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Abstract Landslide databases are essential tools for risk
assessment. In the Italian portion of the South-Eastern Alps
these archives are managed by the Veneto Region and by
the provinces of Bolzano and Trento, as part of the Italian
Inventory of Landslides. About 750 rockfall events recorded
in these archives were checked, put together and completed
to create a new integrated database. Information on 24 new
rockfalls were added from different research sources. De-
scriptive statistic shows that the most affected slopes with
the highest frequency of rockfall are the southern ones. The
distribution of rockfalls during the year presents three peaks
in March, June and November. The most commonly af-
fected lithologies are massive dolomites, effusive rocks and
mica schists. Roads proved to be the most commonly in-
volved feature. The hypsographic curves obtained from the
DEMs of the provinces of Belluno, Bolzano and Trento
have shown that the different areas potentially affected by
periglacial processes experience rockfalls during summer
and autumn, thus representing a risk to tourists and hikers.
This study is the first attempt to collate and extend the
available information in the various rockfall databases in the
Eastern Italian Alps, with the aim at creating uniform data
collection for the whole Alpine range.
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Introduction

Rockfalls are extremely hazardous phenomena that can
affect mountain regions at various altitudes and in all
seasons. At the lower slopes or in the valleys, they can
damage roads and rail routes or property (buildings, ve-
hicles) (Hilker et al. 2009). At higher altitudes, these
events can affect tourists and mountaineers, cable cars, ski
runs, trekking and climbing paths (Schoeneich et al.
2011). However, the large part of the landslides takes
place in uninhabited places without causing any damage;
thus, these events are generally not reported in real time.
However, it is important to consider them in the per-
spective of understanding the evolution of high-altitude
slopes in response to climate change (Davies et al. 2001;
Fischer et al. 2006; Stoffel and Huggel 2012). To increase
the knowledge about landslides, public administrations
survey all mass movements and store information in
special databases (Bateman 2003; Dussauge-Peisser et al.
2002; Hilker et al. 2009; Hungr et al. 1999). These in-
ventories are very important tools for risk assessment.
The databases collect spatial and temporal factors that
play a key role in assessing rockfall threshold (Bathrellos
et al. 2012; Ferlisi et al. 2012; Rozos et al. 2011, 2013).
In mountain environment microclimatic factors affect
slope instability conditions (Bathrellos et al. 2014), per-
mafrost (Boeckli et al. 2011; Fischer et al. 2006), freeze—
thaw cycles (Matsuoka and Sakai 1999). Rockfalls are
influenced by environmental, lithological and slope fac-
tors (Hales and Roering 2005; Menéndez Duarte and
Marquinez 2002; Silhan et al. 2011).

The characteristics of detachment zones are important
data for analyzing potential predisposing factors for slope
failure (Menéndez Duarte and Marquinez 2002); thus, this
information composes the basic tools for the risk assessment
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database managed through GIS software (Frattini et al. 2008;
Menéndez Duarte and Marquinez 2002).

For statistical analysis of rockfall risk assessment ap-
pears very important to have complete, updated and ho-
mogeneous inventories. This paper considers the data from
some archives, but no opinions about hazard-specific
rockfall sites are presented.

The present study focuses on three landslide databases
covering part of the South-Eastern and Central-Eastern
Alps (Marazzi 2005) over an area of 17,000 km? managed
by the Veneto Region (province of Belluno) and by the
provinces of Bolzano and Trento. The goal of the research
is to make a new complete database of rockfall events to
highlight through descriptive statistic, the common possi-
ble causes of rockfall occurrence. The use of descriptive
statistic turned out to be efficient in the study of landslides
and other geomorphological processes (e.g., Fischer et al.
2012; Bathrellos et al. 2014).

The information gathered for this study concerns the
location, data and time, altitude of triggering point, slope
aspect, lithology, volume involved and type of induced

damage related to every considered rockfall. This new
database can be a proposal for rockfall homogenous census
that can overcome and integrate the different regional
archives and can be an example of homogenous informa-
tion representative of the Alpine area.

The studied area is representative of a large part of the
Alps because of the great variety of its rock formations, with
a wide range of geo-mechanical behaviors and qualities.

A separate analysis will be made of events occurring
above 2500 m asl, where there may still be periglacial
processes (Baroni et al. 2004) and where there is likely to
be permafrost.

The study area

The studied area is located in the South-Eastern Alps and,
from north to south, it stretches between the Italian—Aus-
trian border and the Venetian Pre-Alps (Fig. 1). The
Adamello-Presanella Massif and the Ortles Mountain
Group represent the western limit, while the eastern one
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Fig. 1 Distribution of rock falls considered in this study. Brown dot Belluno Province database, green dot Bolzano Province database, yellow dot
Trento Province database, purple dot, recent events derived by newspapers and websites screening
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corresponds to the border between Veneto and Friuli
Venezia Giulia region.

