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C/Mart́ı i Franqùes s/n, 08028 Barcelona, Spain
2Universitat Oberta de Catalunya, Internet Interdisciplinary Institute Tecnologia,
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Abstract. After a rockfall event, a usual post event survey
includes qualitative volume estimation, trajectory mapping
and determination of departing zones. However, quantita-
tive measurements are not usually made. Additional relevant
quantitative information could be useful in determining the
spatial occurrence of rockfall events and help us in quan-
tifying their size. Seismic measurements could be suitable
for detection purposes since they are non invasive methods
and are relatively inexpensive. Moreover, seismic techniques
could provide important information on rockfall size and lo-
cation of impacts.

On 14 February 2007 the Avalanche Group of the Univer-
sity of Barcelona obtained the seismic data generated by an
artificially triggered rockfall event at the Montserrat massif
(near Barcelona, Spain) carried out in order to purge a slope.
Two 3 component seismic stations were deployed in the area
about 200 m from the explosion point that triggered the rock-
fall. Seismic signals and video images were simultaneously
obtained. The initial volume of the rockfall was estimated to
be 75 m3 by laser scanner data analysis. After the explosion,
dozens of boulders ranging from 10−4 to 5 m3 in volume im-
pacted on the ground at different locations. The blocks fell
down onto a terrace, 120 m below the release zone. The im-
pact generated a small continuous mass movement composed
of a mixture of rocks, sand and dust that ran down the slope
and impacted on the road 60 m below. Time, time-frequency
evolution and particle motion analysis of the seismic records
and seismic energy estimation were performed. The results
are as follows: 1 – A rockfall event generates seismic signals
with specific characteristics in the time domain; 2 – the seis-
mic signals generated by the mass movement show a time-
frequency evolution different from that of other seismogenic
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sources (e.g. earthquakes, explosions or a single rock im-
pact). This feature could be used for detection purposes; 3
– particle motion plot analysis shows that the procedure to
locate the rock impact using two stations is feasible; 4 – The
feasibility and validity of seismic methods for the detection
of rockfall events, their localization and size determination
are comfirmed.

1 Introduction

Land use planning based on hazard mapping is one of the
most cost effective ways of protecting inhabited areas. Zones
endangered by rockfall events have increased in the last
decades as a result of increased infrastructure and population
growth in mountain areas. Defence structures are usually in-
stalled to protect the affected areas. However, suitable de-
sign and the distribution of the mitigating measures demand
an accurate characterization of the rockfall events, including
the determination of the energies involved and mapping of
the arrival zones. Mapping procedure is usually based on
numerical simulation of rockfall trajectories and impact en-
ergies. The results obtained from the simulations must be
validated through information from rockfall catalogues, pop-
ulation polls or using information extracted from post event
observations. However, these observations are usually scarce
and not cost effective.

Typical post event surveys include qualitative volume es-
timation, trajectory mapping and determination of departing
zones. However, quantitative measurements are usually not
made. Quantitative information could help in determining
the spatial occurrence of rockfall events and in quantifying its
size and frequency. Seismic measurements might help to pro-
vide this information. On one hand, they could be used for
detection purposes since they are non invasive and relatively
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cheap. On the other hand, they could yield important infor-
mation on rockfall occurrence, size and location of impact
as a consequence of the characteristics of the rockfall seis-
mic wave field propagation. The snow avalanche team of the
Universitat de Barcelona (UB) has been studying the char-
acteristics of snow avalanches using seismic methods since
1994, (Sabot et al., 1998; Suriñach, 2004). We have stud-
ied the seismic signals of avalanches in the valleys of Boı́
Taüll and Núria (Catalan Pyrenees), Valleé de La Sionne
(Swiss Alps) and at the test site in Ryggfonn (Norway). In
addition, recently the group undertook studies on the seis-
mic characteristics of other mass movements such as land-
slides and mud flows (Suriñach et al., 2005; Vilajosana et al.,
2007). We seek to contribute to a reliable detection of snow
avalanches and other mass movements using seismic meth-
ods. In this regard, in order to deal with the detection and
characterization of rockfall events, we took advantage of the
artificially released rockfall triggered in the Montserrat mas-
sif (Barcelona) on 14 February 2007 to record the seismic
signals generated by the mass movement. Earlier studies es-
pecially focused on the analysis of seismic signals produced
by rockfall events are scarce, and are mainly concerned with
scales that are completely different from the scales presented
in this work. A notable example was presented inNorris
(1994) where 14 seismic signals generated by avalanches

