fig. 7)
yields a fundamental frequency of 4.9 Hz with maximum amplitudes
Apy =19 and Ay = 31 for the two spectral ratios H/V and H/H,
respectively. The location of the reference point S2 on the rock mass
(displaced from 10 m to 20 m and 35 m back to the cliff edge) does
not affect the values of 4y and f (Fig. 7d). Additional numerical

simulations were performed in order to test the sensitivity of dy-
namic parameters to the column geometry, by varying D; and T
around the reference values. A total of 54 temporal finite element
simulations were made to evaluate the influence of column char-
acteristics on the dynamic parameters, combining variations in D
(6 values between 5 and 25 m), in 7} (2, 4 and 6 m), in Young’s
modulus £ (2, 10 and 20 GPa) and keeping constant the density
and the Poisson’s coefficient. The results are given in Table C1 of
Appendix C.

First, the H/V and H/H curves are shown in Figs 8(a) and (b),
respectively, for the fracture depth D, varying between 5 m and
25 m, keeping constant all the other model characteristics. It can be
seen that the increase in D, induces a regular decrease in resonance
frequency, associated to an augmentation of the amplitudes A,y
and Ay,y. Using the simple relation

1 /K

ZZ_

fo M

(M

which corresponds to the fundamental frequency of an oscillator
of mass M and rigidity K, this frequency drops with D; is ex-
plained by both the increase of the column mass and the decrease
of its rigidity, while the increase in amplitude is probably controlled
by the decrease in rigidity. For a slender beam of thickness 7; in
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Figure 7. Numerical modelling of the column response for the reference case (77 = 4 m; D| = 15 m; £ = 10 GPa) and definition of the five parameters derived
from seismic noise. (a) Maximum amplitude displacement of the column for the fundamental mode. (b) Spectral amplitude of the H; component (parameter
Jor). (¢) H/V spectral ratio at sensor S1 (parameters foz/y and Apyy). (d) H/H spectral ratio (parameters for/y and Agyp). The H/H curve is shown for three

distances of S2 from the cliff edge (10, 20 and 35 m).

flexural vibration, the natural frequencies are given by the following
equation (Chen & Lui 1997):

_kTh | E

n— S 7951 1~ .° 2
/ 27 D\ 12p @

where the coefficient &, defines the resonant mode at frequency f,
(ko = 1.875 for the fundamental frequency f). The values of f; given
by this equation are compared to the numerical results in Figs 8(c)
and (d), where f; is plotted as a function of 7;/D;2. In Fig. 8(c),
the curves computed for the three values of 7} (2, 4 and 6 m) and
E = 10 GPa are tangent to the theoretical line (eq. 2) for low values
of T;/D;? (i.e. when the column slenderness is high). The same
tendency is observed in Fig. 8(d) when the Young’s modulus F is
varied with T} = 4 m. On both figures, f; at high T;/D;? values are
lower than those predicted by eq. (2).

On the basis of eq. (2), we then looked for general equations of
the form

DP =q I\"D\¢E? 3)

relating the dynamic parameters DP (fy, Ay and Ay, y) retrieved
from seismic noise to the column characteristics (7, D; and E),
using the 54 numerical models. The least-square solution for the
coefficients a, b, ¢ and d are given in Table 2.

A very good fit was found for all dynamic parameters (correlation
coefficient CC >0.97):

fb = 44.696 T10.486 D171.507 E0'49. (4)

For f;, the coefficient d is close to 0.5, in agreement with eq. (2),
while the coefficients b and c are significantly different from 1 and
—2, respectively, explaining the deviation from the theoretical line
in Figs 8(c) and (d).

For the parameters 4,y and Ay/u, the coefficient d is very low
(around 0.015) indicating that the modulus E has little control on
these parameter variations. For 4y, b and c are of the same order
of magnitude (0.64 and 0.67), with opposite sign. This strongly
suggest a slenderness control (D;/T}) on this parameter. Assuming
that b = —c and d = 0 for 4y and Ay, we obtained the following
two equations:

Ay = 5.436(T; /D) )

Ay = 13.49(T /D)™ (6)

with correlation coefficients CC of 0.95 and 0.97, respectively (Ta-
ble 2). Although the correlation coefficient for 4y is slightly lower
when imposing b = —c (Table 2), eqs (5) and (6) were considered
in the following for the sake of simplicity and applicability.
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Figure 8. Variations of the noise spectral characteristics with the column geometry. The dynamic properties are given in Table 1. (a,b) Variations of the spectral
ratios H/V and H/H with the fracture length D; (from 5 to 25 m) for a column thickness 77 of 4 m. (c) Resonance frequency fj as a function of Tj /D;2. (d)
Resonance frequency fj as a function of 77 /D;%. The theoretical frequency for a slender beam (eq. 2) is shown with a dashed line.

