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Abstract: In the seismic event classification,
determining the seismic features of rockfall is
significantly
important
for
the
automatic
classification of seismic events because of the huge
amount of raw data recorded by seismic stations in
continuous monitoring. At the same time, the rockfall
seismic features are still not completely understood.
This study concentrates on the rockfall frequency
content, amplitude (ground velocity), seismic
waveform and duration analysis, of an artificial
rockfall test at Torgiovannetto (a former quarry in
Central Italy). A total of 90 blocks were released in the
test, and their seismic signals and moving trajectories
were recorded by four tri-axial seismic stations and
four cameras, respectively. In the analysis processing,
all the artificial rockfall signal traces were cut
separately and the seismic features were extracted
individually and automatically. In this study, the
relationships between a) frequency content and
impacted materials, b) frequency content and the
distance between block releasing position and seismic
station (source-receiver distance) were discussed. As
a result, we found that the frequency content of
rockfall focuses on 10 – 60 Hz and 80 – 90 Hz within
a source-receiver distance of 200 m, and it is well
correlated with impacted material and source-receiver
Received: 07-Nov-2018
Revised: 20-Dec-2018
Accepted: 07-Mar-2019

distance. To evaluate the difference between
earthquake and rockfall, 23 clear earthquake signals
recorded in a seven month-long continuous seismic
monitoring, carried out with the four seismic stations,
were picked out, according to the Italian national
earthquakes database (INGV). On these traces we
performed the same analysis as in the artificial
rockfall traces, and two parameters were defined to
separate rockfall events from earthquake noise. The
first one, the amplitude ratio, is related to the
amplitude variation of rockfall between two stations
and is greater than that of earthquakes, because of the
higher attenuation occurring for rockfall events,
which consists in high frequencies whereas for
earthquakes it consists in low frequencies. The other
parameter, the shape of waveform of signal trace,
showed a significant difference between rockfall and
earthquake and that could be a complementary
feature to discriminate between both. This analysis of
artificial rockfall is a first step helpful to understand
the seismic characteristics of rockfall, and useful for
rockfall seismic events classification in seismic
monitoring of slope.
Keywords: Rockfall; Seismic noise analysis; Fourier
transform; Seismic events classification; Time-series
analysis; Seismic monitoring
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Introduction
Rockfall is a ubiquitous geomorphic process
that shapes steep slopes and landforms
constituting significant portions of mountainous
areas (Dietze et al. 2017a). Many Italian valley
slopes are affected by unstable rock masses as a
consequence of bedrock and soil properties, steep
slopes, and high seismic activity (Atkinson and
Massari 1998). This unstable process consists in
intermittent and rapid mobilization of various sizes,
types, and volumes of rock, which are difficult to
observe directly and pose significant risk for people
and transportation. There are many established
approaches to detect rockfall activity, for example
surveys of talus slopes, dendrometry and
lichenometry approaches (McCarroll et al. 1998),
and more recently image-based mapping, such as
terrestrial laser scanning (Gigli et al. 2014a; Dietze
et al. 2017a) and UAV photogrammetry.
Unfortunately, the temporal information on the
occurrence of events delivered by these methods is
very limited as it is bound to the survey lapse times,
which are typically on the order of days to months.
Moreover, these techniques are also subjected to
constraints such as vegetative cover and
instrument resolution (Dietze et al. 2017a).
On the other hand, seismic monitoring
networks provide a complementary solution to
these shortcomings (Lotti et al. 2014; Dietze et al.
2017a). According to many authors (e.g. Lacroix, et
al. 2011; 2012; Manconi et al. 2016; Dietze et al.
2017a; Hibert et al. 2017a; Arosio et al. 2018), the
analysis of seismic signals can provide useful
information about the movement onset time within
a few milliseconds, the location, the volume, the
kinetic energy, and the kinematic mechanics of the
detached rock mass. Recently, many researchers
have studied seismic monitoring application to
geo-hazards thanks to the abovementioned
advantages of the technique. Some researchers
applied seismic monitoring network to predict rock
collapses through analyzing and identifying the
features of seismic signals created by cracks
developing processes (Amitrano et al. 2005; Arosio
et al. 2009, 2018; Senfaute et al. 2009; Lenti et al.
2012; Walter et al. 2012a, b). Hibert et al. analyzed
the spatiotemporal evolution of rockfall activity
from 2007 to 2011 at the Piton de la Fournaise
volcano inferred from seismic data and organized
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an experiment consisting of the controlled release
of 28 rock blocks (Hibert et al. 2017a, b). Some
scholars analyzed the correlation between physical
characteristics of rockfalls and the features of
seismic signal traces, generated by rockfalls,
performing an events classification through
Random Forest algorithm (Hibert et al. 2011; Farin
et al. 2015; Levy et al. 2015; Hibert et al. 2017c;
Provost et al. 2017). Dietze et al. (2017a,b)
validated the precision and limitation of seismic
monitoring
by
terrestrial
laser
scanner
measurements analyzing the spatiotemporal
patterns and triggers of rockfalls through seismic
signal analysis. Their researches extend existing
rockfall models by providing seismic observation of
the rockfall process. Burtin et al. studied the
seismic features of debris fluvial processes and
analyzed the correlation between geomorphic
process with debris flow and meteorological
condition (Burtin et al. 2009, 2013, 2014, 2016).
Pazzi et al. studied the seismic noise to characterize
the landslide in terms of volumes and physical
properties of the involved materials and to assess
the site seismic response (Pazzi et al. 2017; Lotti et
al. 2018). Moreover, there are many researchers
payed attention to seismic events classification,
and tried to automatically classify volcanoes,
earthquakes, explosions or rockfalls from raw
signals using neural networks or fuzzy expert
system method giving different weights to several
parameters of seismic signal (Joswig 1995; Kim et
al. 1998; Langer et al. 2006; Benitez et al. 2007;
Allmann et al. 2008; Lara-Cueva et al. 2016; Laasri
et al. 2015; Beccar-Varela et al. 2016).
Although many researchers use frequency as
the main parameter for seismic events
classification, the frequency content and other
seismic features of rockfall (like duration or
amplitude) are still not completely understood.
Understanding these rockfall features is of great
importance and the first fundamental step for the
subsequent rockfall seismic detection and the
physic-mechanical characterization in seismic
monitoring. Therefore, this study will focus on the
basic seismic features analysis of rockfall, such as
frequency, energy, seismic waveform and duration,
performed on the traces recorded by four
seismometers in a quarry site during an artificial
rockfall test. The test involved the controlled
release of 90 limestone blocks. Rockfall consists of
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the free fall, rebounding, rolling and sliding of a
block that can fragmentate and mobilize other
unstable, typically smaller, blocks that impact each
other. During the experiment described in this
paper, we reproduced this phenomenon and
observed that the 90 released blocks interacted and
entrained new material, especially when sliding
was the prevalent mechanism, like expected in a
natural rockfall scenario. Along the steepest slopes
and especially across the quarry benches, the main
mechanism was instead rebounding, and
prominent spikes were visible in the signal trace,
corresponding to the main block hitting the
benches. Not considering the case of a complete
collapse of the slope (which would be clearly
recognizable), it is also possible that small portions
of the rock mass detach forming landslides with
volumes of some cubic meters to some hundreds of
cubic meters. Even though the seismic signal of a
landslide would be different from a signal of a
rockfall (the time would be longer, and the energy
and frequencies content would be more complex),
still both would present a high-frequency seismic
content. This point is well analyzed and discussed
in literature (Hibert et al. 2011; Walter et al. 2012a;
Dietze et al. 2017a; Hilbert et al. 2017a; Lacroix et
al. 2011).
In order to evaluate the reliability of some
features like the amplitude and the waveform-peak
to individuate natural rockfalls, more than seven
months of continuous seismic signals, acquired in
the same quarry, were analyzed to locate and
isolate the signals of known earthquakes.

