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Abstract. After a rockfall event, a usual post event survey sources (e.g. earthquakes, explosions or a single rock im-
includes qualitative volume estimation, trajectory mappingpact). This feature could be used for detection purposes; 3
and determination of departing zones. However, quantita— particle motion plot analysis shows that the procedure to
tive measurements are not usually made. Additional relevantocate the rock impact using two stations is feasible; 4 — The
quantitative information could be useful in determining the feasibility and validity of seismic methods for the detection
spatial occurrence of rockfall events and help us in quan-of rockfall events, their localization and size determination
tifying their size. Seismic measurements could be suitableare comfirmed.
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. 1 Introduction

On 14 February 2007 the Avalanche Group of the Univer-
sity of Barcelona obtained the seismic data generated by ahand use planning based on hazard mapping is one of the
artificially triggered rockfall event at the Montserrat massif Mmost cost effective ways of protecting inhabited areas. Zones
(near Barcelona, Spain) carried out in order to purge a slopeendangered by rockfall events have increased in the last
Two 3 component seismic stations were deployed in the areglecades as a result of increased infrastructure and population
about 200 m from the explosion point that triggered the rock-growth in mountain areas. Defence structures are usually in-
fall. Seismic signals and video images were simultaneoushstalled to protect the affected areas. However, suitable de-
obtained. The initial volume of the rockfall was estimated to Sign and the distribution of the mitigating measures demand
be 75n by laser scanner data analysis. After the explosion,2n accurate characterization of the rockfall events, including
dozens of boulders ranging from1bto 5 n? in volume im-  the determination of the energies involved and mapping of
pacted on the ground at different locations. The blocks fellthe arrival zones. Mapping procedure is usually based on
down onto a terrace, 120 m below the release zone. The imaumerical simulation of rockfall trajectories and impact en-
pact generated a small continuous mass movement Compos@(ﬂgies. The results obtained from the simulations must be
of a mixture of rocks, sand and dust that ran down the slope/alidated through information from rockfall catalogues, pop-
and impacted on the road 60 m below. Time, time-frequencyulation polls or using information extracted from post event
evolution and particle motion analysis of the seismic recordsobservations. However, these observations are usually scarce
and seismic energy estimation were performed. The resultgnd not cost effective.
are as follows: 1 — A rockfall event generates seismic signals Typical post event surveys include qualitative volume es-
with specific characteristics in the time domain; 2 — the seis-timation, trajectory mapping and determination of departing
mic signals generated by the mass movement show a timezones. However, quantitative measurements are usually not
frequency evolution different from that of other seismogenicmade. 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-
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cheap. On the other hand, they could yield important infor-an unstable boulder was carried out. Two seismic stations
mation on rockfall occurrence, size and location of impactcomposed of a Lennartz LE 3-D-1S 1 Hz seismometer and
as a consequence of the characteristics of the rockfall seisa Nanometrics Orion data logger were deployed for the ex-
mic wave field propagation. The snow avalanche team of theperiment. Figure2 shows the location of the stations and
Universitat de Barcelona (UB) has been studying the charthe explosion point that triggered the rockfall. All data were
acteristics of snow avalanches using seismic methods sinceecorded at a sampling rate of 200Hz. Pictures and video
1994, Sabot et a].1998 Surifiach 2004. We have stud- images were taken during the experiment. In addition, a sub-
ied the seismic signals of avalanches in the valleys df Bo sequent Laser scanning survey of the affected area using an
Tallll and Niria (Catalan Pyrenees), Vallede La Sionne ILRIS 3-D Laser scanner was performed (F&). This in-
(Swiss Alps) and at the test site in Ryggfonn (Norway). In formation allowed us to generate the digital geometry of the
addition, recently the group undertook studies on the seisslope and to obtain the coordinates of the detachment area,
mic characteristics of other mass movements such as landockfall volume, height of free fall and rockfall trajectory fol-
