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Abstract

Background Rockfalls pose a serious threat along the main road network, representing a major hazard in
mountainous territory and causing damage and victims. Currently, susceptibility mapping represents a starting point
to identify areas more susceptible to rockfall occurrence, a key approach in land use planning and risk management.
Despite the extensive use of these maps by decision makers and administrators, the usability of such maps over time
and their reliability represent a poorly discussed and examined feature.

Methods Here, we proposed a-posteriori analysis of a three-year-old rockfall susceptibility map, generated along the
main road network of the Aosta Valley, an alpine region of north-western Italy. To verify map consistency over time, we
implemented a dual-analysis in GIS-environment and by text mining, to respectively analyse the geocoded data and
textual information derivable from the regional landslide inventory. The first one allowed us to extract rockfall events
occurred after the susceptibility map generation. By this way, we operated to spatially and temporally verify the

map consistency. Jointly, the textual information reported in the Event Description Form, linked to each geocoded
event, are being exploited. This allowed us to derive relevant information about occurred damage and their degree,
presence of protective measures or secondary roads, i.e. involvement of, farm or forestry, road.

Results The implemented approach allowed us to prove the quality of the previous map in terms of reliability,
robustness and degree of fitting respect to the succession of rockfall occurrence over time. After only three years

as many as 198 rockfall events have been occurred and collected since the map was generated. Particularly, 80% of
rockfall fit with “high”and “very high” susceptibility classes, and pointed out large involvement of main roads in rockfall
occurrence, representing the most affected target with damage to road pavement and vehicles, as well as a relevant
involvement of existing rockfall barriers and of the dense network of forestry roads and footpaths that characterize
this alpine region.

Results The proposed approach representing a starting point in landslide susceptibility map verification and usability
as valid instrument for a reliable land planning.

Keywords Regional landslide inventory, Aosta valley region, GIS-environment, Map reliability assessment, Mountain
area, Road network, Text mining
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Introduction

Rockfall events are extremely widespread in mountain
territories worldwide, representing a major hazard that
causes considerable damage and loss of life. Due to their
high energy, long runout distance and rapidity, these
unpredictable phenomena represent a relevant threat,
mainly to road and railway networks (Guzzetti et al.
2004; Palma et al. 2012), requiring specific risk reduc-
tion operative strategies for a proper management of the
associated risk and increase safety of the people against
instability processes (Giordan et al. 2020; Clemente et al.
2023). Rockfall hazard estimation is a relevant topic in
literature, currently representing a challenge to establish
the associated risks. The frequency assessment of annual
rockfall events, of a given magnitude, is preparatory to a
detailed hazard computation (Hungr et al. 1999). With-
out a strict definition of the magnitude-frequency rela-
tionship, the rockfall hazard estimation is not feasible.
In those cases, susceptibility estimation may represent a
rapid way to preliminarily identify the potential critical
sites prone to rockfall events. The susceptibility corre-
sponds to the propensity of an area to generate landslides
on the basis of geo-environmental conditions and histori-
cal records (Brabb 1984; Guzzetti et al. 2005). Consider-
ing the assumption that landslides will occur under the
same conditions, which led to past and present instabil-
ity (Varnes 1984; Carrara et al. 1991; Furlani and Ninfo
2015), susceptibility definition may ensure to identify
areas where landslides are expected. Consequently, the
territory zonation may represent an important task for
the prioritization and plan structural protective and miti-
gation measures, suitable for regional and local authori-
ties in risk management. In the scientific literature,
numerous approaches and methods have been proposed
for rockfall susceptibility assessment, based on diverse
qualitative and quantitative approaches, heuristic (Pow-
ell et al. 2002; Raetzo et al. 2002), statistic (Shirzadi et al.
2012) and trajectory-energy/velocity approach (Guzzetti
et al. 2002; Alvioli et al. 2021). Qualitative approaches
require less input data, derived from field information or
by overlaying indexed maps layers, often with the attribu-
tion of a weight, but suffer the subjectivity of the opera-
tor. Conversely, quantitative methodologies are based on
numerical values related to the occurrence of the ana-
lysed phenomena in the area of interest (Guzzetti et al.
1999), representing the preferred approach to be applied.
Considering large areas, an extensive data collection can
represent a challenge in terms of quality and quantity
of available information to perform a consistent quan-
titative analysis. Therefore, a qualitative susceptibility
assessment might be preferable for regional investigation,
where an accurate assessment of frequency of rockfall
events, as well as data acquisitions about travel distance
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and volume of the detached mass, are often incomplete
and discontinuous.