The majority of the investigated area belongs to the
tectonic unit of the Southern Alps that is separated from the
Austroalpine Unit by the Periadriatic Lineament (Doglioni
1987). In the northern-most sector of the Bozen Province
(i.e., Aurina Valley), a little portion of the Tauern tectonic
window is present, where the lower Penninic Unit crops out
(Dal Piaz et al. 2003). The bedrock consists of many dif-
ferent lithologies and sedimentary rocks dominate in the
province of Belluno, as in that of Trento also magmatic
formations (mainly ryolithes and intrusive rocks) are
abundant (Fig. 2). Ryolithes are also typical in the area
around Bozen, where they can reach 2000 m of thickness;
whereas, the rest of its province is formed by mica schist,
phyllites and gneiss, especially north and north-west of the

basement is largely present also in the area between Trento
and S. Martino di Castrozza, while the Adamello-Pre-
sanella massifs are Tertiary granodioritic batholiths.

In the Dolomites area the isolated mountain groups
correspond to Triassic carbonate platforms, with vertical
cliffs up to several hundreds of meters of height (Bosellini
et al. 2003; Gianolla 2007). High rock walls characterize
also large sectors of the Adige Valley were Mesozoic
limestones and dolomites are present up to Bozen Province,
where steep slopes along Adige Valley are often made by
ryolithes. Carbonate rocks can be massive, but tectonic
joint systems are often present and interconnected, gener-
ating a rock mass with pervasive fracturation. Cliffs of
smaller dimensions are quite common also in the area of
ryolithic and intrusive formations, that are often charac-
terized by joint systems while, where metamorphic rocks

Periadriatic Lineament. The pre-Mesozoic crystalline  are dominating, the landscape is generally gentle.
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Fig. 2 Schematic sketch of the lithologies covering the studied area (redrawn from Compagnoni and Galluzzo 2005). Legend: / Periadriatic
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However, isolated peaks can be present, especially if gneiss
crop out. In all the studied area the landscape is strongly
characterized by landforms (e.g., cirques and u-shape val-
leys) sculpted by the glacial tongues that occupied the area
in the Last Glacial Maximum (LGM) and that withdrawn to
the highest valleys during the Late glacial period (Bassetti
and Borsato 2005; Carton et al. 2009). From a seismotec-
tonic point of view, the Bozen and Trento provinces are
fairly inactive, whereas some earthquake sources are pre-
sent in the area of Belluno. Some of the most active tec-
tonic structures are located along the southern limit of the
Venetian and Friulian Pre-Alps and earthquakes with
maximum magnitude 6.5 can be generated slightly south of
the considered area (Galadini et al. 2005).

The climate of the studied region is alpine with strong
continental characteristics, but there are significant varia-
tions within the area. The Belluno valley, which is close to
the Venetian Plain, is affected by humid breezes from the
Adriatic Sea and has an average precipitation of 1276 mm/
year. Mean total rainfall records in the period 1960-1990
show two maxima, one in June (151 mm) and the other in
November (132 mm) (Desiato et al. 2005). However, the
area of Bolzano, due to its more interior position within the
Alps, has a typically continental climate, with fairly low
precipitations (700 mm/year), concentrated during sum-
mer: from 1960 to 1990 the mean summer (June, July and
August) total rainfall was 261 mm, which corresponds to
37.3 % of mean yearly rainfall in this period (Desiato et al.
2005). Rainfall in summer is mainly related to thunder-
storms of brief duration, while in autumn it extends over
longer period.

Winters are cold and summers are mild. The coldest
months are December and January (mean temperatures in
Bolzano (241 m asl) in the period 1961-1990 were, re-
spectively, +1.0 and +0.2 °C), while the hottest months
are July and August (mean temperatures in Bolzano in the
period 1961-90 were, respectively, +22.0 and +22.4 °C).

Data and methodology
Source of data

Information about rockfall events derives from the regional
landslide database of the IFFI Project (Italian database of
landslide events) (APAT 2007). These archives are managed
by the ISPRA (Institute for Environmental Protection and
Research), which provides detailed, up-to-date data on land-
slide distribution in Italy. Regions and provinces collate in-
formation about landslides from historical reports,
photogrammetric techniques and field surveys in a GIS data-
base and in a Microsoft Access file. The location of each event
is represented in a shapefile map that shows all PIFF points
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(the highest detachment points of the landslides) of each
event. A particular code number is assigned to each event so
that every landslide can be recognized. This code number also
gives access to other information (date of occurrence, damage,
exposure of the slope, lithology) about a specific event in the
Access database.

This study has used the IFFI database of the Veneto
Region (province of Belluno) and of the Bolzano and
Trento provinces. Only those events classified as topple/
rockfall were examined.

Improvements to existing landslide databases

The three databases are different for the data stored and the
completeness of them, thus, a great effort has been made
for make the available information homogeneous and, after
comparable. In particular, there was a varying number of
rockfall events in each database. There are only 461 cases
in the Belluno database, whereas at least 2000 events are
recorded in the others. The average number of event/km?>
varies from province to province (Table 1).

Some of the events recorded in the databases had to be
rejected as not pertinent or useful to our study. In some
cases, this was because those landslides were due to pre-
ventative interventions or slope instability signs. In others,
the records were incomplete and so could not be used. For
example, details regarding date, time of the day and vol-
ume (Table 2) were often missing. It was not possible to
retrieve this kind of information, but other missing data
could be recovered and added, such as altitude of detach-
ment, lithology, and slope aspect.