Table 2. Values of the coefficients a, b, ¢ and d in the equation DP =
ale DfEd, where DP is one of the dynamic parameters (fo, Ap/y and Apy/p)
and 71, D; and E are the thickness, the depth and the Young’s modulus of
the column, respectively. The coefficients a, b, ¢ and d were determined by
least-square fitting the equation (in log) to the 54 numerical data set given
in Appendix C. CC is the Correlation Coefficient. The numbers in italic

correspond to the coefficients computed when imposing ¢ = —b and d = 0.
Dynamic parameter (DP) a b c d CC
fo (Hz) 44.696 0486 —1.507 0.490 0.997
Ay 2513 —0.631 1.088 —0.016 0.980
5436 —0.906  0.906 0 0.950
An/n 13389  —0.641  0.667 —0.015 0.973
13.490 —0.658  0.658 0 0.972

The three parameters (fy, A/ and Ay, ) are plotted in log scale
as a function of the inverse of slenderness (7,/D;) in Fig. 9. As
expected, the f; data are scattered (Fig. 9a) while the 4,y and
Ay data (Figs 9b and c) show a linear decrease with T /D;. The
two lines (eqs 5 and 6) with £ one standard deviation interval are
drawn in Figs 9(b) and (c). These results suggest that the spectral
ratio amplitudes are mainly controlled by the 7} /D, ratio and that
these theoretical relations could then be applied on real data to
estimate the slenderness of a potentially unstable column. If the
rear column thickness 7' can be measured in the field, the fracture
depth D, can be directly assessed. In contrast, f, does not exhibit
such a simple dependency on the slenderness (Fig. 9a, eq. 4). These
theoretical results relating the dynamic parameters to the geometric

and mechanical characteristics of the column are now applied to the
two sites exhibiting cliff geometry.

4 COMPARISON BETWEEN SIMULATED
AND MEASURED RESPONSES

The geometric and dynamic characteristics of the two sites (Les
Arches and Bory), as well as the three parameters (fy, Az, and
Ap/i) measured from ambient vibrations are synthesized in Table 3.
The presented E (Young’s Modulus), Vp and Vs (P-wave and S-wave
velocities) values are averages of the in situ measured dynamic
characteristics. These values are significantly different at the two
sites. The column at the Bory site exhibits a much lower resonance
frequency (fy = 2.85 Hz) than that at Les Arches site (f, = 6.2 Hz),
in agreement with the much lower rigidity of the volcanic rocks
(E = 2 GPa) compared to limestone (£ = 10 GPa). As mentioned
before, the Bory site also exhibits Ay, values higher than 4,y
values, in contrast with the other site and the modelling results (see
Figs 9¢ and f).

The values of the parameters (fy, 4y and Ayy) measured at
the two sites are compared to the theoretical curves derived from
the numerical modelling in Figs 9(d) to (f). At Les Arches site, the
measured f; yields a mean theoretical 7;/D; value of 0.34 (0.33—
0.35, considering uncertainty) (Fig. 9d). With a column thickness
of T} = 4.5 m, the rear fracture depth D, is estimated to be about
13 m, a value comparable to the one obtained from the outcrop
observation (15 m). Using the two mean ratio amplitude parameters
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Figure 9. (a—c) Variations of the parameters fy, 4/ and Az as a function of 7 /Dy for three values of 7' (2, 4 and 6 m), six values of Dy (from 5 to 25 m)
and three values of Young’s modulus £ (2, 10 and 20 GPa). The equations of the lines are given in the text. (d—f) Comparison between the three measured
parameters (fo, Ay and Ayyy) and the theoretical curves (dark grey) shown in panels (a)—(c). The mean measured parameters are given with their variation

range (green and red colours for the Les Arches and Bory sites, respectively).