In the following section, the geomorphology
and geological setting of the test site and the
equipment array will be introduced. In the second
section, through analyzing six typical artificial
released rockfall cases, selected within the whole
dataset as the most significant, and performing
statistics on all the data gathered by the four
seismic stations some research results and
discussion about frequency content, amplitude,
and duration of the rockfall signal trace, and the
correlation of these signals with geomorphological
and geological setting will be presented. Eventually,
the possible application of these results and the
perspective of future research in this field are
discussed.

1

Materials and Techniques

1.1 Testing area
The test site, Torgiovannetto, is a former
quarry located in the northward facing slope of
Mount Subasio, 2 km NE from the city of Assisi
(Perugia, Umbria Region, Central Italy) (Figure 1).
A 182,000 m3 unstable rock mass is located in the
top part of the quarry (Lotti et al. 2014; Antolini et
al. 2016; Gracchi et al. 2017; Lotti et al. 2018). It
was first observed on May 2003 and it is assured
that the main predisposing factor of the instability
was the quarrying activity (Intrieri et al. 2012).
Now the extracting activities are stopped, and the
potential collapse is dealt with some mitigation

Figure 1 The outline of test site and instruments arrangement. Left: satellite photo (dated July 2013). Right: DEM of
the study area and it's outline location in Italy with red star. In both pictures the blue triangles indicate the positions
of the tri-axial seismic velocimeters, the yellow dots of the photo cameras, while green and red dots locate the starting
and ending position, respectively, of each released block. White arrows named direction 1 and direction 2 indicate the
block fall directions.
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measurements (Gigli et al. 2014b). The quarry area
covers 67,800 m2 and is almost completely free of
vegetation (Figure 1); the elevation of the slope
ranges from 526 m to 683 m a.s.l. and its width is
up to 300 m. The area interested by the artificial
rockfall test is located at the downhill portion of the
quarry slope (light green area in Figure 1) and
covers 15,960 m2. The elevations of the blocks
release locations range from 562 m to 565 m a.s.l.
and the elevations of the arrival points range from
526 m to 529 m a.s.l. The dip direction of testing
slope ranges from 335° to 35°(Figure 1).
The slope material consists mainly in micritic
limestone belonging to the Maiolica Formation
(Upper Jurassic-Lower Cretaceous) that widely
outcrops in the area (Figure 2). The thickness of
the formation is about 100 m and is composed by
white or light grey well stratified micritic limestone
layers, whose thickness ranges between 10 cm and
1 m, sometimes separated by thin clay interlayers
(Intrieri et al. 2012; Lotti et al. 2018 and references
within). The site is also partially covered by very
heterometric debris (from pebble- to cobble-sized
granular clasts, with scattered boulders, in a silty or
coarse-grained sandy matrix) (Figure 2). The
density of fractures and the quality of the rock
mass are very variable across the area. Surveys
revealed RQD values (Rock Quality Designation;
Deere 1968) ranging from 20% to 90% (Graziani et
al. 2009). The dip direction and the dip may vary
respectively from -10° to 5° and from 25° to 35°,
which means that, in general, the layers dip in the
same direction of the block release direction 2
( Figure 1) but with a gentler angle. The dip of test
direction 1 ranges from 45° to 90°, with a height