Table 1 Comparison between data stored in each database

Province Number Size of the Average number
of events territory (kmz) (events/kmz)

Belluno 461 3668 0.13

Bolzano 2035 7399 0.28

Trento 2965 6208 0.48

Study area 5461 17,276 0.32

Table 2 Data type and number of events with complete records

Data base field Number of events % Of
with complete the total
information

Date of occurrence 517 67.0

Time of day 82 10.6

Damage 631 81.7

Volume 230 29.8

The percentage is calculated on the basis of all events considered in
this study (774 rockfalls)



Environ Earth Sci (2015) 74:1731-1742

1735

Database structure

For each province, we created a project in ArcMap (ESRI)
with some useful layers, such as: a shapefile with the po-
sition of the rockfalls, a geological map, a DEM, a contour
line map, provincial and municipal boundaries. Through
these layers it was possible to create a new database with
all selected events updated with some new information.
About 774 rock fall events (Fig. 1) were stored in the new
database created in Microsoft Excel.

About 750 rockfalls were taken from the IFFI archives
of the three provinces and 24 new events were found in
newspapers and websites. The rockfall events were ar-
ranged in rows, while columns contained the information
chosen for the descriptive statistical analysis. These pa-
rameters are:

— ID code and locality: to identify each rockfall event and
to go back to the original IFFI data, in particular the
data stored in the access file where some information
about the data and hour of happening and the damages
occurred are present. The locality is useful to separate
events for the province which they belong to.

— Date and time of day: important data for understanding
if the rockfalls of the database are historical data or if
they are recent observed falls on field. Old rockfalls
happened in the first half of twentieth century are
events depicted partially in old documents. Date and
time of the day are useful to link the event to the
climatic condition active in that circumstance that may
have influenced the fall. In each period of the year a
different environmental process that can be a triggering
cause is active. For example, during autumn there is
strong difference in the temperatures between night and
day, so potential freeze—-thaw cycle can occur (Mat-
suoka and Sakai 1999). During the spring, snowmelt
can facilitate the circulation of water in the fractures
modifying the hydrological condition and the state of
stress. During the summer, the rising temperature can
change the state of the permafrost where it is present
(Fischer et al. 2006). The time of the day with the slope
aspect can be a direct indication of the heat energy of
sun rays: rockfalls that happen in the central part of the
day in the slope exposed toward the southern and
south-western quadrants are those most hit directly by
solar radiation so are those with the higher temperature
that can melt ice in open fractures or make dilatation in
the bedrock (Gunzburger et al. 2005).

— Altitude of detachment: this information has been taken
to distinguish in a general way, the landslides of
periglacial environment (above 2500 m asl) to the
others (see below). At higher altitude some processes as
the freeze—thaw cycles are more frequent than at lower

altitude, even because vegetation is absent so the
bedrock is directly exposed to weathering. It is
interesting to observe if the relationship between
altitude and rockfalls is valid, as shown by some
authors (Fischer et al. 2012; Hales and Roering 2005;
Menéndez Duarte and Marquinez 2002).

— Slope aspect: the arrangement of the mountain side has
an influence on the persistence of the snow, the shadow
and the freeze—thaw cycles (Fischer et al. 2012,
Matsuoka and Sakai 1999).

— Volume: is the measure of the magnitude of the event.
It can be estimated when important occurrences take
place or even when little falls make damages or
interrupt human activity (for example roads).

— Lithology involved: the kind of rock mass which has
been affected by the landslide episode is fundamental
to establish if the presence of natural discontinuity such
as layering, schistosity, cooling or tectonic joints could
have played a role in promoting the detachment. These
analyses highlight what lithologies are more prone to
collapse, independently of slope orientation (Menéndez
Duarte and Marquinez 2002). Many works noted a
correlation between the lithology and the dimension of
the collapsed block, hence it can be a predictive
parameter of the most probable future collapse (Fischer
et al. 2012). In this study, the lithologies were identified
on the basis of their mechanical behavior and, thus,
grouping together different geological formations ac-
cording to their structural similarities rather than other
geological proprieties.

— Damage incurred: is a parameter for establishing the
impact that these events have on the population and to
which type of events the attention are paid for. Damage
is a parameter useful to focus on the material goods
most hit and the impact that rockfalls have on the
economy of the study area, if the rockfall risk is a real
diffuse and important risk that needs more attention and
prevention (Hilker et al. 2009).

Filters selected those events with common features, such
as the province, the season, or the slope aspect. The se-
lected data can be extracted and represented in graphic
form.

A great effort was made to render the information
homogeneous and comparable. For example, it was
necessary to adopt a lithologic classification including all
the categories used in the databases of the three pro-
vinces and to create a classification of the occurred
damage.

To discover which geological formations are most prone
to instability, the number of rockfall events was corrected
according to the extent of outcropping lithology (Eq. 1)
(Fig. 3):
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Fig. 3 Corrected number of events for each lithology (n;) and
percentage of extent of each rock type [pr(;] in the whole study area.
The class “other” shows high percentage because all loose deposits
are included

n;j = prw X n, (1)

where 7; is the number of observed rockfalls compared to
the lithology of origin; pry;, is the percentage of outcrop-
ping rock type in the study area. The surface covered by
each lithology has been calculated in ArcGIS measuring
the extent of the polygons describing the area involved in
the rockfall; n is the number of rock falls registered for that
lithology.