(Auyv and Apyp) yields T1/D, values of 0.47 (0.15-1.65) and 0.3
(0.13-0.72), respectively, providing D; estimations of 10 and 15 m.
The three dynamic parameters provide similar D; values, which
are close to the observation. However, the 4y, and Ay, are less
reliable, due to the large scattering of the measured values.

At the Bory site, T /D; is estimated to about 0.315 (0.31-0.32)
from f, (Fig. 9d), leading to a column height D; of about 12 m,
again in agreement with the observed rear fracture depth (over
10 m). In contrast, the well-constrained measured A4,y and Ay

values lead to a very different estimation of the 77 /D, value (0.18
and around 0.97, respectively). This discrepancy results from the
unexpected observation that 4,y is significantly higher than 4,y
at this site (Figs 9e¢ and f). A major characteristic distinguishes
the Bory site from the more homogeneous Les Arches site: the
existence of multiple rear fractures affecting the rock mass as far
as 60 m from the cliff (Fig. 2¢). The potential effect of multiple
fracturing on the ambient vibrations is explored in the following
section, using numerical simulations.
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Table 3. Characteristics of the column at the two sites (77: thickness; D;: fracture length; £: Young’s Modulus; Vp and Vs: P-wave
and S-wave velocities) and measured dynamic parameters (fo: fundamental resonance frequency; A, y: amplitude of the H/V spectral
ratio at frequency fo; Ap/y: the same for the ///H ratio). The mean and variation range (italic font) are given for the three parameters.
D values were estimated from outcrop observations while 77 values were measured at the top surface. The dynamic characteristics £,
Vp and Vs were estimated from the seismic prospecting performed at the two sites (Levy 2011; Bottelin 2014) considering a density of
2500 kg m~> for the limestone (Les Arches) and 2200 kg m~> for the volcanic rock at the Bory site.

Site T1 (m) D1 (m) E (GPa) Vp (VS) (m Sil) ﬁ) (HZ) AH/V AH/H

Les Arches 4.5 15 10 2530 6.2 10.4 29.4
(1220) 5.9-6.5 4.2-25.3 18.1-47.8

Bory 4 >10 2 1065 2.85 25.4 13.8
(600) 2.8-2.9 22.8-28.2 12.0-16.2

5 MULTIPLE FRACTURING
SIMULATIONS

The influence of the presence of two additional fractures of lengths
D, and Djs (see the geometry in Fig. 5) on the parameters (fy, Ay
and 4y;) is now investigated. The objective is not to exactly fit the
observations with modelling but to assess if this fracturing is likely
to explain the observed discrepancy (Section 4) between the data
and modelling results at the Bory site. A first model geometry with
one fracture, considering a fracture depth (D; = 13 m) derived from
the resonance frequency fo = 2.85 Hz and the dynamic parameters
given in Table 3, is set up. The comparison with the experimental
data (Figs 10a and b) indicates that 1-fracture modelling explains
the observed 4,y (around 25) but strongly overestimates the 4y
value (30 instead of 14). Introducing a second fracture F, (ob-
served on the field) with the same depth (D, = 13 m) at a distance
T, = 15 m from the first one, decreases the mean A,y to a value of
about 15, in agreement with the experimental data (Fig. 10b), while
the A,y remains almost unchanged. Motion analysis showed that
this Ay/n decay results from the vibration of the column between
fractures F; and F,, which becomes significant when D, reaches
the same value as D; (see Fig. D1 in Appendix D). In contrast, the
introduction of a third fracture F; with the same depth (D; = 13 m;
T5; = 15 m) does not significantly affect the values of the three
dynamic parameters (Figs 10a and b).