difference of 38 m; direction 2 is less steep (its dip
ranges from 25° – 65°, while the height difference
is 40 m) and much more debris is deposited on the
talus of the slope. This also means that there are
two main different kinematic modes of blocks
falling down along these two directions, which are
“block rebounding” (i.e., the movement mainly
occurs through bouncing) and “block rolling”
(whose main mechanism is rolling and sliding),
generally occurring along direction 1 and direction
2, respectively. Such modes result in different
seismic features, as discussed in the next section.
1.2 Equipment and deployment
The Department of Earth Sciences of the
University of Florence tested the application of a
micro-seismic network equipped with four stations
that acquired data in continuous mode from
December 2012 to July 2013, installed in
collaboration with Prato Ricerche Foundation
(Lotti et al. 2014). Figure 1 and Figure 2 show the
location of each station: three stations outside of
the landslide body (TOR1, TOR2, TOR3) and one
station (TOR4) on it. Each station consists of a S45
tri-axial seismometers with a natural frequency of
4.5 Hz cable-connected to a 24-bit digitizer from
SARA Electronic Instrument company. The
sampling frequency (Fs) was set to 200 Hz. Data
were recorded in miniSEED format (‘Data-only’
volume) and subsequently converted in SAC format
(Seismological Analysis Code, Goldstein et al. 2003;
Goldstein & Snoke 2005) for processing operations.
The artificial rockfall tests were carried out in
two days (June 25, 2013 and July 4, 2013). During

Figure 2 a) Geological profile map of the test site modified from Intrieri et al. (2012), and b) artificially released
blocks painted in bright colors and numbered, used for the artificial rockfalls test (Gracchi et al. 2017).
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the test, rockfalls were produced by pushing in
total 90 blocks from different points of the slope
(green points in Figure 1). All the blocks were
collected from the quarry (the average intact rock
unit weight is 26 kN/m3 and the average uniaxial
compressive strength is around 120 MPa). The size
of thrown rock blocks, approximating their shape
to a regular parallelepiped, ranged from a
minimum of 21 cm × 20 cm × 19 cm to a maximum
of 105 cm × 58 cm × 39 cm and all of them have
been painted with bright colors (Figure 2b) to
make them more recognizable in the videos. The
dimensions of the blocks were chosen taking into
account both the size of the blocks of past rockfalls
found across the quarry, the availability of material
and the maximum volume that a man can pick up
and throw. The blocks were numbered to precisely
relate them to their launch; launch and arrival
coordinates were acquired through a GPS and
integrated with geo-referenced Digital Terrain
Model (DTM) in a GIS environment (Gracchi et al.
2017). Each releasing was also filmed by four high
resolution cameras (two Canon EOS 600D, one
Canon 660D and a Nikon D700, yellow circles in
Figure 1), with the aim of comparing the
localization of the subsequent impacts recorded by
the seismic stations with the effective trajectories
travelled by the blocks (Gracchi et al. 2017).

2

Results and Discussion

2.1 Frequency content
2.1.1 Frequency with impacted material
In order to present the results of the analysis
carried out on the whole dataset and discuss the
relationship between the signal frequency and the
impacted area materials, six representative rockfall
events that include both kinematic modes
(rebounding and rolling) were chosen (Figure 3).
The positions of the 6 rockfalls are shown in Figure
3 and are named from N.1 to N.6. From N.1 to N.3,
the rockfalls are rebounding blocks which fall down
along the steeper slope of direction 1 (Figure 1)
near seismic station TOR1; from N.4 to N.6 are
rolling blocks, which fall down on the gentler slope
of direction 2 (Figure 1). The volumes of the blocks
respectively are 0.041 m3, 0.022 m3, 0.044 m3,
0.041 m3, 0.024 m3, 0.012 m3. In the test area the

Figure 3 The distribution of six typical rockfalls
selected for frequency content analysis.