slides and mud flowsSurifiach et al.2005 Vilajosanaetal.  lowing the method described &bellan et al.(20086.
2007). We seek to contribute to a reliable detection of snow The explosives were placed in the slope, 180 m above our
avalanches and other mass movements using seismic metmstruments (Fig2). As a result of the explosion, a rock of
ods. In this regard, in order to deal with the detection andapproximately 75 mbroke into smaller fragments. Dozens
characterization of rockfall events, we took advantage of theof boulders ranging from 1@ m® to 5 n® impacted onto the
artificially released rockfall triggered in the Montserrat mas- ground at different places. Most of the rocks fell down on
sif (Barcelona) on 14 February 2007 to record the seismica terrace just below the release zone (Ry. The impact
signals generated by the mass movement. Earlier studies egenerated a mass flow composed of a mixture of rocks, sand
pecially focused on the analysis of seismic signals produceénd dust that ran down the slope about 60 m and impacted
by rockfall events are scarce, and are mainly concerned witlonto the road 10 m below (Fi@). Some boulders were not
scales that are completely different from the scales presenterktained by the previously installed protection walls along
in this work. A notable example was presentedNarris  the road and continued to roll downbhill approximately 200 m.
(1994 where 14 seismic signals generated by avalanchegfter the rockfall event, a survey of the deposition area was
and rockfall events were analyzed. In this study, rockfall vol- carried out. The rockfall fragments were scattered over the
umes ranged between®® and 10 m3. The seismic sig- road which also was covered with a thin layer of fine grain,
nals produced were recorded by seismic stations located atust and sand. The maximum block size was estimated from
about 70 km from the source. Recenfbeparis(2007) pre- the deposits to be 5%¥n Most of the deposits were concen-
sented a study on the seismic signals generated by large rockrated at the intersection between the rockfall trajectory and
fall events (16—10° m®) in the French Alps. These signals the road. However, some big boulders ()ralso landed
were recorded by the regional seismic network (SISMALP) near sensor B (Fi).
at distances between 25 and 250 Kdeparis(2007) showed
that although the localization of the events is possible, the
large distances and the small number of available sensors r& Data Analysis and Results
stricted the detection capabilities of the seismic array to only
large events$10° m). In this work the seismic signals recorded at stations A and B
In the present work our interest is centred on a completelyduring the rockfall experiment released on 14 February 2007
different scale of the phenomenon. We are interested in rockin the Montserrat massif (Fi@) are analyzed. Time series,
fall events with volumes ranging between $ and 16 m3. time-frequency evolution, particle motion and polarization
Such events are more frequent than large events. They us@nalysis of the seismic signals and seismic energy estimation
ally affect protective infrastructures and buildings or roads.were performed in order to provide quantitative evidence on
The study presented here is focused on the validation of théhe suitability of seismic methods for the detection, localiza-
methodologies of seismic signal analysis to detect and chartion, and size determination of rockfall events.
acterize this type of rockfall event. The data obtained in a Time series analysis was performed through correlations
controlled experiment are helpful in achieving our goal. 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
2 Experiment description components of the seismic signals recorded at stations A and
B during the experiment are shown in Fi§). The seismic
The Montserrat massif is located 40km North West of signals of the explosion are included. The time series anal-
Barcelona (Figl). After a natural rockfall event of about ysis indicates that seismograms are complex with an irreg-
30 n? at “El Cami dels degollats”, which blocked the main ular envelope showing several energetic pulses. The time
road, the local authorities decided to purge the slope usingluration of the signals exceeding the background noise is
explosives. On 14 February 2007 the artificial release 0f30s. 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). 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 Figl lden-
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 (Y. 4
corresponds to the impact of the first boulder onto the terrace ;
situated 120 m below the explosion point (F&). Immedi- Stati 3 : S