and rockfall events were analyzed. In this study, rockfall vol-
umes ranged between 104 m3 and 107 m3. The seismic sig-
nals produced were recorded by seismic stations located at
about 70 km from the source. Recently,Deparis(2007) pre-
sented a study on the seismic signals generated by large rock-
fall events (103−106 m3) in the French Alps. These signals
were recorded by the regional seismic network (SISMALP)
at distances between 25 and 250 km.Deparis(2007) showed
that although the localization of the events is possible, the
large distances and the small number of available sensors re-
stricted the detection capabilities of the seismic array to only
large events (>103 m3).

In the present work our interest is centred on a completely
different scale of the phenomenon. We are interested in rock-
fall events with volumes ranging between 1 m3 and 103 m3.
Such events are more frequent than large events. They usu-
ally affect protective infrastructures and buildings or roads.
The study presented here is focused on the validation of the
methodologies of seismic signal analysis to detect and char-
acterize this type of rockfall event. The data obtained in a
controlled experiment are helpful in achieving our goal.

2 Experiment description

The Montserrat massif is located 40 km North West of
Barcelona (Fig.1). After a natural rockfall event of about
30 m3 at “El Cami dels degollats”, which blocked the main
road, the local authorities decided to purge the slope using
explosives. On 14 February 2007 the artificial release of

an unstable boulder was carried out. Two seismic stations
composed of a Lennartz LE 3-D-1S 1 Hz seismometer and
a Nanometrics Orion data logger were deployed for the ex-
periment. Figure2 shows the location of the stations and
the explosion point that triggered the rockfall. All data were
recorded at a sampling rate of 200 Hz. Pictures and video
images were taken during the experiment. In addition, a sub-
sequent Laser scanning survey of the affected area using an
ILRIS 3-D Laser scanner was performed (Fig.2). This in-
formation allowed us to generate the digital geometry of the
slope and to obtain the coordinates of the detachment area,
rockfall volume, height of free fall and rockfall trajectory fol-
lowing the method described inAbellán et al.(2006).

The explosives were placed in the slope, 180 m above our
instruments (Fig.2). As a result of the explosion, a rock of
approximately 75 m3 broke into smaller fragments. Dozens
of boulders ranging from 10−4 m3 to 5 m3 impacted onto the
ground at different places. Most of the rocks fell down on
a terrace just below the release zone (Fig.2). The impact
generated a mass flow composed of a mixture of rocks, sand
and dust that ran down the slope about 60 m and impacted
onto the road 10 m below (Fig.8). Some boulders were not
retained by the previously installed protection walls along
the road and continued to roll downhill approximately 200 m.
After the rockfall event, a survey of the deposition area was
carried out. The rockfall fragments were scattered over the
road which also was covered with a thin layer of fine grain,
dust and sand. The maximum block size was estimated from
the deposits to be 5 m3. Most of the deposits were concen-
trated at the intersection between the rockfall trajectory and
the road. However, some big boulders (1 m3) also landed
near sensor B (Fig.2).

3 Data Analysis and Results

In this work the seismic signals recorded at stations A and B
during the rockfall experiment released on 14 February 2007
in the Montserrat massif (Fig.2) are analyzed. Time series,
time-frequency evolution, particle motion and polarization
analysis of the seismic signals and seismic energy estimation
were performed in order to provide quantitative evidence on
the suitability of seismic methods for the detection, localiza-
tion, and size determination of rockfall events.