Susceptibility maps generally represent an effective
instrument to support public administrations, regional
and local authorities and decision-makers, to identify
those sectors with structures and infrastructures at risk,
operating for a proper urban and infrastructures plan-
ning. Nowadays, susceptibility maps are a well-known
tool in land use planning, in landslide-prone territories,
and despite a proper validation procedure of the utilized
model, and its results, at the end of its computation, the
efforts to critically evaluate their usability and reliability
over time are limited. Usually, the evaluation of the sus-
ceptibility models includes a validation of the map, the
model fitting and prediction performances. Regarding
the validation, in literature, diverse validation analysis
are applied to assess the performance of a susceptibility
map, by applying temporal, spatial or random approaches
(Reichenbach et al. 2018). In spatial and random strate-
gies, the validation is based respectively on a subset of
territory and a random geographic selection of territory.
Instead, in temporal approaches, two reference sets of
landslide inventories, typically occurred before and after
a certain date, are considered for the validation, and in
any case with reference to a limited time interval. Consid-
ering the prolonged use of a susceptibility map over time,
with both spatial or temporal validation approaches the
representativeness of the susceptibility map can suffer of
time-dependence. Also regarding the fitting and predic-
tion performance, typically verified by landslide density
or frequency, success rate curve or Receiver Operating
Characteristic (ROC) curve (Reichenbach et al. 2018),
the validation of a susceptibility map and its consistency
is obtained over the period considered, while its reliabil-
ity over time remains a relevant issue currently poorly
debated in the scientific field.

In this work, we developed an approach to verify the
representativeness of a three-year-old rockfall suscep-
tibility map, developed by the authors (Cignetti et al.
2020) along the road network of the Aosta Valley Region
(North-western Italy). Leveraging on this existing rock-
fall susceptibility map, validated by analysing the rock-
fall events inventoried in the regional catalogues, and
showing a good prediction performance verified by ROC
curve, an analysis of the consistency of the model after
several years was implemented. Taking advantage of the
available regional landslide inventory, i.e. the ‘Catasto
Dissesti’ (CD) inventory, dual-format data were derived.
The geocoded information, in shapefile format, was man-
aged in a GIS-environment, in order to collect and orga-
nize the rockfall phenomena occurred in the regional
territory, preparatory step for the evaluation of the map-
reliability over time. Jointly, the large number of textual
information derivable from the ‘Event Description Form’
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(EDF), a document predisposed by the regional adminis-
trators for the description of each occurred phenomenon,
available in pdf format, was analysed through text mining
approach, to extract information about eventual dam-
age occurrence, presence of protective measures or sec-
ondary, i.e. farm or forestry, road involvement. Through
this dual-analysis, we operated to establish the quality
in terms of reliability, robustness and degree of fitting of
the susceptibility map with the succession of the occur-
rence of such events over time. The prediction capability
evaluation of a susceptibility map to identify the propen-
sity of slope to fail is not trivial, opening a useful discus-
sion about the correct usage of these maps over time, an
essential feature for a proper technical protection mea-
sure scheduling and a suitable land use planning.
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The Aosta Valley Region, Western Italian Alps

The Aosta Valley Region (AVR) is a small alpine region
(about 3200 km?) located in the Western Italian Alps
(Fig. 1). Elevation in this mountainous territory ranges
from 300 m to 4000 m above the sea level, with more
than a half of the territory above 2000 m a.s.l.,, and peaks
higher than 4000 m (e.g., Mont Blanc, 4810 m, Monte
Rosa, 4635 m and Monte Cervino, 4478 m) (Fig. 1la).
Compared to other mountainous regions worldwide, this
alpine territory is densely urbanized and populated (in
2023 more than 123 thousand inhabitants, (ISTAT 2023),
despite the high altitudes and the complex morphol-
ogy. A dense road network extends to the entire main
valley and branches into the lateral valleys, with a total
length of 2600 km, including highway, state, regional and
municipal roads. Moreover, an extensive and widespread
network of farm, forestry roads and footpaths extend
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Fig. 1 (a) Relief terrain map of the Aosta Valley mountainous territory (north-western Italy), associated to the elevation map, showing the extended road
network (white polylines), branched along the main valley of this alpine region highly affected by rockfalls that cause relevant damage to (b) road pave-
ment and vehicles, (c) urban settlements, and (d) existing structural protective measures
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throughout the entire territory, representing a frequently
travelled route mainly for agricultural/forestry purposes
and forest fire prevention, as well as for tourist purposes.
The main urban areas are located at the valley bottom of
the main one, while along the valley sides, small urban
agglomerations, e.g. villages, hamlets, up to scattered
buildings are more prevalent. Among these small villages
and hamlets, many sites with great historical and artistic
value, such as castles or fortresses are present.