L ; . . ation A @t
ately after 4, the seismic signals amplitude increases until 5. o == Station B
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 olFig. 2. Location of seismic stations A and B and explosion point
served between 6 and 7, identified with the help of the videoon a laser scanner image. Rockfall trajectory (red dots) and impact
images, corresponds to the impacts of four big blocks on theareas are also indicated.
road. After 7 most of the mass movement ceased, although

some small impacts caused by small boulders impacting OrE:haracteristics of the slope obtained from the laser scanning

the road could still be recorded. In order to corroborate ourmeasurementS' 55m and 120m for the distances from the

observations we estimated the free fall time of some boul- . )
L : L explosion point to the ledge of the wall and to the terrace,

ders from the seismic time series. The time interval betweenres ectively (Fig2)

1 and 3 {13=3.425s) corresponds to a free fall distance of P y (F19<).

57 m, while the time interval between 1 and 144€4.95s)

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. 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 wasa gradual increase in the spectral amplitudes in time. This
also investigated with the aim of identifying characteristic effect, which is better observed at one station (B), depends
features useful for detection and signal recognition purposeson the relative situation of the mass movement and record-
Any specific trend in this representation could be helpful in ing station. This feature is commonly observed in other mass
this regard. The time-frequency evolution (running spec-movements$uriiach et al.2005.
tra) analysis was based on the short time Fourier transform, )
which provides the frequency evolution in time of the seis- _The procedure to locate the impact was based on the study
mic signals generated by the rockfall event. In FigSithe of _the_ polarization of the seismic signals. Polarlzat_lon _anal-
running spectra (RS) (time window 1.28's, 50% of overlap- YSIS yields three parameters that express the polarization be-
ping and Hanning window taper) of the vertical componentha"_iour obs_erved ina pgrticle motion r.eprese.ntation_: () lin-
of the seismic signals recorded at stations A and B are showr£2rity, (2) dip and (3) azimuth. For an isotropic medium, the
The distinct parts are identified and numbered from 1 to 7 adarticle motion of a compressional wave is oriented in the di-
in Figure4. Both the explosion seismic signals and rock im- réction of the wave propagation. Consequently, the particle
pacts on the ground present sharp energetic bands filling thEiotion is parallel to the ray path. In contrast, shear waves
complete frequency band. This representation confirms whatnow particle motion perpendicular to the direction of propa-
was also observed in the seismograms i.e. the energy attengation. The particle motion lies within a plane perpendicular
ation of rock impacts seems to be very strong, allowing us tof© the propag_at!on direction and its orientation depends on
recognize signals corresponding to consecutive rock impacté!e characteristics of the sourcatham and McCormagk
(Fig. 5). Unlike the explosion and rock impacts, the mass 199)). Particle motion plots obtained from three-component

flow seismic signals (time interval between 5 and 6) presenf€nsors enables us to_determine the direction of arrival (qz-
imuth) of the compressional waves. In this work, the analysis
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Fig. 5. Running spectra of the Z component seismogram. Same
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) 5 10 ﬁmls(s) % % 30
Equatior4 gives usL, with values between 0 and 1, which
Fig. 4. Seismograms of the vertical component with identification is a measure of the degree of linearity of the polarization of
of different wave packets after comparison with video images. Top:the wavefield. For a perfectly linearly polarized wave, this
station A. Bottom: station B. value is 1 and is smaller for elliptically polarized waves.
The azimuths of the incident waves generated by the ex-

of the polarization behaviour over time intervals was adaptedP!0sion and the rock impacts using the particle motion plots
from Jurkevic1989 andVidale (1986. Taking N samples ~ Were determined. The time series were filtered with a 20 Hz
as corresponding to a time interval for each one of the thredow pass fourth order Butterworth filter in order to eliminate

components:;, i=1, 3 W-E, N-S, ¥ of the ground motion high frequency wave contributions due to scattering and to

(velocity) recorded at one station, the covariance matrix isth® small heterogenesities of the ground. Windows of 25 sam-
obtained as ples were selected to perform the polarization analysis after

a trial and error process of trade off between window length
1 Y and linearity. Wave packets with high linearitf pprox 1)
Cij=v D ui)uj(s) (D) were chosen for azimuth determination.
s=1 Figure7a shows the particle motion plot for the horizon-
The covariance matri€(3x 3) is real and symmetric and tal components of the first wave packet from the explosion
represents the polarization ellipsoid that best fits the data(Fig.4 number 1) recorded at stations A and B. Each particle
The principal axes of this ellipsoid can be obtained by solv-motion plot is centred at the station and the line indicates the

ing (Eq.2) selected azimuthal direction. As expected, the line points
toward the explosion point. Linearity obtained at station
(C-ADP=0 (2) A (La=0.78) is smaller than that obtained at Bg&0.90),

which yields a better azimuth estimate. Figutle shows
in the same representation as in Fig. the particle motion
plots of the 0.125s wave packets recorded at the two sta-
tions at instant=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
p1(N —8) high degree of linearity and the polarization directions point
m) ®3) correctly to the road near B where a big boulder impacted at
that time (from video images).
[—1_ (?»2—?»3) @ Figure 8 shows the particle motion of the first impact of
2h1 the rockfall onto the terrace<4.95 s Fig 6f). Details of the
wave packets of the three components for stations A and B

wherel is the identity matrix, and® (p1, p2, p3) and A
(A1, A2, A3) the eigenvectors and eigenvalues, respectively.
At each recording station, the eigenvecpa(W-E, N-S, ¥
associated with the maximum eigenvalue) of the data co-
variance matrix yields the dominant polarization direction
(Eg.3) and the type of polarization or linearity (E4).