Time series analysis was performed through correlations
of the seismic signals with the video images taken of the
event (Fig.6). Our aim was to identify the different phases
of the rockfall event in the time series. The Z, N–S, E–W
components of the seismic signals recorded at stations A and
B during the experiment are shown in Fig.3. The seismic
signals of the explosion are included. The time series anal-
ysis indicates that seismograms are complex with an irreg-
ular envelope showing several energetic pulses. The time
duration of the signals exceeding the background noise is
30 s. Horizontal components show higher amplitudes than
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Fig. 1. General view of the Montserrat massif located 40 km North-West from Barcelona, Spain. Top left inset map of the Iberian Peninsula.
Top Right inset detailed location map.

those of vertical components (Z), especially the components
recorded at station B. This was expected given the proximity
of this station to the boulder impacts onto the ground and the
mass flow. The main sources of the different wave packets
observed in the time series (Fig.3) were identified from the
detailed comparison of the seismic signals with the video im-
ages obtained during the experiment. A more detailed plot of
the vertical component seismograms from stations A and B
with a common base of time is presented in Fig.4: 1 Iden-
tifies the arrival of the P waves from the explosion; 2 corre-
sponds to the arrival of the acoustic wave produced by the
explosion; The seismic waves of the explosion accompanied
by acoustic waves are separated in time from the rockfall sig-
nals; 3 coincides with the impacts onto a ledge of the wall of
some blocks that initiated a free fall after the explosion. The
ledge is placed 55 m below the explosion point (Fig.2); 4
corresponds to the impact of the first boulder onto the terrace
situated 120 m below the explosion point (Fig.2). Immedi-
ately after 4, the seismic signals amplitude increases until 5.
The time interval between 5 and 6 coincides with the mass
flow triggered by the impact of the rockfall onto the terrace
described above. The source of the high amplitude peaks ob-
served between 6 and 7, identified with the help of the video
images, corresponds to the impacts of four big blocks on the
road. After 7 most of the mass movement ceased, although
some small impacts caused by small boulders impacting on
the road could still be recorded. In order to corroborate our
observations we estimated the free fall time of some boul-
ders from the seismic time series. The time interval between
1 and 3 (t13=3.42 s) corresponds to a free fall distance of
57 m, while the time interval between 1 and 4 (t14=4.95 s)
corresponds to a free fall distance of 120 m. These values are
in good agreement with those obtained from the geometrical
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Fig. 2. Location of seismic stations A and B and explosion point
on a laser scanner image. Rockfall trajectory (red dots) and impact
areas are also indicated.

characteristics of the slope obtained from the laser scanning
measurements: 55 m and 120 m for the distances from the
explosion point to the ledge of the wall and to the terrace,
respectively (Fig.2).
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Fig. 3. From top to bottom Z, N–S, E–W components of the seismograms recorded during the artificially released rockfall on 14 February
2007. Left: station A. Right: station B.

The time-frequency evolution of the seismic signals was
also investigated with the aim of identifying characteristic
features useful for detection and signal recognition purposes.
Any specific trend in this representation could be helpful in
this regard. The time-frequency evolution (running spec-
tra) analysis was based on the short time Fourier transform,
which provides the frequency evolution in time of the seis-
mic signals generated by the rockfall event. In Figure5 the
running spectra (RS) (time window 1.28 s, 50% of overlap-
ping and Hanning window taper) of the vertical component
of the seismic signals recorded at stations A and B are shown.
The distinct parts are identified and numbered from 1 to 7 as
in Figure4. Both the explosion seismic signals and rock im-
pacts on the ground present sharp energetic bands filling the
complete frequency band. This representation confirms what
was also observed in the seismograms i.e. the energy attenu-
ation of rock impacts seems to be very strong, allowing us to
recognize signals corresponding to consecutive rock impacts
(Fig. 5). Unlike the explosion and rock impacts, the mass
flow seismic signals (time interval between 5 and 6) present

a gradual increase in the spectral amplitudes in time. This
effect, which is better observed at one station (B), depends
on the relative situation of the mass movement and record-
ing station. This feature is commonly observed in other mass
movements (Suriñach et al., 2005).