The effect of a deep third fracture (D; = 26 and 39 m) is studied
and the mean theoretical and experimental H/V and H/H curves are
compared for the sensors S1 and S2 nearest the cliff in Figs 10(c)
and (d). A striking feature is that the introduction of a deep third
fracture F’5 generates a H/V peak (*5) at low frequency (1.8 Hz)
(Fig. 10c). Modal analysis pointed out that this peak results from
the resonance of the whole mass located between F; and the cliff.
The experimental data at sensors S1 and S2 are compared to the
modelling results (D; = 26 m) in Figs 10(e) and (f), considering
the standard deviations. The 4y and Ay amplitudes are correctly
retrieved by modelling. In addition, the introduction of a third deep
fracture generates a slight bump at low frequency on both sensors,
however with a lower amplitude and over a narrower range than
that observed. The modelling performed in this study is limited in
size and frequency and it does not simulate the real fracturing of
the Bory crater, which includes more remote and probably deeper
fractures. The modelling results however suggest the presence of at
least one remote deep fracture. A striking discrepancy between ex-
perimental and numerical spectral ratio curves is the through found
around 6 Hz in all 2-D simulations (see Fig. 10). This through
may only exist on 2-D numerical curves because other resonance
modes excite the 3-D column. This hypothesis was tested with a
3-D numerical modal analysis of the Bory column, assuming a
20-m-column width (Appendix E; Fig. E1). The modal analysis in-

dicates the existence of a second torsion mode at 4.77 Hz and a
third bending mode (parallel to the cliff) at 5.73 Hz. The existence
of these two modes, close to 6 Hz and which cannot be considered
with 2-D modelling, may explain the discrepancy between exper-
imental and 2-D numerical results. In contrast, the experimental
curves exhibit a moderate peak around 8 Hz. The spectral polar plot
(Fig. 4a) indicates that this vibration mode is not exactly perpendic-
ular to the cliff. Moreover, the high frequency part of the spectral
ratios is more sensitive to the signal duration, as suggested by the
difference observed between 45 min and 3 d records (Figs 4 e and
h, comparison between the H/H curves).

6 DISCUSSION

2-D Numerical modelling of a homogeneous cliff affected by frac-
tures has identified three dynamic parameters (fy, Ax/y and Apy/p)
that can be derived from continuous noise records using two 3-C
sensors. A major result of the modelling (Fig. 9) is that the two ratio
amplitude parameters A, and Ay, appear to be only controlled
by the slenderness D, /T of the column (or its inverse 7} /D, ). Mea-
suring Ay, and Ay, could then be used to obtain the fracture depth
D, if the rear fracture is observed in the field. In contrast, using f;
to derive D, requires the mechanical property (Young’s modulus)
of the rock, making this parameter a priori less attractive. These
conclusions have however to be tempered by the two applications
presented in this paper. On the first site (Les Arches), the two ratio
amplitude parameters turned out to be very variable, with time fluc-
tuations seeming to be controlled by wind conditions. The effect of
wind on some seismic noise parameters has been mentioned before,
both for measurements on sites and buildings. On sites, the guide-
lines following the Sesame project (SESAME 2004) recommended
to avoid recording near structures like buildings and trees during
strong winds and to protect the sensors. The effect of the wind on
the H/V curve is however still an object of debate (e.g. Guillier
et al. 2007). On buildings, some authors observed an effect of the
wind on the resonance frequency (e.g. Clinton et al. 2006) but there
are still not enough data to understand the exact link between wind
and frequency variation (Mikael er al. 2013). The observed effect
of wind on H/V and H/H curves at Les Arches site remains an open
question. However, considering the mean values of 4,y and Ay
during weak-wind periods provides reasonable and consistent esti-
mates of D. On the other site (Bory), 4/, was found to be lower
than Ay,y, an observation which disagrees with the one-fracture
modelling results. Numerical modelling showed that additional re-
mote fractures did not affect the 4, amplitude but significantly
decreased the 4/, amplitude (by a factor of two), explaining the
apparent discrepancy. However, these results have been obtained
by making three assumptions: (1) the geometry of the cliff is 2-D,
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Figure 10. Effect of multiple fracturing at the Bory site. Comparison between numerical modelling results and experimental data. (a,c,e) H/V curves. (b,d,f)
H/H curves. (a,b) Comparison for a geometry with one, two and three fractures (same depth D = 13 m) at sensor S1. (c,d) Comparison for three fractures with
a varying depth D3 = 13, 26 and 39 m at sensor S1. (e,f) Comparison between the three-fracture geometry modelling (D1 = 13 m, D, = 13 mand D3 =26 m)
and experimental data for the sensors S1 and S2. Plain lines are mean curves and dashed lines represent + one standard deviation around the mean.