A similar correction was made to compare the number
of events with the altitude of detachment according to the
extension of the territory above this height. The histogram
realized for this purpose (Fig. 4) is based on the corrected
number of events (n;) according to Eq. 2:

n, = n; X ext;, (2)

where ny, is the corrected number of rockfall events for a
stated province; n; the number of rockfalls in the “i”-class
of height for that province; ext; the percentage of extent of
the “i”-class of altitude related to whole province.

A separate analysis has been made for rockfall events
occurring at an altitude above 2500 m asl, where perigla-
cial processes are active in this part of the Alpine chain
(Baroni et al. 2004; Boeckli et al. 2011).

The hypsographic curves of each province was calculated
and their plot diagram allowed to estimate the percentage of
the territory above a determined altitude (Fig. 5a) and, thus,
to estimate how much of the territory is affected by active
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periglacial processes. The hypsographic curves for the three
provinces have been obtained by using the ArcGIS “Surface
Volume” tool from the DEMs of each province; the DEMs of
Trento and Bolzano provinces have a cell size of 10 x 10 m,
while the one of Bellunois 25 x 25 m. The Surface Volume
tool returns a text file with the extension of the territory above
or below a given altitude. It furnishes 2D and 3D topographic
surfaces of the relief energy expression. From the 2D data,
the percentage of territory above each height’s interval has
been calculated. The hypsographic curves that have been
realized show the percentage of the territory above the var-
ious altitudes.

Results and discussion

The databases are not updated in the same way, as can be
seen when the year of occurrence of a rockfall is consid-
ered. For the Belluno Province, most of the recorded events
happened before 1969, while most of the events in the
Bolzano province archive occurred after 1990 (Fig. 6). The
more recent the records about rockfalls are, the more
complete is the information.

Altitude and slope aspect are environmental variables
that have an influence on the microclimatic conditions. The
histogram of Fig. 7a represents the percentage, over the
total, of the surface existing for every altitude interval and
the percentage of rockfall events. It emerges that large part
of the considered cases (25 % of the total) involved the
slopes between 500 and 1000 m, even if the surface of this
interval is not the most extended (15 % of the total).

In Fig. 7b the number of occurrences, distinguished for
slope aspect and elevation range, highlights that the slopes
more prone to collapse seems to be those facing the
southern quadrants (i.e., south east, south west and south).
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Fig. 6 Temporal distribution of the rockfall events recorded in the
databases

Indeed, these three classes are the 50 % of the sample. The
time of day when the majority of the rock falls occurred is
very interesting (Fig. 8a). All time references have been
adjusted to solar time, GMT +-1. The analyses of the his-
tograms highlight that the period of the day with the
highest number of rockfalls is from 10:00 a.m. to 2:00 p.m.

The distribution of phenomena during the year (Fig. 8b)
shows the presence of three peaks: the first in October—
November, a second in June—July and a third in March. The
distribution of events during the year in each province is
different (Fig. 9): rockfalls in the Belluno Province show
two peaks, one in March and another in November; in the
Bolzano Province they are concentrated in June, with
secondary peaks in April and October; in the Trento Pro-
vince the distribution is mid-way between that of Belluno
and Bolzano, with three peaks in February, July, and
November.

Considering the landslide volume (Fig. 10a), 60.4 % of
examined rockfalls have involved a rock mass of less than
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Altitude (m asl)

Province because of the less defined DEM (cell size 25 m), if
compared to Bolzano and Trento (cell size 10 m)

100 m®. About 50 % of the sample did not produce any
observed damage (Fig. 10b). The most affected material
assets correspond to roads and protective structures (in
25 % of all incidents). Buildings and infrastructures are the
second most affected category (13 %), followed by trek-
king paths, agricultural lands and woods (11 %). Only 1 %
of all landslides have caused injuries to people.

Massive dolomites are the most commonly involved
rock type, followed by volcanic rocks and then by mica
schists—phyllites (Fig. 3).

A separate analysis was made for events that occurred
over 2500 m asl, in an environment where, generally,
periglacial processes may be active in the Central-Eastern
Alps (Baroni et al. 2004). However, not all the rockfalls
occurred above 2500 m considered in this work are linked
to the presence of permafrost. It has been observed that if
the positions of this study’s rockfalls above 2500 m are
overlapped on the probabilistic map of the distribution of
Alpine permafrost (APM, Boeckli et al. 2011, 2012), only
in some cases there is a “possible” link with the presence
of permafrost, whereas the areas where the presence of
permafrost is “likely” are very rare. In the Dolomites the
only recorded case of a correlation between permafrost and
rock fall is on the north-eastern side of Sassopiatto Mt.
where on 19th August 2010 a block of rock collapsed re-
vealing the presence of ice on the detachment surface
(Schoeneich et al. 2011). Another documented case in the
South-Eastern Italian Alps is that of Hohe Wilde
(L*Altissima Mt.), which occurred on 30th July 2008
(Schoeneich et al. 2011) and Thurwieser Peak with the
huge rock avalanche that happens on 18th September 2004
(Pirulli 2009).