The procedure to locate the impact was based on the study
of the polarization of the seismic signals. Polarization anal-
ysis yields three parameters that express the polarization be-
haviour observed in a particle motion representation: (1) lin-
earity, (2) dip and (3) azimuth. For an isotropic medium, the
particle motion of a compressional wave is oriented in the di-
rection of the wave propagation. Consequently, the particle
motion is parallel to the ray path. In contrast, shear waves
show particle motion perpendicular to the direction of propa-
gation. The particle motion lies within a plane perpendicular
to the propagation direction and its orientation depends on
the characteristics of the source (Tatham and McCormack,
1991). Particle motion plots obtained from three-component
sensors enables us to determine the direction of arrival (az-
imuth) of the compressional waves. In this work, the analysis
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Fig. 4. Seismograms of the vertical component with identification
of different wave packets after comparison with video images. Top:
station A. Bottom: station B.

of the polarization behaviour over time intervals was adapted
from Jurkevics(1988) andVidale (1986). Taking N samples
as corresponding to a time interval for each one of the three
componentsui , i=1, 3 (W–E, N–S, Z) of the ground motion
(velocity) recorded at one station, the covariance matrix is
obtained as

Cij =
1

N

N∑
s=1

ui(s)uj (s) (1)

The covariance matrixC(3×3) is real and symmetric and
represents the polarization ellipsoid that best fits the data.
The principal axes of this ellipsoid can be obtained by solv-
ing (Eq.2)

(C − 3I)P = 0 (2)

where I is the identity matrix, andP (p1, p2, p3) and 3

(λ1, λ2, λ3) the eigenvectors and eigenvalues, respectively.
At each recording station, the eigenvectorp1(W–E, N–S, Z)
associated with the maximum eigenvalue(λ1) of the data co-
variance matrix yields the dominant polarization directionθ

(Eq.3) and the type of polarization or linearity (Eq.4).

θ=arctan

(
p1(N − S)

p1(W − E)

)
(3)

L=1−

(
λ2−λ3

2λ1

)
(4)

F
re

q
u
e
n
c
y

(H
z
)

Station A cmp Z

0 5 10 15 20 25
0

10

20

30

40

50
dB

-45

-40

-35

-30

-25

-20

-15

F
re

q
u
e
n
c
y

(H
z
)

Station B cmp Z

Time (s)

0 5 10 15 20 25
0

10

20

30

40

50
dB

-45

-40

-35

-30

-25

-20

-15

12 3 4 5 6 7

Fig. 5. Running spectra of the Z component seismogram. Same
identification as in Fig. 4. Top: station A. Bottom: station B.

Equation4 gives usL, with values between 0 and 1, which
is a measure of the degree of linearity of the polarization of
the wavefield. For a perfectly linearly polarized wave, this
value is 1 and is smaller for elliptically polarized waves.

The azimuths of the incident waves generated by the ex-
plosion and the rock impacts using the particle motion plots
were determined. The time series were filtered with a 20 Hz
low pass fourth order Butterworth filter in order to eliminate
high frequency wave contributions due to scattering and to
the small heterogeneities of the ground. Windows of 25 sam-
ples were selected to perform the polarization analysis after
a trial and error process of trade off between window length
and linearity. Wave packets with high linearity (L approx 1)
were chosen for azimuth determination.

Figure7a shows the particle motion plot for the horizon-
tal components of the first wave packet from the explosion
(Fig. 4 number 1) recorded at stations A and B. Each particle
motion plot is centred at the station and the line indicates the
selected azimuthal direction. As expected, the line points
toward the explosion point. Linearity obtained at station
A (LA=0.78) is smaller than that obtained at B (LB=0.90),
which yields a better azimuth estimate. Figure7b shows
in the same representation as in Fig.7a the particle motion
plots of the 0.125 s wave packets recorded at the two sta-
tions at instantt=11.82 s, which corresponds to the impact of
a big boulder onto the road near station B, which could be
clearly identified by the video images and the deposits sur-
vey (Fig. 6). Both particle motion representations show a
high degree of linearity and the polarization directions point
correctly to the road near B where a big boulder impacted at
that time (from video images).