0 :arctan<
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(a) t=0.08's (b) t=2.00 s (0 t=2.72s (d)t=3.42s

(e)t=4.72s

Fig. 6. Significant images from the video of the artificially released rockfall. Red circles indicate impact on ter@®&5 €) and boulder
mentioned in the text£11.52 s).
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Fig. 7. Explosion (left:a) and rockfall impact (rightb) 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
(¢) of the analysed wave packet and Linearibp( Lg) are also presented. Levelling curves from 1:5000 topographic map (ICC).

used are shown in the figure. The particle motion plg{£ The seismic energy recorded during a rockfall event may
0.80) at station A points correctly towards the base of thebe a measure of its size. A first order approximation of the
wall. At B, although the linearity is smallelg=0.60), the  energy dissipated in form of seismic waves by the rock im-
particle motion plot also points to the wall. The direction in- pacts onto the ground can be obtained following &q.
dicated is less precise than at A (obtained from video images)
but a correct estimate of the direction of the incoming waves 2
is possible. Es= / drrr®peuendt)®e® dt (5)
n
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Fig. 8. Rockfall impact site determination using particle motion analysis. Same representation agirCftails of the 3 component wave
packets at stations A and B used for determination.

ten(t)=v u(t)24ht (u(t))? (6) calculated values of the seismic energy dissipated for the
interval between 4 and 5 are 46.5MJ and 34.9MJ for sta-
wherer is the distance sensor-eveptis the ground den-  tions A and B, respectively on the assumption that the val-
sity, ¢ is the phase velocity of the seismic wavega(t) IS ues ofc anda are correct. Despite being of the same order,
the amplitude envelope of the recorded signal (ground velocthe discrepancy between these values may be ascribed to di-
ity) obtained through the Hilbert transformatiokr) as pre-  rectivity and/or site effects and to the fact that the approach
sented in Eq.§) and« is the damping factor that accounts adopted in this paper does not account for the frequency de-
for anelastic attenuation of waves and usually depends on thgendence of the attenuation factor. As expected the values
signal frequency. Here, the frequency dependence of the abptained are smaller than the initial potential energy dissi-
tenuation is neglected. The energy dissipated by means gfated by the rockfall impact onto the ground because of the
seismic waves was calculated for the wave packets betweegxistence of other energy dissipation processes (rock frac-
4 and 5 recorded at stations A and B (Fycorrespondingto  ture, heat, etc.). For a height of 120 m of free fall and assum-
the impacts of the main part of the rockfall onto the terraceing that 90% of the total mas84=1877) impacted onto the
120 m below the explosion point (Fig). Equation6 was  ground in the selected time interval the potential energy esti-
applied to the three components of the ground motion (vemated Ep=mgh) wasEp=200 MJ, approximately 4 times
locity) to obtain the total amplitude envelope for inclusion greater than that obtained. This difference, in addition to
in Eq.5. Prior to this calculation, velocity and attenuation  other mechanisms of energy dissipation, could be due to en-
factor o of the seismic waves at the site were determined.ergy absorption given the type of soil in the terrace (mainly
The use of the explosion records obtained at stations A anéomposed of Sediments) where the rocks impacted_ More-
B to achieve these values was not feasible given the Sim“arover, we cannot disregard the strong dependen@yinﬁhe
ity of the distances between the explosion points to the twoevaluation of the energy.
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 (F&). The distances 4 Conclusions
from stations A and B to the impact point obtained from the
analysis of the laser scanner data were 126 and 103 m, rédur findings corroborate the feasibility and validity of seis-
spectively. An estimation of, velocity of primary waves, mic methods for the detection of rockfall events, their local-
was obtained by standard picking procedures and resulted irzation and size determination. To this end, we analyzed the
920ms!. The superficial ground density was selected to beseismic data obtained at two 3 component seismic stations in-
1900 kg nT3 in good agreement with the P wave velocity ob- stalled specifically to monitor the artificially triggered rock-
tained Kia et al, 2002. fall of approximately 75 rd at the Montserrat massif. This
The attenuation factar was estimated using the method- value was derived from laser scanner data analysis. The
ology proposed byywicki and Rix(1999. The procedure source of the different wave packets in the time series was
yields a frequency dependent valuecofor each of the 3  identified by comparing the seismograms and video images
ground motion components. Thevalue obtained for the simultaneously obtained. The results indicate that each im-
range from 5Hz to 25Hz was taken as 0.0370"m The pact of the rockfall onto the ground produces strong, mainly
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