The complex geological setting corresponds to the axial
zone of the Western Alps, consisting of an imbricated
stack of continental and oceanic metamorphic domains,
passing through the European-vergent, i.e. Australpine
Pennidic and associated Ophiolitic Units domains, and,
in the northwestern marginal sector, the Ultrahelvetic
and Helvetic units. This complex pile of nappes, char-
acterized by a post-collisional tectonic activity, shows a
neo-tectonic dislocation system activation, mainly rep-
resented by the Aosta-Ranzola semi-graben (Bistacchi
et al. 2001). This compound structural-geological setting
highly influenced the relief evolution and slope dynamic.

Among the main morphodynamic agents, glacial
dynamic had played a central role, testified by the
extended large main Dora Baltea valley, converging in the
impressive Ivrea moraine amphitheater, remarkable evi-
dence of the Quaternary glaciations (Gianotti et al. 2008).
Glacial morphodynamic influenced the past and cur-
rent dynamics, by modelling depositional and erosional
landforms (Carraro and Giardino 2004). The geomorphic
activity of watercourses superimposes the glacial forms,
causing a progressive erosional deepening of the valleys,
setting large alluvial and mixed fans widespread in the
valley bottom, mainly created by debris flows (Ratto et al.
2003). Because of the high reliefs and the complex geo-
logical and structural setting of this mountain area, the
AVR is a territory highly prone to landslides (Palomba et
al. 2015). Gravitative phenomena widely affect the entire
regional territory, vary in size and type, from large slow-
moving landslides to rapid and impulsive debris flow,
earthflow, and rockfall phenomena. According to the
regional landslide inventory, i.e. IFFI project - Inventario
Fenomeni Franosi Italiano (Trigila et al. 2008), rockfalls
represent one of the most frequent landslide types, more
than 29% (Giardino and Ratto 2007). The widespread dis-
tribution within the regional territory entails a high risk
of rockfalls, frequently affecting the urban settlements
and the extended main road network (Giordan et al.
2021), causing severe damage and victims. Consequently,
these rapid and abrupt phenomena cause significant inju-
ries to road pavement and vehicles (Fig. 1b), as well as
to buildings (Fig. 1c) and structural protective measures
(Fig. 1d), causing some victims along the communication
routes branched along the main and secondary valleys.
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Materials and methods

In this work, a study for the assessment of the perfor-
mance and reliability of a rockfall susceptibility map
over time has been carried out. Focusing on the AVR, an
alpine territory extremely affected by these abrupt and
frequent phenomena, a representative case is guaranteed.
Taking advantage of the three-years-old rockfall sus-
ceptibility map generated along the main road network
of this region (Cignetti et al. 2020), and exploiting the
large amount of data derived from the long-established
operational procedure applied by the regional authori-
ties (Giordan et al. 2021), the map-reliability survey was
implemented. Figure 2 shows the conceptual scheme
of the overall procedure proposed, based on a mutual
analysis of the dual-format data of the regional landslide
inventory: (i) vector data of geo-coded rockfall events,
analysed in a GIS-environment; (ii) textual informa-
tion derived from the EDF predisposed by the regional
authorities, investigated by a text mining approach in R
environment.

Pre-existing rockfall susceptibility map

A rockfall susceptibility map existing for the AVR terri-
tory has been computed by the authors (Cignetti et al.
2020), considering a buffer of 250-m along the entire
regional road network (Fig. 3).