For an evaluation of the possibility that periglacial
processes could interest an important portion of the terri-
tory, with a possible effect on the triggering of rockfall,

@ Springer



1738 Environ Earth Sci (2015) 74:1731-1742

a . percentage of events b
occurred in an elevation interval
percentage of surface forming
. an elevation interval
>3000
total number of events for
~ each elevation interval
& 2500-3000
E
‘© 2000-2500
c
2
. 1500-2000
c
.2
g 1000-1500
Q@
L
500-1000
<500 ‘ ‘
0 5 10 15 20 25 30 35 Total number events Numbes ofeverterfbrian
% of the total H for an exposition elevation interval

Fig. 7 a Distribution of events according to the altitude and the slope number of events, b rose diagram. The internal circle represents
aspect. Legend: blue) Percentage of surface covering each interval growing class of altitude with the indication of the number of the
class; brown): percentage of events for each class respect the total rockfalls in each class

a 30 b 80

@ Hour of occurrence 0 Month of occurrence
c 24 - =

o) (time UTC+1) GCJ 60

> >

QL 18 o

9) S 40-

— S

o 124

B 8

£ £ 20-

S 64 S

c c

- 0+ - -
02-06 06-10 10-14 14-18 18-22 22-02 gen feb mar apr may jun jul aug sep oft nov dec
Fig. 8 The 774 events considered by: a time of day, b month
Fig. 9 Monthly distribution of 35
events in each province m Belluno
30 m Bolzano
m Trento

Number of events

gen feb mar apr may jun jul aug sep ott nov dec

@ Springer



Environ Earth Sci (2015) 74:1731-1742

1739

a» 150
[
2
®© 100
Y
o
—
e l
S
2 | B
<100 100-10,000 >10,000
Volume (m3)

buildings and 13%
infrastructures

roads 25%
railways
I protective strructures

b 1% people
no damage "
50%

trekking paths
woods %
agricultural lands

Fig. 10 a Histogram of the volumes of material involved in the
considered rock falls, b pie chart with the percentage of each class of
affected material assets

hypsographic curves of the study area have been realized.
It has been emerged that the hypsographic curves obtained
from the DEMs of the Belluno and Trento provinces are
similar (Fig. 5a): they present a linear trend up to 2000 m,
with 14.6 and 20.1 % of their territory above this height.
From this point, the trend has a steeper gradient, especially
above 2500 m. The percentage of surface on which there
may be periglacial processes is only 2.1 % for Belluno and
5.8 % for Trento.

The hypsographic curve of the Bolzano Province
(Fig. 5a) shows a high gradient up to 1000 m and then a
linear trend up to 2500 m. Above this altitude, the curve
has a steeper gradient and 12.6 % of the 2D surface of the
Bolzano province may be affected by periglacial processes.

Hypsographic curves often refer to a 2D planimetric
representation of the topographic surface. In a mountain
environment with steep rock walls, 3D surface hypso-
graphic curves may give a better picture of the true topog-
raphy. From Fig. 5b it can be seen that discrepancies
between the extent of 2D and 3D surfaces increase at higher
altitudes, with a difference as great as 15 %. Differences in
territorial extension at each altitude influence the incidence
of rockfalls there. Other studies in other places have shown
that the number of rockfall events varies with the altitude
(Hales and Roering 2005; Menéndez Duarte and Marquinez
2002). Taking into account all database events, by province
and altitude, it emerges that for Bolzano Province most part
of the rockfalls occurred between 1500 and 2500 m (Fig. 4)

instead for Belluno and Trento ones most events interested
the slopes between 500 and 2000 m.

Considering the 84 rockfall events that occurred at
elevation higher than 2500 m, observations can be made
regarding the altitude, the year, and the damage incurred
(Table 3; Fig. 11). Most events occurred between 2500 and
2700 m, with rockfalls decreasing in frequency at higher
altitudes. The last 10 years witnessed a considerable in-
crease in the number of rock falls; in particular, the events
recorded between 2007 and 2013 were three times the ones
of the period 2002-2006 (Fig. 11a). As evidenced in the
Swiss Alps, this trend could be explained with the increase
of degradation processes at higher elevation (Fischer et al.
2012), but we can also suppose that the number of the
reported events rose thanks to the growing media interest
and emphasis on these phenomena in the last years. Though
little information regarding the dates of periglacial events
is available, it may be significant that none of the consid-
ered events occurred during winter and spring (Fig. 11b).
The graph of damages (Fig. 11c), shows that 78 % of rock
falls occurring above 2500 m caused no damage; 14 %
affected trekking paths and rock climbing routes and
damaged woods; 5 % affected roads and protective struc-
tures. It is important to highlight that very few events (only
3 out of 84) caused injury to hikers and climbers. The
results of this study demonstrate that landslide inventories
are important tools to set predisposing measures and to
manage land use, thus, they are fundamental for the de-
velopment of new settlements, the knowledge of natural
hazard and its impact on the population (Bathrellos et al.
2012; Papadopoulou-Vrynioti et al. 2013).

Conclusions

The creation and exploitation of the landslide database in
mountain environment are useful for the hazard and risk
assessment only if historical series of landslide events are
complete, including all the useful information relative to
their spatial and temporal distribution coupled with geo-
logical conditions. Hazard maps are realized from these
data, in particular the predisposing factor for rock failure.

In this study, a new complete database was achieved by
the implementation of existing archives with new events data
and information of completion of rockfall events. Some se-
lected parameters were used as reference to make an analysis
to identify the characteristics of the detachment zones and
suppose the possible relationship with the climate.