(2) the cliff is homogeneous and (3) the main rupture mechanism is
toppling, associated with a progressive downward breaking of rock
bridges. The first assumption implies that the first identified reso-
nance frequency f; corresponds to the bending mode with a motion
perpendicular to the cliff. We performed 3-D modal analysis on a
cuboid column (of depth D), thickness 7} and width w), varying w.
The fundamental frequency of the bending mode perpendicular to
the cliff remains equal to that computed in 2-D, as long as the width
w is larger than the thickness 7. In the two applications presented
in this paper, this condition is fulfilled with w/T) ratios over 2. An
additional 3-D effect may arise from a variation in fracture depth D,
along its width w. We tested the influence of this variation, fixing D,

in the middle of the fracture and varying the fracture-bottom dip o
from 0 ° to 30 °. Modal analysis results (Table E1; Appendix E) show
that such dip variation yields a frequency change of only 5 per cent
for the fundamental mode (f;), highlighting that the 2-D approxi-
mation is robust for assessing an order of magnitude of the fracture
depth. The second assumption of homogeneity is obviously not met
in the Bory site where a 4 m thick scoria layer is interbedded in the
basalts (Fig. 2e). We modelled the effect of this low rigidity layer
(Appendix F; Fig. F1) with one, two and three fractures, assum-
ing a Young’s modulus of 0.85 GPa. The main effect of the scoria
layer is to decrease the resonance frequency, with unclear effect on
the Ay and Ay y values. Given the uncertainty on the dynamic
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Figure 11. Chamousset site. (a) Vertical cross-section showing the column
geometry (light grey) with the upper 30 m high vertical fracture. The main
6 m thick rock bridge is shown in green. (b) Estimation of the ratio 7' /D,
from the resonance frequency fy measured before failure (Levy et al. 2010)
for a rectangular column (blue crosses) and for a trapezoidal column (orange
crosses). See the text for details.

parameters in the basalt and scoria layers, it is impossible to assess
the real influence of the scoria layer at this stage, but its effect on the
low measured 4,y values cannot be ruled out. These results stress
out the complex interaction between fracturing, layering and the
dynamic parameters derived from seismic noise, which explains the
discrepancy in 77 /D, values obtained in the Bory site (see Fig. 9).
With regards to the third hypothesis, we tested the approach pro-
posed in this paper against the data available before the collapse
of the 21 000 m* column at the Chamousset site (Vercors massif;
Levy et al. 2010), located 100 m from Les Arches site. The natural
frequency f, exhibited a significant drop (from 3.4 to 2.6 Hz) in the
weeks before the fall, resulting from the breakage of rock bridges
as attested by the increase in seismic activity measured on the verti-
cal sensors and field observation (Levy et al. 2011). Unfortunately,
the acquisition system stopped working two weeks before the fall,
preventing to have the f; value just before the rupture. The column
that crashed down was about 90 m high, 30 m wide, and 2-10 m
thick (Fig. 11a).

The failure surface was a nearly perfect vertical plane for 30 m,
while the rest of the scar presented an overall positive tilt. The
main zone showing evidence of fresh rock rupture was an elongated
horizontal area corresponding to a 6 m thick limestone bed located
30 m below the plateau. Assuming the same Young’s modulus as for
Les Arches site (10 GPa) and a mean thickness of 4 m, we obtain a
T, /D, value of 0.17 for f; = 2.6 Hz and a fracture depth D estimated
to 24 m (Fig. 11b). Over the first 30 m, the column has however the
shape of a right-angled trapezoid with an upper base of 2 m and a
lower base of 6 m. A more accurate modal analysis accounting for
the trapezoidal shape gives D; = 28 m (Fig. 11b). These two values
are consistent with the fracture depth (30 m) down to the main rock
bridge area, with a better estimate for the trapezoidal shape. It must
be stressed out that this method provides an order of magnitude of
the open vertical fracture depth but does not give information on
the coupling state of the lower part of the scar.

Finally, the shape of the H/V curve at low frequency could indi-
cate some site amplification effects, as shown in the Bory site. The
presence of a plateau-like shape (here in the range of 0.8-2.5 Hz)
on the H/V curve has been previously observed in alluvial basins
close to the edges where the geometry is 2-D or 3-D (e.g. Ozalaybey
et al. 2011; Le Roux et al. 2012). As all the H/V curves measured
in the Bory Crater exhibit a plateau-like shape, this feature could
result from a 2-D or 3-D site effect due to the semi-elliptical shape

of the Bory Crater and could explain the remaining discrepancy
between 2-D numerical modelling and observations (Fig. 10e).