This rockfall susceptibility map was obtained by the
application of the Analytic Hierarchy Process (AHP)
approach (Saaty 1980), a semi-quantitative index-based
method founded on multi-criteria decision analysis.
Through this approach, a multi-objective comparison
allows to define a scale of preference from a set of alterna-
tives. A pair-wise comparison matrix of the six causative
factors considered, i.e., slope, aspect, elevation, lithology,
land use and distance to road, as well as for each class of
factor, was constructed. Thus, for both causative factors
and to the classes defined for each factor, is assigned a
weight. The judgments were assigned following subjec-
tive expert-based decisions on the relative importance of
each factor. To verify the consistency of the judgments,
the Consistency Ratio (CR) was computed. The results
of the CR computed for each factor show values lower
than 10%, thereby the consistency of the judgments is
confirmed. This map covers an area of interest of about
475 km? along the road network, of which more than 40%
displays very high susceptibility to rockfalls, excluding
the flat-gently slope areas. This susceptibility map consis-
tently matches the previous inventoried rockfall events,
referring to the regional landslide inventory CD, show-
ing a good predictivity respect to the available observa-
tion time from 1180 up to February 2020. On a total of
1654 rockfall phenomena, 70% of them occurred in cor-
respondence of areas with high and very high susceptibil-
ity, characterized by steep slopes and medium elevations,
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Fig. 2 Conceptual scheme of the map-reliability investigation

and mainly in correspondence of schistose lithologies of
the Piemonte-Liguria Ocean crust and Mesozoic cover-
age sediment pertaining to the Piedmont Zone, in shrub
and/or herbaceous vegetation areas (45%) or woodlands
(36%). Further validation was carried out by ROC curve
application, obtaining a success rate of 75%, confirming
the reliability of the obtained map. Thus, the obtained
map, hereinafter pre-February 2020 Rockfall Suscepti-
bility Map, was validated and considered reliable for the
time of its creation.

Regional landslide inventory web-portal

In Italy, an extensive and detailed classification of land-
slides was carried out with the compilation of an inven-
tory called “Inventario Fenomeni Franosi Italiani’, the
IFFI Catalogue (Trigila et al. 2008). This Italian Land-
slides Inventory is made available from the administra-
tors of each region, providing a regional classification of
all the type of landslides based on standardized criteria
able to provide a homogeneous geocoded database. For
the area of interest, this inventory currently converges
into the CD, i.e. an on-line regional catalogue managed
by the regional authorities (Centro Funzionale Regione
Autonoma Valle d’Aosta 2020). This on-line portal guar-
antees a valuable collection and storage of landslides
occurred, through a constant updated operated by a

dedicated IT procedure, implemented by the regional
authorities, together with the Aosta Valley Forestry Corps
and Fire Brigade. Every time a rockfall occurs, this opera-
tional procedure, applied at regional scale, is activated,
consisting of the survey by the operators, which docu-
ment the phenomenon filling the EDF predisposed in a
standard version by the regional authorities. Promptly,
the regional technicians revise the document, i.e. an EDF
in pdf format for each occurred event, and constantly
update the regional inventory. Within the forms com-
piled for each phenomenon, the following information is
given: (i) code of the inventoried phenomenon, (ii) typol-
ogy, (iii) date and time, (iv) a brief description, (v) trigger-
ing factor (if known), (vi) (estimated) size/morphometry,
(vii) damage, (viii) geographical references. Moreover,
on-field survey documented by photographs of the area
involved are carried out, providing a useful overall analy-
sis for risk management and prevention purposes. Cur-
rently, the rockfalls inventoried in the CD cover a quite
extended time span, with the first recoded events dating
back to 1180. The oldest phenomena derived mainly from
indirect sources (e.g., newspaper, verbal witnesses), show
a partially completed EDF. Accuracy increase progres-
sively for the phenomena occurred in the last 40 years,
overall ensuring a large amount of data and information
with a standardized acquisition procedure.
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Fig. 3 Rockfall Susceptibility Map along the main road ways. (modified from Cignetti et al. 2020)

Susceptibility map reliability examination

By exploiting the data completeness derivable from the
regional landslide inventory, two main type of datasets
are provided: (i) vector data, in shapefile format, pro-
viding the geo-localization of the collected phenomena,
(ii) ‘EDF, in pdf format, reporting textual information to
properly define the occurred phenomenon.