slope is constituted by the same limestone of the
blocks; some areas are covered by debris, especially
at the toe of benches.
To make use of the higher signal energy
recorded, all the analyzed signals were chosen from
station TOR1 or TOR2, E–W component, except for
block N.6 which was analyzed using data from
TOR2 N–S component. The frequency content of
each impact was analyzed via the Fast Fourier
Transform (FFT) and wavelet transform in
MATLAB environment (Daubechies 1992). First of
all, the rockfalls from N.1 to N.3 are presented and
discussed. The geological profiles along the
trajectory of each rockfall from launch point to
arrival point with the indication of the impacts
positions, as reconstructed by the videos, are
shown in Figure 4a.The original seismic signal
traces generated by these rockfalls are shown in
Figure 4b. Figure 4c is the time-frequency
distribution of each rockfall obtained by wavelet
transform that shows the frequency content of each
impact (note that the frequency content of impact
#2 is significantly lower than the other impacts).
Finally, Figure 4d is the frequency content of each
rockfall obtained by FFT.
Aided by the videos recorded by the four
cameras the impacts were separated. As shown in
Figure 4, the waveforms of the three rockfalls
signal traces are well synchronized with the falling
down process of the block, since each major peak
corresponds to one impact. The main frequency
contents (i.e., the frequencies with a high FFTA
value; refer to Appendix for further information) of
these three cases are very similar (Figure 4c & d),
and all of them are focused on the range 10 Hz – 60
Hz and 80 Hz – 90 Hz.
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Figure 4 Results of the frequency content analysis of rockfalls N.1, N.2, N.3, respectively.

Secondly, the frequency content of the four
main impacts of each rockfall (indicated in Figure
4a with Impact #1, #2, #3, and #4) were analyzed.
Therefore, each seismic trace was cut to include
only one short impact moment (in this case 0.4
second) (Figure 5). After this extraction, the length
of each cut signal was unified (2 seconds, like
condition 3, in Appendix) to improve the resolution
of the FFT frequency analysis performed by
MATLAB. At the end, the frequency content of each
impact was obtained and plotted in Figure 5. The
result shows a good correlation between the signal
frequency and the material of the impacted area,
and from the picture, we can find: 1) the frequency
content of Impact #1 (occurring on bedrock for all
the three rockfalls) is wide (especially for rockfall
N.1), ranging almost from 0 Hz to 100 Hz, with a
focus between 80 Hz and 90 Hz; 2) the frequency
content of Impact #2 (occurring on debris) is
characterized by a narrow band and low
frequencies, being concentrated between 10 Hz –
20 Hz; 3) the frequency content of Impact #3 (on
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bedrock) of the three rockfalls is, like Impact #1,
very wide, ranging almost from 0 Hz to 100 Hz,
with the main frequency content focused on 10
Hz– 40 Hz and, secondarily, between 80 Hz and
90 Hz; 4) the frequency content of Impact #4 (on
debris) is focused on 10 Hz – 60 Hz.
In order to find the relationship between the
frequency content and impacted material, the
characteristics of the impacted material were
analyzed. Results are summarized in Table 1. As
shown in Figure 4a, most of the slope along the
rockfall trajectories of N.1, N.2, N.3, where Impact
#1 and Impact #3 occurred, is constituted by the
limestone bedrock with different weathering
degrees. For Impact #1 and Impact #3, the signal
trace created by an impact between two hard
materials without fragmentations (Impact #1)
shows frequencies content in the range of 80 Hz –
90 Hz, while the signal trace created by an impact
between two hard materials with fragmentations
(of both block or bedrock) or between a block and a
broken up bedrock (Impact #3) usually shows

J. Mt. Sci. (2019) 16(5): 955-970

Figure 5 Frequency contents of the four impacts analyzed by Fast Fourier Transform in a unified length 2 s.
Table 1 Frequency content of different impact material of rockfall within source-receiver distance of 200 m
Impact
material

Hard to hard
Hard to hard
(without fragmentation) (with fragmentation)

Hard to fragmented rock
Hard to soft
(non-cemented)

80 – 90 Hz

10 – 60 Hz

10 – 60 Hz

10 – 20 Hz

Impact #3: both the
impacting and impacted
materials are hard rock
but the impact causes
fragmentation.

Impact #4: the impacted
area is consisting of
different sized rock
fragments and sand
debris pile and softer
than the block.

Impact #2: the impacted
area is soft soil with few
rock fragments scattered
on the surface.

Typical
picture

Frequency
content

Impact #1: both the
impacting and impacted
materials are hard rock,
Descriptions and the impact process
does not cause any
fragmentation. Both
parts are intact.

lower frequency content (10 Hz – 60 Hz). On the
other hand, as visible in Figure 5, the high
frequencies content between 80 Hz and 90 Hz of
Impact #3 is not as strong as for Impact #1,
because of the distance between seismic station
TOR1 and Impact #3 area is greater than that of
TOR1 and Impact #1 and it is well known that the
high frequency content is more easily attenuated
with distance than the low frequencies content
(Hibert et al. 2017a). Another possible reason is
that the block was broken and fragmented at the