7 CONCLUSIONS

This paper aimed to identify the pertinent and applicable param-
eters that could be extracted from ambient vibrations and used to
gain information on a prone-to-fall column in stiff rock conditions.
From numerical modelling, it was shown that the two ratio ampli-
tude parameters 4, and 4y, are mostly controlled by the inverse
of the slenderness of the column (7/D). In contrast, the first reso-
nance frequency fy depends on both the column geometry and the
rock Young’s modulus E. This 7/D dependence, which allows the
depth D to be assessed if the thickness 7" is known, could bring a
key information about the column decoupling from simple seismic
measurements. The study of two sites exhibiting a prone-to-fall col-
umn have however revealed that the application of these theoretical
results might face some difficulties. The first one is the tremendous
sensitivity of the ratio amplitude parameters to wind conditions at
the first site. Although the mean parameters for weak wind con-
ditions provided consistent results, the application of this method
requires a thorough analysis of the data. On the second site, the
seismic noise data did not match one-fracture modelling results be-
cause of the presence of multiple rear fractures located further in
the Bory Crater, which significantly decreases the amplitude of the
parameter Ay. These results suggest that the comparison between
the two ratio amplitude parameters (4, and A7) could provide
some information on the presence of remote deep rear fractures,
although the presence of an interbedded low-velocity layer could
also play a role. Moreover, the H/V curves measured on the Bory
site exhibit a plateau-like shape in the low-frequency range, which
indicates a 2-D or 3-D site effect probably due to the Bory Crater
geometry. This should be investigated in the future. A conclusion of
this study is that the first resonance frequency f; of a column is the
more reliable parameter for assessing the fracture depth D decou-
pling a column from the mass, provided that a reasonable estimate
of the Young’s modulus can be made (seismic prospecting).
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APPENDIX A: NUMERICAL
MODELLING OF WIND SPEED EFFECT

(a)

o 10
Frequency (Hz) Frequency (Hz)

Figure Al. Comparison between numerical modelling results (77 = 4 m; D; = 15 m; £ = 10 GPa) for no-wind (in grey) and strong wind conditions (in
green). (a) H/V curves. (b) H/H curves. Plain lines are mean curves and dashed lines represent £+ one standard deviation around the mean. The horizontal
wind pressure on the cliff was applied for wind speed Sw between 3 and 5 m s~ (see Fig. 3c).

APPENDIX B: EFFECT OF DAMPING
(5§ PER CENT)
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10 10 10 10
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Figure B1. Comparison of the H;/V| and H|/H, spectral ratios computed with and without attenuation (red and blue curves, respectively). Plain lines are
mean curves and dashed lines represent & one standard deviation around the mean.
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APPENDIX C: PARAMETRIC STUDY

Table C1. Values of the dynamic parameters (fy, 4y and Ay/p) computed from the 54 numerical
models with variations of the column characteristics 7' (thickness), D; (fracture depth) and E

(Young’s modulus).