Vector data consists of geometric entities, i.e., points,
line and polygons representing the rockfall phenom-
ena depending to the size. Currently, 1712 rockfalls are
represented as points, variably geo-localized in cor-
respondence of the source area or of the block’s trajec-
tory end point, on the base of the survey, observation
and accessibility of the area, and 619 as polygons, scat-
tered throughout the regional territory. The shapefiles
are made available by the regional authorities, and cur-
rently available under request. Each geometry reports
a unique event-code, linked to the corresponding EDF,
and few others code and information, e.g. type of move-
ment and municipality. Operating in a GIS-environment,
the geometries related to rockfall phenomena, occurred
after the pre-February 2020 Rockfall Susceptibility Map
realization, were selected over an observing period from
February 2020 to December 2023. A preliminary analysis

of the sub-selected rockfalls distribution is carried out
to spatially verify the correspondence with susceptibility
classes of the existing map. By exploiting the main DTM-
derivative products from the 2 m-DTM (https://geoport
ale.regione.vda.it/download/dtm/), the geo-lithological
information, mainly derived from CARG project (ISPRA
Ambiente 2012), i.e., Geological and Geothematic Map-
ping, and land use cover (Regione Autonoma Valle
d’Aosta 2020, https://geoportale.regione.vda.it/downloa
d/carta-copertura-suolo/), a further contextualization of
the variables mainly affecting the occurrence of rockfall
is carried out.

In addition to quantitative maps evaluations, a system-
atic evaluation of the EDFs, in Italian language, down-
loadable from the CD web-portal, was accomplished. The
regional web portal, while a valuable source of informa-
tion, is not a database in strict sense, and therefore can-
not be interrogated by query in an automatic and unique
way. The extraction of narrative information shall be
used to evaluate the consistency of the map, focusing on
some relevant information about rockfall occurrence and
related effects. Through a text mining approach an auto-
matically discover, retrieve and extraction of meaning-
ful information in the corpus of text, was implemented.
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Using the statistical open source environment R (Core
Team 2022), a total of 1702 EDF, over 2331 event col-
lected in the regional inventory, were considered and
analyzed. The forms analyzed cover a time span of 23
years (from the 1st of January 2000 to 13st December
2023), corresponding to those events with an in-depth
description and en extensive compilation of the EDF. In
fact, after the extreme October 2000 flood event (Ratto et
al. 2003) that widely affected the entire region, a growing
need for a tool to characterize the territory for an effec-
tive risk assessment and management, led to a more com-
plete and extensive data collection. Instead, for rockfalls
occurred before 2000, usually a more concise compila-
tion is observed, mainly derived from indirect informa-
tion and with partial/incomplete filling of the fields in the
form. Therefore, the EDFs with date before 2000 were not
considered for the text mining analysis. By text mining,
we were able to process unstructured and rough textual
data, with the aggravating factor of the PDF format, by
combining approaches involving linguistics, statistics and
computer sciences (Salloum et al. 2018). The main pur-
pose is to convert the textual and narrative information
into a list of organized elements, for a structured and
hierarchical representation of the data of each rockfall
phenomena. The high-quality derived information are
focused on three main categories:

i. damage;
ii. protective measures,
iii. secondary road system.

The information extraction (IE) primarily focuses on
the identification of recurrent keywords, defined by an
expert based approach, aimed at defining the existence
of damage, the presence of both structural and natural
protective measures (e.g., rockfall barriers, protection
forest), and the potential involvement of the secondary
road system in rockfall occurrence. A progressive hierar-
chization of the information was then realized to identify
entities that co-occur within the text, i.e. to extract rela-
tionships of a certain type, as ‘damage-degree of damage;,
‘damage-target, ‘secondary road system-forestry-roads
reached; ‘protective measurement-degree of forestry
protection’ The IE procedure was carried out to struc-
ture the main categories designed, considering the term
concerning the specific category, as well as the potential
term variation and synonyms, for example<impact>,
< impacting>and <impacted>, can be considered as
keywords to search presence of damage, or <tree>, <
plant>and <spruce>to identify, in the event description,
the involvement of a forest in rockfall occurrence. All
the keywords considered to identify the three main cat-
egories and those to hierarchize derived information are
summarized in Fig. 4. A detailed list of all original Italian
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term considered, associated to their translation, are pro-
vided in Supplementary Information.