moment of Impact #3, thus causing a change in the
frequency content, and the Impact #1 is the nearest
impact with monitoring station.
Debris deposits cover the toes of benches
where Impact #2 and Impact #4 took place. The
debris deposit on the second bench (Impact #2) is
constituted by compacted soil, with a fine
granulometry, less fractured and with less
fragmented rocks dispersed, than those at the slope
toe (Impact #4, Table 1). Therefore, the signal
generated by Impact #2 has a frequency content of
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10 Hz – 20 Hz. On the other hand, since the debris
at the slope toe (Impact #4) is more heterometric
and also comprehends finer sediments (gravel and
sand sized), the impact on this kind of material
consists of many micro-impacts with different sized
rock fragments, from pebble- to cobble-sized, and
sand. As a result, the signal generated is more
complex and produces a wider range of frequencies
(10 Hz – 60 Hz) than Impact #2. The analysis of
the results of the relationship between impacted
material and frequency content shows that the
value of frequency content is proportional to the
stiffness of the impacted material in general (Table
1).
To evaluate the relationship between
frequency content and impacted material, the same
analysis was performed for rockfalls N.4, N.5, N.6
(rolling blocks) and the results are plotted in Figure
6. As in Figure 4, Figure 6a shows the geological
profiles along the rockfall trajectories, with the
reconstruction of the rockfalls paths; Figure 6b the
original seismic signal generated by each rockfall;
Figure 6c the time-frequency distribution of each
rockfall obtained with wavelet transform, showing
the frequency content of each impact; the Figure 6d

is the frequency content of each rockfall obtained
with FFT. Also in these cases, the benches are
covered by debris, and the frequency contents of
impacts on the debris focused on 10 – 60 Hz.
Figure 6b clearly shows that the signal created by
rolling or sliding rocks is weaker than the
rebounding impacts signal, and that the rolling
seemingly consists of many micro-impacts.
Therefore, the “rockfall rolling” frequency contents
are also depending on the frequency content of
each impact as in case of “rockfall rebounding” and
rolling or sliding frequencies are concentrated
between 10 Hz and 60 Hz, similarly to the Impact
#4 in case of rebounding blocks.
2.1.2 Frequency with distance
In order to analyze the relation between the
frequency and the impacted area distance, the
rebounding rockfalls N.1, N.2, N.3 were chosen,
since they include a complete frequency content
from 10 Hz to 100 Hz (especially high frequencies
from 20 Hz to 100 Hz). The distance between the
launch point and the receiving seismic stations
TOR1 (the nearest), TOR2, TOR3 (the farthest),
TOR4 are shown in Table 2.

Figure 6 Results of the frequency content analysis of rockfalls N.4, N.5, N.6.
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Figure 7 Frequency contents of signal traces of rockfalls N.1, N.2, and N.3 in four seismic stations, TOR1, TOR2,
TOR3, and TOR4. The dashed square indicates the high frequencies area.

Seismic station TOR1 is the nearest station at
all the three launch points, so the frequency
contents are the widest and focused on 10 Hz – 60
Hz and 80 Hz – 90 Hz, and the FFTA values of
TOR1 are the biggest in all the stations (Figure 7).
The main frequencies of TOR2 and TOR4 stations
focus on 10 Hz – 60 Hz, and the FFTA values are
lower than TOR1. That is because of the
attenuation of the highest frequency content (80
Hz – 90 Hz) and FFTA values with increasing
distance. In the farthest station TOR3, the main
frequency contents are the lowest, focused on 0 Hz
– 20 Hz and the frequency of the highest FFTA
value are near 10 Hz, while the main frequencies of
TOR2 and TOR4 are focused on 10 Hz – 60 Hz. As
expected, the high frequencies contents are easily
attenuated in the propagation and the frequency
content range is inversely proportional to distance,
like in this case, where the frequency content
between 80 Hz and 90 Hz was damped in only 100
m distance from TOR1 to TOR2.
2.1.3 Maximum frequency
After the analysis of the relationships between
frequency and impacted material and between
frequency and distance, respectively, to improve
the accuracy of rockfall event automatic detection
and classification, the maximum frequency of

Table 2 The distance (m) between rockfall launch
points and each seismic station
N.1
N.2
N.3

TOR1
41.0
34.5
28.9

TOR2
141.6
135.3
129.7

TOR3
196.9
192.4
188.8

TOR4
130.9
125.0
120.0

rockfall signal traces was analyzed. The maximum
frequency was defined as the frequency with the
biggest FFTA value, that means the signal of the
maximum frequency generated by rockfall is the
most powerful signal (more detail description in
Appendix 1). The maximum frequency of each
rockfall signal (1080 totally) from the four seismic
stations was calculated and the distribution of the
main frequencies was plotted in Figure 8. The
analysis of the results shows that the maximum
frequency of rockfall is focused on 3 – 5 Hz, 10 –
60 Hz and 80 – 90 Hz. The frequency content
between 3 and 5 Hz of most signals are from the
farthest seismic station TOR3 and can be neglected.
Moreover, an example of the difference of the
signal recorded by nearest station TOR2 and the
farthest station TOR3 was shown in Figure 9: the
maximum frequency detected by the nearest
seismic station TOR2 is 38 Hz, while the maximum
frequency recorded by the farthest seismic station
TOR3 is only 3 Hz, also characterized by a very low
amplitude (at the limit of detectability). Therefore,
963
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Figure 8 The distribution of maximum frequency of
the 90 rockfalls produced during the test. The y-axis
indicates the percentage of events, and x-axis the
maximum frequency of signals.