Figure8 shows the particle motion of the first impact of
the rockfall onto the terrace (t=4.95 s Fig.6f). Details of the
wave packets of the three components for stations A and B
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(h) t=6.88 s(g) t=5.52 s

(a) t=0.08 s (c) t=2.72 s (d) t=3.42 s(b) t=2.00 s

(e) t=4.72 s

(i) t=7.68 s

(f ) t=4.95 s

(j) t=8.32 s (k) t=10.24 s (l) t=11.52 s

Fig. 6. Significant images from the video of the artificially released rockfall. Red circles indicate impact on terrace (t=4.95 s) and boulder
mentioned in the text (t=11.52 s).

A

Fig. 7. Explosion (left:a) and rockfall impact (right:b) site determination using particle motion analysis. Location of stations A and B, road
and rockfall trajectory are indicated. Direction of polarization from particle motion analysis for stations A and B on local axes. Time origin
(t) of the analysed wave packet and Linearity (LA , LB) are also presented. Levelling curves from 1:5000 topographic map (ICC).

used are shown in the figure. The particle motion plot (LA=
0.80) at station A points correctly towards the base of the
wall. At B, although the linearity is smaller (LB=0.60), the
particle motion plot also points to the wall. The direction in-
dicated is less precise than at A (obtained from video images)
but a correct estimate of the direction of the incoming waves
is possible.

The seismic energy recorded during a rockfall event may
be a measure of its size. A first order approximation of the
energy dissipated in form of seismic waves by the rock im-
pacts onto the ground can be obtained following Eq.5,

Es=

∫ t2

t1

4πr2ρcuenv(t)
2eαrdt (5)
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A

4.95

Fig. 8. Rockfall impact site determination using particle motion analysis. Same representation as in Fig.7. Details of the 3 component wave
packets at stations A and B used for determination.

uenv(t)=
√

u(t)2+ht(u(t))2 (6)

wherer is the distance sensor-event,ρ is the ground den-
sity, c is the phase velocity of the seismic waves,uenv(t) is
the amplitude envelope of the recorded signal (ground veloc-
ity) obtained through the Hilbert transformation (ht) as pre-
sented in Eq. (6) andα is the damping factor that accounts
for anelastic attenuation of waves and usually depends on the
signal frequency. Here, the frequency dependence of the at-
tenuation is neglected. The energy dissipated by means of
seismic waves was calculated for the wave packets between
4 and 5 recorded at stations A and B (Fig.4) corresponding to
the impacts of the main part of the rockfall onto the terrace
120 m below the explosion point (Fig.2). Equation6 was
applied to the three components of the ground motion (ve-
locity) to obtain the total amplitude envelope for inclusion
in Eq.5. Prior to this calculation, velocityc and attenuation
factor α of the seismic waves at the site were determined.
The use of the explosion records obtained at stations A and
B to achieve these values was not feasible given the similar-
ity of the distances between the explosion points to the two
stations. We therefore selected for this evaluation the wave
packet corresponding to the impact of the first block onto the
terrace 120 m below the explosion (Fig.8). The distances
from stations A and B to the impact point obtained from the
analysis of the laser scanner data were 126 and 103 m, re-
spectively. An estimation ofc, velocity of primary waves,
was obtained by standard picking procedures and resulted in
920 ms−1. The superficial ground density was selected to be
1900 kg m−3 in good agreement with the P wave velocity ob-
tained (Xia et al., 2002).

The attenuation factorα was estimated using the method-
ology proposed byZywicki and Rix (1999). The procedure
yields a frequency dependent value ofα for each of the 3
ground motion components. Theα value obtained for the
range from 5 Hz to 25 Hz was taken as 0.0370 m−1. The