E (GPa) Ty (m) Dy (m) Jo (Hz) Anyy Anyy
2 2 5 8.898 8.585 24.047
2 2 7.5 4.967 17.660 28.733
2 2 10 2.999 19.180 38.299
2 2 15 1.467 31.656 50.890
2 2 20 0.867 44.640 78.704
2 2 25 0.567 41.930 68.288
2 4 5 10.202 5.432 16.764
2 4 7.5 6.066 10.527 20.676
2 4 10 4.133 13.391 24.620
2 4 15 2.200 17.742 29.746
2 4 20 1.334 29.347 38.156
2 4 25 0.900 35.860 49.797
2 6 5 10.099 4.056 12.655
2 6 7.5 7.068 6.360 17.525
2 6 10 4.665 10.722 19.257
2 6 15 2.700 17.877 24.379
2 6 20 1.700 22.843 28.309
2 6 25 1.199 24.661 36.761
10 2 5 19.180 8.316 28.079
10 2 7.5 10.922 16.110 32.337
10 2 10 6.694 22.845 38.837
10 2 15 3.275 31.129 54.369
10 2 20 1.937 35.991 51.604
10 2 25 1.243 44.130 69.517
10 4 5 21.459 5.251 15.999
10 4 7.5 13.194 8.507 19.104
10 4 10 9.072 13.204 24.118
10 4 15 4.959 19.128 32.421
10 4 20 3.027 30.144 36.696
10 4 25 2.036 32.616 47.463
10 6 5 21.410 4.245 11.434
10 6 7.5 15.117 7.045 16.945
10 6 10 10.410 9.009 19.242
10 6 15 6.000 15.027 22.698
10 6 20 3.836 17.665 32373
10 6 25 2.640 24.817 34.748
20 2 5 25.843 8.204 25.359
20 2 7.5 15.133 14.374 31.231
20 2 10 9.365 22.026 38.437
20 2 15 4.601 31.437 49.115
20 2 20 2.733 35.508 52.681
20 2 25 1.767 47.812 84.508
20 4 5 28.837 5.613 13.304
20 4 7.5 18.227 9.015 18.565
20 4 10 12.768 14.116 22.614
20 4 15 6.932 18.401 32.293
20 4 20 4.233 24.648 37.089
20 4 25 2.866 32.210 43.506
20 6 5 28.757 4.087 12.489
20 6 7.5 20.736 6.288 14.299
20 6 10 14.398 11.164 20.920
20 6 15 8.466 17.652 24.608
20 6 20 5.401 19.755 28.883
20 6 25 3.735 26.653 38.576
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APPENDIX D: EFFECT OF THE DEPTH
OF A SECOND FRACTURE (D))

10 : :
0 10° 10'
Frequency (Hz) Frequency (Hz)

Figure D1. Influence of the depth value of a second fracture (D;) on the //V and H/H spectral ratios. The peak of the ///H ratio (Ax/n) decreases when D
reaches the same value as the first fracture depth (13 m).

APPENDIX E: 3-D MODAL ANALYSIS
OF THE BORY COLUMN

A
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Figure E1. 3-D numerical FE modelling of the dynamic response of the Bory column. (a) Tetrahedral mesh of the model with the column refined zone (25
X 25 x 40 m) of depth Dy, thickness 7 (4 m) and width w (20 m). (b) Geometry of the rear fracture. The fracture bottom (dashed purple line) is located at
the average depth D; and is tilted by an angle «. (c—e) 3-D modal analysis of the Bory column (D; = 13 m and o = 0 °) for the three first resonance modes.
The motion scale is normalized by the maximal displacement for each mode: (c) first bending mode (perpendicular to the rear fracture) at 2.78 Hz, (d) second
torsion mode at 4.77 Hz and (e) third bending mode (parallel to the rear fracture) at 5.73 Hz. The effect of the rear fracture dip « on the three first resonance
modes is shown in Table E1.
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Table E1. Characteristics of the rear fracture geometry (D; and «: average depth and dip
of the fracture bottom, respectively) and frequencies of the three first resonance modes (fy:
first bending mode; 1 : second torsion mode; f>: third bending mode) for a column with a
thickness 77 = 4 m, a width w =20 m and a Young’s modulus £ = 2 GPa.

Dy (m) o (degree) fo (Hz) Ji (Hz) J2 (Hz)
13 0 2.78 4.77 5.73
13 5 278 4.80 5.74
13 10 2.79 4.87 5.77
13 15 2.81 4.98 5.82
13 20 2.83 5.13 5.88
13 25 2.87 5.37 5.96
13 30 291 5.62 6.08
12 0 3.14 5.17 5.96
14 0 2.64 4.42 5.46

APPENDIX F: EFFECT OF THE SCORIA
LAYER

one fracture two fractures three fractures

Frequency (Hz) Frequency (Hz) Frequency (Hz)

Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure F1. Bory site. Effect of the scoria layer on the H/V (top row) and H/H curves (bottom row) for 1, 2 and 3 fractures. The curves with and without the
scoria layer are in red and blue, respectively. The dynamic characteristics in the scoria are Vp = 800 m s~'; ¥s = 400 m s ™!, density = 2000 kg m > and E =
0.85 GPa. Plain lines are mean curves and dashed lines represent £ one standard deviation around the mean.
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