velocity) was defined to indicate the energy of the
signal generated by the rockfall, in which, the
maximum amplitude is the most powerful part of
the whole signal. Considering that the higher
frequencies are more easily attenuated in wave
propagation, and that the signal generated by
rockfall includes a large part of high frequencies,
amplitude ratio was proposed as a key parameter
to recognize rockfall event from noise or other
events like earthquakes. The amplitude ratio (Ra)
here defined in Eq.(1) is the ratio between the
maximum amplitude of one event signal recorded
by two different seismic stations A1, A2, which
always represent the station recording the higher
and the lower amplitude, respectively:
(1)

Figure 9 a) one signal trace and frequency content of
one rockfall event recorded by the nearest seismic
station TOR2, E – W component; b) the signal trace
recorded by the farthest seismic station TOR3, E – W
component.

in further analysis and classification the maximum
frequency of rockfall could be set higher than 10 Hz,
or even than 20 Hz to perform a safer recognition.
The feature of maximum frequency indicates the
frequency content of one event and represents the
most powerful signal, so it is important for an
event recognition and events classification.
2.2 Amplitude
2.2.1 Amplitude ratio
The amplitude of a signal trace (i.e., ground
964

As discussed in section 2.1.2, a signal
consisting of higher frequencies content is more
easily attenuated with distance increasing, so two
stations that are far from each other would record
very different values of amplitude and obtain a
high Ra. In this study, the signal received by the
farthest seismic station TOR3 has a lower
amplitude than that received by the nearest seismic
station TOR1 or TOR2 (i.e.,
≫
, and the
value of Ra of signals containing high frequencies is
higher than that of signals consisting mainly in low
frequencies (e.g.,
earthquake).
For
most
earthquakes, because of the far epicenter and the
deep focus compared to the size of seismic network,
there is no big difference between the signals
recorded at different stations, so Ra is similar
typically low. So, the feature of Ra is a good
parameter to recognize rockfalls from earthquakes.
During
the
seven-month
continuous
monitoring campaign many earthquake events
were detected according to the INGV earthquake
catalog (http://cnt.rm.ingv.it/). In that, twentythree earthquakes clearly recorded were selected
for analysis. The distances of the twenty-three
earthquakes between the epicenters and
Torgiovannetto range from 8 km to 78 km, and the
average distance is 25 km, while the average
hypocenter depth near 10 km. The amplitude ratios
of the whole artificial rockfalls dataset (90 events)
were calculated as well as for the selected
earthquakes to compare the difference between the
two kinds of event and results are plotted in Figure
10. In this figure the positions of TOR1 and TOR2
are shown in the x-axis (the dashed square below x-
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Figure 10 The amplitude ratios of artificial rockfalls and earthquakes between different seismic station. The black
points are rockfalls, and the red points are earthquakes. The word “TOR1” and “TOR2” in dashed square bellow x-axis
show the relative positions with rockfall launch positions (for example, the rockfall position of the sample on the left
was located near TOR1).
Table 3 The amplitude ratio (Ra) mean value and standard deviation (STD) of rockfalls and earthquakes. For each
couple of station their relative distance in meters is indicated
TOR1/TOR2
(109 m)
Rockfalls mean
16.49
15.12
Rockfalls STD
Earthquake mean 1.50
Earthquake STD 1.80
Ra

TOR1/TOR3
(166 m)
20.31
20.12
1.44
0.34

TOR1/TOR4
(92 m)
5.14
9.58
1.38
0.26

axis) and the earthquakes are grouped near TOR1.
In Figure 10a, the amplitude ratios of artificial
rockfalls and earthquakes between TOR1/TOR2 (or
TOR2/TOR1, because the launch position of
artificial rockfalls were distributed along the line
TOR1-TOR2) is shown. In this graph, the
amplitude ratio near TOR2 is bigger than that of
TOR1 for the launch positions near TOR2. The
amplitude ratio of 22 earthquakes are less than 2,
and only one earthquake is bigger than 2, while for
almost all rockfall amplitude ratio is bigger than 2.
In Figure 10b, valid for TOR4/TOR3, almost all the
Ra values of rockfall events are higher than 2, even
for the rockfalls located between TOR1 and TOR2,
since both the position of TOR3 and TOR4 are far
from the launch positions, and the distances are
never the same. In Figure 10c, the amplitude ratios
of TOR1/TOR3 and TOR1/TOR4 of the rockfalls