Results and discussion

GIS-based analysis of the pre-february 2020 Rockfall
susceptibility map

The pre-February 2020 Rockfall Susceptibility Map com-
puted by Cignetti et al. 2020 along the roads of the AVR
has shown the possibility to obtain, through a rapid and
repeatable procedure, a valid tool for the zonation of the
area more susceptible to rockfalls, at regional scale. How-
ever, an evaluation of the reliability and validity of a sus-
ceptibility map in time remain an open issue. Three years
after the production of the pre-February 2020 Rockfall
Susceptibility Map, validated and tested in an alpine
region severely subject to rockfall events, an audit of its
consistency over years represents an unexplored field.
The availability of detailed data and information about
events that occurred subsequently, collected in a stan-
dard mode and verified by regional authorities, repre-
sents a key factor to analyse over time the reliability of
a susceptibility map. After February 2020, a total of 198
rockfall events in just three years have been recorded, of
which 145 affecting the main roads of the AVR. To verify
whether the pre-February 2020 Rockfall Susceptibility
Map (Fig. 3) may be considered as satisfactory, a compar-
ison of the post-February 2020 rockfall events with the
AHP classes of the existing susceptibility map was carried
out. This analysis shows that 76% of the rockfall collected
after February 2020 fall in areas with very high (39%)
and high susceptibility (37%), while less than 17% in area
with medium susceptibility, and slightly more than 5%
in areas with low susceptibility. Figure 5 shows the map
of the distribution of the rockfall events occurred after
February-2020 and the related spatial density. the high-
est density (8—9 and >9 events) is observed in the sector
near to Bard village, at the beginning of Valtournenche,
near Chatillon, and in the sector near to Avise town.
Rockfall events with high and very high susceptibility
predominantly occurred in areas with high slope gradi-
ent, while there appears to be no degree of dependence
with elevation factor, mainly variables between 500 and
1500 m a.s.l., confirmed what stated in Cignetti et al.
2020. It is important to note that a degree of subjectiv-
ity in the description of events by regional operators may
occur, as non-unique criteria are used for the compila-
tion of the event description (e.g., inability to identify the
source area resulting in the location of the event in cor-
respondence of accumulation area or of impact sector).
Analysing the lithology, most of the rockfall occurred
in schistose rocks, mainly represented by calcschists,
serpentinoschists, micaschists, while considering the
land use aspect, the post-February 2020 events mainly
occurred in areas occupied by shrub and/or herbaceous



Cignetti et al. Geoenvironmental Disasters (2024) 11:36 Page 8 of 16
Damage
! NO H YES !
! !'l damage damaging closed !
no damage . . i i
: g any damage 11 impacting obstruction  pit |
: : : damaged interrupted :
: n.d || obstracted impact uprooted |
| none not evident i\ lesion(s)  preakthrough
| 11 impacted interruption  injured 1
e o e e e e e e e e e e e e e e - LI 1
DEGREE TARGET
asphalt fence
slight P
modest building  side ditch
el rtment buildli
critically ; apariment buraing
L Power line  construction(s)
significant
v vehicle  asphalt pavement
el parking road  solar panel
guard-rail  wooden walkway
Protective measures Secondary road system
STRUCTURAL BARRIER FORESTRY FOOTPATH FORESTRY ROADS
reinforced ~ Stone gabions S slope farm road rural/country
net(s) rockfall netting  wall . trail ok
. . . tree(s, rac
leaning nets . rigid barrier - spruce(s) service track
. forest track
rockfallturinel protection crash trail network
containment . inter-farm road
steel grid -
embankment rockfall barrier stopped along the existing wooded carriageable track

Main categories
SUB CATEGORIES
keywords

Fig.4 Summary of the keywords, from the three main categories, selected for the text mining application

vegetation, or in correspondence of woodlands, con-
firming the results pointed out by the pre-February 2020
Rockfall Susceptibility Map (Cignetti et al. 2020).

Text mining outputs analysis

The implemented methodology, apart from the vector
data consideration, jointly exploited the vast amount of
data and information collected over more than 20 years
in the regional catalogue CD, to assess the reliability of
the existing susceptibility map. The search over 1702
EDE, considering a time span from 2000 to 2023, yielded
the preliminary extraction of narrative information about
the key noteworthy evidences on rockfall occurrence
and related damage. This analysis used written narra-
tives form in pdf format. Commonly, in literature, text
mining is intended to automatically retrieve, and extract

information in a corpus of text (Doan Duong et al. 2016;
Yagoub et al. 2020). mainly csv file or html. The use of
precompiled form only available in pdf format, posed a
further challenge in spite of analyzing plain text sources
as the file readability is more difficult to implement in an
automatic procedure.