calculated values of the seismic energy dissipated for the
interval between 4 and 5 are 46.5 MJ and 34.9 MJ for sta-
tions A and B, respectively on the assumption that the val-
ues ofc andα are correct. Despite being of the same order,
the discrepancy between these values may be ascribed to di-
rectivity and/or site effects and to the fact that the approach
adopted in this paper does not account for the frequency de-
pendence of the attenuation factor. As expected the values
obtained are smaller than the initial potential energy dissi-
pated by the rockfall impact onto the ground because of the
existence of other energy dissipation processes (rock frac-
ture, heat, etc.). For a height of 120 m of free fall and assum-
ing that 90% of the total mass (M=187T ) impacted onto the
ground in the selected time interval the potential energy esti-
mated (Ep=mg h) wasEp=200 MJ, approximately 4 times
greater than that obtained. This difference, in addition to
other mechanisms of energy dissipation, could be due to en-
ergy absorption given the type of soil in the terrace (mainly
composed of sediments) where the rocks impacted. More-
over, we cannot disregard the strong dependency ofα in the
evaluation of the energy.

4 Conclusions

Our findings corroborate the feasibility and validity of seis-
mic methods for the detection of rockfall events, their local-
ization and size determination. To this end, we analyzed the
seismic data obtained at two 3 component seismic stations in-
stalled specifically to monitor the artificially triggered rock-
fall of approximately 75 m3 at the Montserrat massif. This
value was derived from laser scanner data analysis. The
source of the different wave packets in the time series was
identified by comparing the seismograms and video images
simultaneously obtained. The results indicate that each im-
pact of the rockfall onto the ground produces strong, mainly
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812 I. Vilajosana et al.: Montserrat Rockfall induced seismic signals

linearly polarized P-waves. Polarisation analysis of P-wave
packages from 3 component seismic records was used to suc-
cessfully locate the explosion and two rock impacts of larger
blocks that impacted onto the ground. The success of this
technique demands a high linearity of the waves to correctly
determine the azimuth. It should be pointed out, however,
that at least two seismic signals simultaneously recorded at
two sites arranged in an appropriate geometry with respect
to the moving source are necessary. The time-frequency evo-
lution of the recorded time series to identify characteristic
features useful for detection purposes was analysed. Seismic
signals from the explosion and rock impacts onto the ground
show energetic bands that fill the whole frequency range of
the spectra, appear suddenly, and attenuate rapidly. In con-
trast, seismic signals generated by the slide rocks present
a gradual increase in the spectral amplitudes in time. This
time-frequency evolution is different from that of other seis-
mogenic sources (e.g. earthquakes, explosions or a single
rock impacts) and resembles the frequency evolution ob-
served in the seismic records from other mass movements
(Suriñach et al., 2005). Should this observation be corrobo-
rated in future studies, the method presented would be a use-
ful tool for seismic detection of rocks that move downhill.

The seismic energy dissipated by the rockfall impact onto
the terrace was estimate using recordings from two stations.
The values obtained were 46.5 MJ and 34.9 MJ. The discrep-
ancy between values may be ascribed to directivity and/or
site effects. The procedure for energy determination strongly
depends on the velocity of seismic waves and the attenuation
factor of the site. In our case the values obtained using two
stations and one event were 920 ms−1 and 0.0370 m−1. A
more detailed seismic characterization of the site (with more
stations and events) would provide a more accurate seismic
energy determination. However, the methodology presented
can be used to obtain estimates of the seismic energy released
by a rockfall. The values obtained for the dissipated seismic
energy are 4 times smaller than the kinetic energy of the im-
pacted mass (200 MJ). Smaller value for the seismic energy
were expected for the following reasons: a) the mass did not
completely stop on impact (rebound partially elastic), b) the
presence of other energy dissipating processes such as rock
fragmentation and heat, and c) in this particular case the rock
impacted onto a cushion of soft material that absorbed part
of the seismic energy. Other results for energy calculation of
rockfall impacts involving greater source-receiver distances
(Deparis, 2007) show energy dissipated ratio values of the
order of 10−3, which is in agreement with the behaviour of
seismic waves. It may be concluded that detection, localiza-
tion and size determination of a rockfall event based on the
correct deployment of two 3 component seismic stations and
on a detailed analysis of the recorded seismograms are fea-
sible. Consequently, the methodology presented is useful in
detecting and characterizing rockfall events for rockfall cat-
aloguing and subsequent land use planning.
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