TOR2/TOR3
(195 m)
22.16
61.24
1.68
1.39

TOR2/TOR4
(110 m)
10.740
14.60
1.64
1.60

TOR4/TOR3
(88 m)
6.50
19.90
1.31
0.24

that are located near TOR1 are higher than 2 (i.e.,
higher than the ratio of earthquakes), but when the
launch position of the rockfalls moves toward
TOR2 (Figure 1), the distances of the launch
position from TOR1 and TOR4 are increasingly
similar and the signal attenuation is more or less of
the same degree, therefore, the values of Ra
decreased until less than 2. The same phenomenon
is visible in Figure 10d, where the ratios of
TOR2/TOR3 and TOR2/TOR4 are represented.
From the results, the value Ra of rockfall is usually
bigger than 2 when the distance between the
location of rockfall and two seismic stations,
respectively, is not equal, while the Ra value of
most earthquakes is often smaller than 2.
To evaluate the amplitude ratio variation in
the whole dataset of 90 rockfalls and 23 selected
earthquakes, the mean values and the standard
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deviation (STD) were computed. The
results are shown in Table 3. The
earthquakes mean Ra among all the
seismic stations is very stable (i.e., low
STD values) regardless of the distance
from the hypocenters, with a value near
to 1.5. The rockfalls mean Ra as well as
the STD are not stable, but all the mean
values are bigger than 2 and higher
than those of the earthquake.
2.2.2 Waveform-peaks
The falling down process of a
rockfall generally consists of a series of
impacts and a period of rolling. Each
impact generates an abrupt peak in the
seismic signal trace. Waveform-peaks
was defined as the number of peaks in
the waveform of the analyzed trace. In
other words, in this study, the
waveform-peaks was calculated as the
number of periods that the standard
deviation (computed in a sliding
window with a 0.4 s length) overcomes
a threshold (θ=0.00003 m/s). The
threshold was set equal to the
minimum amplitude of the artificial
rockfall detected by one of the four
seismic stations (i.e., the minimum
sensitivity of STA/LTA method, with
initial parameters setting). In this way,
for further analysis (i.e., the analysis of
the whole seven-month monitoring
Figure 11 a) Rockfall N.3 original signal trace of TOR1 E-W
component and b) its curve of amplitude standard deviation in sliding
period), it is expected that all the
time window 0.4 s, where P1, P2, etc. are the peaks detected; c)
detected rockfall events will have at
Rockfall N.4: original signal trace of TOR1 E-W component and d) its
least one waveform-peak with an
curve of amplitude standard deviation in sliding time window 0.4 s,
impact energy higher than the
where P1, P2, etc. are the peaks detected; e) an earthquake original
signal trace of TOR1 E-W component and f) its curve of amplitude
minimum energy of rockfall in the test.
standard deviation in sliding time window 0.4 s, where only one peak
It must be noted that the imposed
(P1) is detected. Vertical red and blue lines in all figures indicate the
threshold is strictly related to the test
start and ending time, respectively, of the STA/LTA analysis (see
Figure 13 and section 2.3 for more details).
conditions, i.e., the released blocks
dimensions, and is not able to detect
hazard assessment, there is no interest in events
small rockfall. The energy of impact, in fact, and
able to mobilize only small volumes of rock.
therefore the amplitude of seismic signals, are
Example of waveform-peaks calculation of rockfalls
strictly related with the falling block dimensions.
N.3, 4 and of an earthquake is plotted in Figure 11.
Choosing to throw blocks with a volume range of
3
3
In the artificial rockfall test, also in the events
0.008 m - 0.2 m , we decided to neglect the effects
classified as “rolling block” category, all the peaks
of smaller and/or bigger blocks. Nevertheless, the
in signal trace are related to separated impacts,
influence of ignoring the small blocks is negligible,
because a number of short free falls occurs during
since in seismic rockfall monitoring and rockfall
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the movement, and eventually the
signal trace consists of several discrete
signals (Figure 4, Figure 6, Figure 11).
This can be a great difference between
rockfall and earthquake that shows just
one peak (P1 in Figure 11f).
To determine the differences in
waveform-peaks of rockfall and
earthquakes, the number of waveformpeaks of each event (rebounding blocks,
rolling blocks, earthquakes) was
counted and plotted in Figure 12. The
Figure 12 The percentage of events distributed in the number of
result suggests that: i) more than 85%
waveform-peaks.
of rockfall events include more than 2
there is one exception, i.e., when the magnitude of
peaks, while more than 66% earthquake events
the detected earthquake is as small as the threshold.
only one peak; ii) the 15% of rockfall events have
In this case, in fact, the number of detected
only one peak and mostly come from a) seismic
earthquake waveform-peaks will be more than one.
station TOR3 (because the signals so weak due to
Anyway, if this feature loses efficacy and fails in
the distance that they are barely detected), or from
detecting rockfall, there are still the other
b) the nearest seismic station (because the signals
parameters that have to be considered in the
are so strong that the amplitudes of all samples are
classification.
over the threshold). Note that, in case of rockfalls,
the number of peaks sensibly depends on the
topography of the site. This means that, even
2.3 Duration
though the falling blocks actually hit the ground
The duration of a rockfall event is another very
more than once, sometimes the energy of the
important parameter to recognize and distinguish
rockfall is too high or too small compared to the
it from other events. In the Torgiovannetto test the
waveform-peaks detection threshold, so only one
duration of artificial rockfalls usually ranged from
waveform-peak is detected.
6 s to 12 s. Like for the waveform-peaks, the
Asa result, at Torgiovannetto test site most
duration considerably depends on the specific
rockfalls produced two or (secondarily) three
topographical conditions of the site (mainly the
impacts, but from Figure 12 it is also possible to
length and gradient of the slope), and on the
note that more than 10% of rockfall events include
distance between seismic station and rockfall
only one peak. For the waveform-peaks of
location. However, once calibrated precisely, this
earthquakes, some events included more than 18
feature can be a good indicator to correctly
peaks caused by the low energy, long duration of P
interpret a seismic signal.
waves and post-earthquake phenomena. Anyway,
In this study, the duration of an event was
there is a significant difference of waveform
defined as the time elapsed from the first sample
between earthquake and rockfall, and the method
triggered by the threshold STA/LTA=2 (for more
used in this study to calculate waveform-peaks is
information on the seismic event detection method,
very useful to detect such difference.
STA/LTA, see Allen 1982 and Trnkoczy 1998) to
In the rockfall waveform-peak calculation, the
the last sample triggered by the threshold
number of waveform-peak mostly depends on the
STA/LTA=4. The calculation method to define the
terrain and the threshold setting. On the contrary,
rockfall N.3 duration is plotted in Figure 13. The
for earthquake events, the number of peaks only
triggered duration should be shorter than the real
depends on the threshold setting. Therefore,
duration, since the principle of STA/LTA detection
usually, the number of rockfall waveform-peak is
method. We calculated the durations of the whole
more than one, since there are many impacts with
artificial rockfall dataset and plotted them vs the
ground before the final stop, while the number of
signal amplitude, clustered per seismic station
earthquake waveform-peak is one. Unfortunately,
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(Figure 14), because of the difference of
energy of the signal recorded by each
station. Given the length of the short
window of the STA/LTA set in this study
is equal to 0.4 s (80 samples), considering
the duration of a single impact, the
minimum duration of rockfall event is 0.4
s, and the duration mean value is 4.1 s.
More than 98% of the rockfall events lasts
less than 12 s, and more than 91% at least
1 s.