Our process of identification of hierarchical infor-
mation, about the occurred rockfalls of the AVR, was
based on a set of objectives for connecting archival data
to high-quality information that, automatically, synthe-
sizes and optimizes the data contained and its accessi-
bility, in a way that maximizes the utility to characterize
the rockfall events, their evolution and the associated
risk. In large amount of data, such as in the case of the
regional landslide inventory of the AVR, the continued
growth of information over time suggest that a manual
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Fig. 5 Density map and location of the rockfall events occurred after February-2020 within the regional territory

examination of this type of archive can be incredibly dif-
ficult, time consuming and challenging to process task
even for expert users. Though the automated application
of text mining in R language, we are capable of providing
effective interactions with valuable archival content to
produce useful summarizations and visualizations about
rockfall event, their features and impacts, affecting the
area of interest. The main obtained results are summa-
rized in the following sub-section, focusing on the three
main categories: damage, protective measures and sec-
ondary road system.

Damage information extraction

Information about impacts extracted from the EDF,
include the identification of the occurrence of damage,
the related degree of damage, and of the affected target.
The investigation concerns only the main anthropic ele-
ments, e.g., regional and national roads, buildings, power
lines, as the most sensitive elements in term of risk and

having the highest impact on population in case of par-
tial or complete destruction. Results from the text min-
ing allowed to quantify the frequency of occurrence of
the, previously, selected keywords (Fig. 4), in terms of
their appearances in the text. Primarily, we extracted the
keywords assigned to the identification of the presence
or absence of damage, recognizing that slightly less than
16% of the analysed forms reported terms related to the
presence of damage. Those cases reporting an occurred
damage or impact were further analysed to determine
the degree of damage, distinguishing for three classes
of damage: 42% of impacts with severe degree of dam-
age, 14% moderate and 44% slight degree of damage.
Another relevant relationship between damage and hit
target was extracted, again on the basis of the previously
selected keywords referring to the main anthropic struc-
tures and infrastructures. Specifically, six sub-classes,
i.e., roads; vehicles; people; cattle, buildings; and facili-
ties, are designed to adequately subdivide the keywords
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collected on account of the major target affected. Apart
from the most common structures and infrastructures,
such as road, houses, parking, power line and so on, we
focused on those sub-groups of keywords that referred to
the involvement of people and vehicles, as element at risk
of primary interest. Moreover, we considered the involve-
ment of farms animals, given the economic relevance and
the widespread of agriculture and pastoralism activities
in a mountainous territory such as the AVR. Figure 6
summarizes the frequencies related to each identified tar-
get. The obtained results showed that, among the recog-
nized targets, the most frequent corresponds to the road
sub-class targets (37.1%), primarily represented by road
network target and then by other road elements such as
asphalt pavement, crash barriers, guard-rail, and so on.
This data revealed a general high involvement of the
main road network in the occurred rockfalls of this alpine
region, a further element that verifies the consistency of
the susceptibility map and the chosen approach to com-
pute it. To be noted the relevant frequency of vehicle
targets involved (13,6% vehicles sub-classes), followed
by people sub-classes target (4,4%) and cattle sub-classes
(4,2%), all corresponding to extremely sensitive tar-
gets present on roads. Notably, in the observed period
(January 2000 - December 2023), national, regional and
municipal roads were involved by past rockfall events 213
times, with one or more blocks affecting the road pave-
ment with slight to severe damage to the road elements
as guard rail, asphalt and other facilities that led to 26
closures and 35 interruptions of the road, corresponding
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to about the 4% of the analysed forms. To be noted the
involvement of diverse type of vehicles, as cars, trucks
or vans (78 times), with an involvement of people in 25
cases. In several cases, also buildings (28.2%) and other
anthropic structures and infrastructures (12.5%) as
waterworks, power line, parking, and sport facilities have
been affected.