In the study area this approach allowed to observe that:

— The majority of the rockfalls have volume inferior to
100 m® (60 %) (Fig. 10a) and often caused little
damage. The most affected material goods are roads
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Table 3 Analysis of rock falls selected for common features (in the column on the left)

Number of events  Altitude (m ASL) Month Time of the day Volume (m®) Slope aspect Damage
All events 772 500-1000 November 10:00-14:00 <100 SE 0,23
Southern slopes 379 500-1000 November 10:00-14:00 <100 SE 0,2,3
Summer 170 500-1000 June 14:00-18:00 <100 SE 2,3, 1
Thawing period 155 500-1000 March 10:00-14:00 <100 SE 2,0,3
Events, altitude >2500 m 84 2500-2700 July 6:00-10:00 100-10000 S, W 0,1,2

For summer time June, July, August, September have been considered. For thawing period February, March, April, May have been regarded. The
damages are indicated with: 0 no evident damage, / trekking paths, woods, agricultural lands, 2 roads, railway lines, protective structures, 3
buildings and infrastructure, 4 people

o
©

20

Month of occurrence

Year of occurrence

number of events o

number of events
N

gen ' feb mar apr ImayI jun  jul aug sep ott nov dec

c - dg 50 -
buildings and o, c Elevation interval (m asl)
/ infrastructures Q 404
= 30
roads 5% © ]
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S
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trekking paths . ,\QQ qQQ \QQ 090 (oQQ bQQ
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Fig. 11 Rock falls occurring above 2500 m asl: a year of occurrence, b total number of events in each month, ¢ damages incurred, d relationship
between altitude and number of rockfall events

(25 %) followed by buildings (15 %) (Fig. 10b). A -

large proportion of the rock falls occurred at altitudes
between 500 and 1500 m, where material goods
abound and any rock falls are easily noticed (Fig. 4).
The rock types most affected by fall events were
massive dolomites followed by mica schists and then
by volcanic rocks (Fig. 3). There has been a corre-
spondence between the slope aspect and the side of the
valleys most prone to rockfall (Fig. 7b): the sides with
more events are those toward the southern quadrants
and the hours of the day in which the events are more
frequent are those between 10:00 and 14:00 hours
when solar radiation is high (Fig. 8a).

@ Springer

There seems to be a link between climate and rockfalls:
the distribution of events during the year has three peaks
in March, June and November (Fig. 8b). The magnitude
of these peaks depends on the province considered and its
position in the Alpine chain, which influence the climate
and in particular the precipitations.

Hypsographic curves (Fig. 5a) of the three provinces

have shown that only a small part of the Belluno province
(2 %) is located above 2500 m and, thus, can be potentially
affected by periglacial processes; whereas, the Bolzano and
Trento provinces have larger areas at these altitudes (12.6
and 6 %, respectively). It was noted that on average, rock
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falls in the Bolzano Province occur at a higher altitude than
those of the Belluno and Trento provinces (Fig. 4).

Although at these heights most rockfalls do not cause any
damage (77 %), sometimes they interrupted hiking tracks
(14 %) and roads (5 %) (Fig. 11c). In 3 cases out of 84,
people have been injured, a fact that stresses the importance
of taking these phenomena seriously. Even if not much ac-
curate information was available concerning the date of
occurrence, it emerged that at heights above 2500 m, rock-
falls happen only during summer and fall (Fig. 11b) when
trekking and hiking activities are most common.

This work can be considered as a contribution to the
creation of a landslide hazard map, supported by a new
homogeneous archive dedicated to rockfalls.

Acknowledgments The research was funded by the University of
Padova in the framework of the Strategic projet “GHP-MMI”—
geological and hydrological processes: monitoring, modelling and
impact in the North-Eastern Italy (GEO RISCS) (coordinator of Re-
search Unit: A. Carton; code STPDOSRWBY-2008). Davide Coro
was supported with a research contract to build the database and to
carry out data analyses. The authors want to thank Luciano Arziliero
(Veneto Region), Silvia Tagnin (Bolzano Province) and Riccardo
Campana (Trento Province) for supplying the rockfall data. The au-
thors are in debt to Elisa Destro for GIS support and with Alberto De
Luca and Roberto Seppi for their help in managing and processing
geological and topographical information. The notes and comments of
the anonymous reviewers contributed to increase the quality of the

paper.

References

APAT (2007) Rapporto sulle frane in Italia: il Progetto IFFI:
metodologia, risultati e rapporti regionali. APAT

Baroni C, Carton A, Seppi R (2004) Distribution and behaviour of
rock glaciers in the Adamello-Presanella Massif (Italian Alps).
Permaf and Periglac Processes 15:243-259. doi:10.1002/ppp.497

Bassetti M, Borsato A (2005) Evoluzione geomorfologica della Bassa
Valle dell’Adige dall’Ultimo Massimo Glaciale: sintesi delle
conoscenze e riferimenti ad aree limitrofe. Stud Trent Sci Nat
Acta Geol 82:31-42

Bateman V (2003) Development of a database to manage rockfall
hazard: the Tennessee rockfall hazard database. In: Proceeding
of 82nd Annual Meeting of the Transportation Research Board,
Washington, DC http://www.ltrc.Isu.edu/TRB_82/TRB2003-
001624.pdf. Accessed 17th Jan 2015

Bathrellos GD, Gaki-Papanastassiou K, Skilodimou HD, Papanastas-
siou D, Chousianitis KG (2012) Potential suitability for urban
planning and industry development using natural hazard maps
and geological-geomorphological parameters. Environ Earth Sci
66(2):537-548. doi:10.1007/512665-013-2390-3