3 Conclusions

Figure 13 The duration of N.3 rockfall event. The time elapsed
between the vertical red line and the vertical blue line is calculated
from the first sample triggered by STA = 2 and the last sample
triggered by STA = 4, respectively.

An artificial rockfall test was
performed in the former quarry of
Torgiovannetto
by
launching
90
limestone blocks down the slope,
recording the related seismic signals and
shooting the fall down. This study is the
first step of a wider project that aims to
calibrate an algorithm, useful in the
seismic rockfall monitoring, for automatic
rockfall event detection and classification.
The experiment produced interesting
results to better understand the seismic
Figure 14 The distribution of duration vs amplitude of each
features of rockfalls, in terms of frequency, seismic station with different colors.
amplitude, seismic waveform and
duration of the signal.
2 peaks, while more than 66% earthquake events
Moreover, the results can also be usefully
have only one peak); f) the artificial single block
employed in rockfall trajectory and location studies
duration ranged from 1 s to 12 s in this study case.
and can be summarized as follows: a) the frequency
The obtained results show a qualitative
content of rockfall impact has a strong relationship
relationship between seismic features (frequency
with the impacted materials (usually it is
content, amplitude, waveform, and duration) and
proportional to the stiffness); b) high frequency
local
characteristics
(geological
material,
contents as well as the rockfall Ra are more easily
geomorphology, topography). Nevertheless, there
attenuated in the propagation (almost in an inverse
are many factors influencing the seismic wave
proportion to distance) and almost not detected if
propagation and attenuation, like formation
the distance between the event and the seismic
lithology, rock integrity, and topography, that have
station is more than 200 m (e.g., from TOR3 to the
to be taken into account to obtain a more
events that near TOR2), because of the intrinsic
quantitative relation. Therefore, the influence of
limitations of the employed array and rockfall
elevation could not be neglected, as well as the
energy; c) the frequency content of artificial
relationship between frequency and impact
rockfall is mostly focused on 10 Hz – 60 Hz and 80
materials could be studied adding data on the
Hz – 90 Hz within source-receiver distance of 200
block’s velocity, the lithological characteristic and
m; d) the rockfall Ra value is proportional to the
the physical condition of the impact ground.
distance source-receiver and higher than 2, while
Moreover,
the
site-dependent
frequency
earthquake Ra is lower than 2; e) the earthquake
attenuation could be studied by means of ad hoc in
and rockfall seismic waveforms look completed
situ test. In general, the Ra parameter and the
different (85% of rockfall events include more than
waveform-peaks analysis were proven to be
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significant and useful to separate a rockfall event
from an earthquake, even though the first
parameter is strictly related to the implemented
seismic monitoring array, while the second can fail
when there are weak earthquakes, or the detected
earthquake energy is comparable to that of a
rockfall. Therefore, wider studies are needed.
Finally, also the event duration has been
proven to be an important parameter to identify
rockfall, even if it mostly depends on the local
geomorphology and it is difficult to calculate the
real length from seismic signal trace automatically.
In this study, in fact, the duration of detected event
was defined as the length of triggered samples by
STA/LTA threshold, that is shorter than the real
duration, since the last part of signal trace after the
maximum energy sample was not triggered by
STA/LTA length. A solution could be to integrate
data from multiple seismic stations.
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