Bathrellos GD, Skilodimou HD, Maraoukian H (2014) The spatial
distribution of middle and late Pleistocene cirques in Greece.
Environ Earth Sci 96:323-338. doi:10.1111/geoa.12044

Boeckli L, Brenning A, Gruber S, Noetzli J (2011) A statistical
permafrost distribution model for the European Alps. Cryosphere
Discuss 5(3):1419-1459. doi:10.5194/tcd-5-1419-2011

Boeckli L, Brenning A, Gruber S, Noetzli J (2012) Permafrost
distribution in the European Alps: calculation and evaluation of

an index map and summary statistics. Cryosphere 6:807-820.
doi:10.5194/tc-6-807-2012

Bosellini A, Gianolla P, Stefani M (2003) Geology of the dolomites.
Episodes 26(3):181-185

Carton A, Bondesan A, Fontana A, Meneghel M, Miola A, Mozzi P,
Primon S, Surian N (2009) Geomorphological evolution and
sediment transfer in the Piave River system (northeastern Italy)
since the Last Glacial Maximum. Géomorphologie Relief
Processus Environ 3(2009):155-174

Compagnoni B, Galluzzo F (2005) Carta Geologica d’Italia, scala
1:1,250,000. APAT, Firenze

Dal Piaz GV, Bistacchi A, Massironi M (2003) Geological outline of
the Alps. Episodes 26(3):175-180

Davies MC, Hamza O, Harris C (2001) The effect of rise in mean
annual temperature on the stability of rock slopes containing
ice-filled discontinuity. Permaf Periglac Process 12(1):137-144.
doi:10.1002/ppp.378

Desiato F, Lena F, Baffo F, Suatoni B, Toreti A (2005) Indicatori del
clima in Italia elaborati attraverso il sistema SCIA. APAT http://
88.45.133.130/metecambientecampania/documentazione/ APAT/
Indicatori_Del_Clima_In_Italia.pdf. Accessed 17th Jan 2015

Doglioni C (1987) Tectonics of the dolomites (Southern Alps,
northern Italy). J Struct Geol 9:181-193

Dussauge-Peisser C, Helmstetter A, Grasso JR, Hantz D, Desvarreux
P, Jeannin M, Giraud A (2002) Probabilistic approach to rock
fall hazard assessment: potential of historical data analysis. Nat
Hazards Earth Syst Sci 2:15-26

Ferlisi S, Cascini L, Corominas J, Matano F (2012) Rockfall risk
assessment to person travelling in vehicles along a road: the case
study of the Amalfi coastal road (southern Italy). Nat Hazards
62:691-721

Fischer L, Kaab A, Huggel C, Noetzli J (2006) Geology, glacier
retreat and permafrost degradation as controlling factors of slope
instabilities in a high-mountain rock wall: the Monte Rosa east
face. Nat Hazards Earth Syst Sci 6(5):761-772. doi:10.5194/
nhess-6-761-2006

Fischer L, Purves RS, Huggel C, Noetzly J, Haeberli W (2012) On the
influence of topographic, geological and cryospheric factors on
the rock avalanches and rockfalls in high-mountain areas. Nat
Hazards Earth Syst Sci 12(1):241-254

Frattini P, Crosta G, Carrara A, Agliardi F (2008) Assessment of
rockfall susceptibility by integrating statistical and physically-
based approaches. Geomorphology 94(3):419-437. doi:10.1016/
j-geomorph.2006.10.037

Galadini F, Poli ME, Zanferrari A (2005) Seismogenic sources
potentially responsible for earthquakes with M > 6 in the eastern
Southern Alps (Thiene-Udine sector, NE Italy). Geophys J Int
161(3):739-762

Gianolla P (2007) Geology of the Dolomites. In: Nomination of the
Dolomites for inscription on the World Natural Heritage list
UNESCO, nomination document. Annex 2.1. Dolomites
Nomination Commitee, Online Book. http://www.dolomiti-
unesco.org/de/node/6. Accessed 17 Jan 2015

Gunzburger Y, Merrien-Soukatchoff V, Guglielmi Y (2005) Influence
of daily surface temperature fluctuations on rock slope stability:
case study of the Rochers de Valabres slope (France). Int J Rock
Mech Min Sci 42(3):331-349. doi:10.1016/j.ijrmms.2004.11.003

Hales TC, Roering JJ (2005) Climate-controlled variations in
scree production, Southern Alps, New Zeland. Geology
33(9):701-704. doi:10.1130/G21528.1

Hilker N, Badoux A, Hegg C (2009) The Swiss flood and landslide
damage database 1972-2007. Nat Hazards Earth Syst Sci
9(3):913-925. doi:10.5194/nhess-9-913-2009

Hungr O, Evans SG, Hazzard J (1999) Magnitude and frequency of
rockfalls and rock slides along the main transportation corridors

@ Springer


http://dx.doi.org/10.1002/ppp.497
http://www.ltrc.lsu.edu/TRB_82/TRB2003-001624.pdf
http://www.ltrc.lsu.edu/TRB_82/TRB2003-001624.pdf
http://dx.doi.org/10.1007/s12665-013-2390-3
http://dx.doi.org/10.1111/geoa.12044
http://dx.doi.org/10.5194/tcd-5-1419-2011
http://dx.doi.org/10.5194/tc-6-807-2012
http://dx.doi.org/10.1002/ppp.378
http://88.45.133.130/meteoambientecampania/documentazione/APAT/Indicatori_Del_Clima_In_Italia.pdf
http://88.45.133.130/meteoambientecampania/documentazione/APAT/Indicatori_Del_Clima_In_Italia.pdf
http://88.45.133.130/meteoambientecampania/documentazione/APAT/Indicatori_Del_Clima_In_Italia.pdf
http://dx.doi.org/10.5194/nhess-6-761-2006
http://dx.doi.org/10.5194/nhess-6-761-2006
http://dx.doi.org/10.1016/j.geomorph.2006.10.037
http://dx.doi.org/10.1016/j.geomorph.2006.10.037
http://www.dolomiti-unesco.org/de/node/6
http://www.dolomiti-unesco.org/de/node/6
http://dx.doi.org/10.1016/j.ijrmms.2004.11.003
http://dx.doi.org/10.1130/G21528.1
http://dx.doi.org/10.5194/nhess-9-913-2009

1742

Environ Earth Sci (2015) 74:1731-1742

of south-western British Columbia. Can Geotech J 36(2):
224-238. doi:10.1139/t98-106

Marazzi S (2005) Atlante orografico delle Alpi. SOIUSA. Suddivi-
sione orografica internazionale unificata del Sistema Alpino.
Priuli & Verlucca editors

Matsuoka N, Sakai H (1999) Rockfall activity from an alpine cliff
during thawing periods. Geomorphology 28(3):309-328. doi:10.
1016/S0169-555X(98)00116-0

Menéndez Duarte R, Marquinez J (2002) The influence of environ-
mental and lithologic factors on rockfall at a regional scale: an
evaluation using GIS. Geomorphology 43(1):117-136. doi:10.
1016/S0169-555X(01)00126-X

Papadopoulou-Vrynioti K, Bathrellos GD, Skilodimou HD, Kaviris
G, Makropoulos K (2013) Karst collapse susceptibility mapping
considering peak ground acceleration in a rapidly growing urban
area. Eng Geol 158:77-88. doi:10.1016/j.enggeo.2013.02.009

Pirulli M (2009) The Thurwieser rock avalanche (Italian Alps):
description and dynamic analysis. Eng Geol 109(1):80-92.
doi:10.1016/j.enggeo0.2008.10.007

Rozos D, Bathrellos GD, Skilodimou HD (2011) Comparison of the
implementation of rock engineering system and analytic hierar-
chy process methods, upon landslide susceptibility mapping,

@ Springer

using GIS: a case study from the Eastern Achaia County of
Peloponnesus, Greece. Environ Earth Sci 63(1):49-63. doi:10.
1007/s12665-010-0687-z

Rozos D, Skilodimou HD, Loupasakis C, Bathrellos G (2013)
Application of the revised universal soil loss equation model on
landslide prevention. An example from N. Euboea (Evia) Island,
Greece. Environ Earth Sci 70:3255-3266. doi:10.1007/s12665-
013-2390-3

Schoeneich P, Dall’Amico M, Deline P, Zischg A (2011) Hazard
related to permafrost and to permafrost degradation. PermaNET
project, state-of-the-art report 6.2. On-line publication ISBN
978-2-903095-59-8. http://www.permanet-alpinespace.eu/archive/
pdf/WP6_2_local_ground_movements.pdf. Accessed 17th Jan
2015

Silhan K, Brazdil R, Panek T, Dobrovolny P, Kasickova L, Tolasz R,
Tursky O, Vaclavek M (2011) Evaluation of meteorological
controls of reconstructed rockfall activity in the Czech Flysch
Carpathians. Earth Surf Process Landforms 36(14):1898-1909.
doi:10.1002/esp.2211

Stoffel M, Huggel C (2012) Effects of climate change on mass
movements in mountain environments. Prog Physical Geogr
36(3):421-439


http://dx.doi.org/10.1139/t98-106
http://dx.doi.org/10.1016/S0169-555X(98)00116-0
http://dx.doi.org/10.1016/S0169-555X(98)00116-0
http://dx.doi.org/10.1016/S0169-555X(01)00126-X
http://dx.doi.org/10.1016/S0169-555X(01)00126-X
http://dx.doi.org/10.1016/j.enggeo.2013.02.009
http://dx.doi.org/10.1016/j.enggeo.2008.10.007
http://dx.doi.org/10.1007/s12665-010-0687-z
http://dx.doi.org/10.1007/s12665-010-0687-z
http://dx.doi.org/10.1007/s12665-013-2390-3
http://dx.doi.org/10.1007/s12665-013-2390-3
http://www.permanet-alpinespace.eu/archive/pdf/WP6_2_local_ground_movements.pdf
http://www.permanet-alpinespace.eu/archive/pdf/WP6_2_local_ground_movements.pdf
http://dx.doi.org/10.1002/esp.2211

	A regional rockfall database: the Eastern Alps test site
	Abstract
	Introduction
	The study area
	Data and methodology
	Source of data
	Improvements to existing landslide databases
	Database structure

	Results and discussion
	Conclusions
	Acknowledgments
	References