Protective measures information extraction

In mountain region, structural barriers are commonly
designed and installed along the road network to reduce
rockfall impacts and level of risk (Etag 2008). These
structural protective measures have been installed over
the past decades and include rockfall netting, ring net,
mesh drapery system, rockfall barriers, embankments, as
well as older system such as the rigid barriers. The evalu-
ation of the involvement of these protective measures by
the past rockfalls surely emphasizes the occurrence of
this type of phenomenon along major road system, along
which such structures are commonly installed, repre-
senting a useful element for the analysis of the suscepti-
bility map over time. Additionally, these results confirm
the validity of the land planners’ choices in placing those
barriers. The text mining extraction allowed to primar-
ily identify the kind of protective measure and the fre-
quency of their interaction with past events. Notably
the number of observations revealed as the structures
most affected are the nets, with a frequency of about 85%
including rockfall netting and mesh drapery system, fol-
lowed by embankment structures (about 10%). These
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Fig. 6 Word cloud generated after text analysis of the EDFs of the rockfall inventoried in the CD, focusing on the selected keywords referring to the type

of target affected, and subdivided in six sub-group reported in the legend



Cignetti et al. Geoenvironmental Disasters (2024) 11:36

observations confirmed that the inventoried rockfall
frequently occurred in sectors with existing structural
protective measures, commonly installed in identified,
highly exposed and susceptible areas. Analysing the
photos collected for each event and reported in the EDF
(Fig. 7), we detected that in some cases, the rockfall event
has impacted on the rockfall barrier or net, without
breaking the structure, while in other cases, the rockfall
occur just close or upstream existing structural protec-
tive measures.

In addition to structural protective measure, through
text mining analysis the protective role of forests was
examined. In mountain area, as reported in literature
(Fuhr et al. 2015; Moos et al. 2018; Scheidl et al. 2020)
forests represent another significant feature in reduc-
ing risk related to rockfall events. An extraction of key-
words referring to the involvement of trees or plants as
computed, observing a frequency of 20.44% of single
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trees, mainly coniferous, interfering with one more fall-
ing block.

Data on the involvement of protective measures may
represent a key element for decision-maker for plan a
proper management and maintenance of the diverse type
of rockfall barriers, as well as of forestry damaged. Fur-
ther and deeper characterization of the effectiveness of
the structures and forestry in protecting the road, could
be a great added value for a proper administration of the
road network and to schedule the appropriate actions
and risk management measures. Such degree of detail
could be achieved through the creation of an improved
storage of the existing data as a database capable of inte-
grating the vast amount of textual information reachable
in each EDF of the regional inventory in a structured and
standardized way. These features will allow searching
through the dataset by ordinary approach such as data-
base querying thus avoiding incomplete or partial results.

Fig. 7 (a) Damage to a rockfall barriers along a municipal road, a block of about 0.7 m? hit a vehicle causing serious damage, Cogne (EDF cod. 34933);
(b) metal rockfall barriers with horizontal elements place in the 90s to protect the regional road S.R.39 destroyed by a rockfall of about 1m?, Morgex (cod.
36135); (c) rockfall event of about 6-8 m? causing the rupture of the mesh drapery system and interrupting the municipal road with severe damage to
the road pavement, Pontey (cod. 36150); (d) rockfall barrier upstream a cheese factory completely removed for 30 m in length by a rockfall of about 30

m?, Valgrisenche (cod. 36393)
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Secondary road system information extraction

Apart from the main road network, in this alpine region,
diverse rockfall events also involved forestry roads, foot-
paths, tourist routes or farm tracks, which represent a
very extended (2796.79 km forestry, 5652.67 km foot-
path) and dense network distributed throughout the
entire region. By jointly analysing the road network with
both secondary road (i.e., forestry road and farm tracks)
and footpaths, text mining analysis revealed a frequency
distribution of 31% for main roads, 48.5% forestry road
and farm track, and 20.5% of footpath (Fig. 8).

The obtained results pointed out the relevant involve-
ment of the secondary road system and their interaction
with the occurred rockfalls, testifying also severe damage
to wooden fence, structural protective measures, up to a
partial or total occlusion of the path (Fig. 9).

Preliminary frequency assessment of rockfall occurrence

Thanks to the availability of the described dataset, it is
also possible to carry out a preliminary check of rock-
fall frequency and point out areas featuring a higher
exposure to these events. Several cases with recurrent
rockfall events in the same areas were, in fact, observed.

a) ROADS

c) SECONDARY ROADS
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Along the regional road (S.R.) 25, in Arvier municipal-
ity, on May 9, 2020 (Fig. 10a) a block of less than 10 m3
affected the hairpin bends at km 9.100, hitting a passing
car and causing damage to car window (Fig. 10b). Three
other events occurred in the same place, respectively: on
October 30, 2019 (Fig. 10c), consisting in a block of about
0.2-0.3 m?; on November 11, 2019 (Fig. 10d), consisting
in a small rockfall of less than 10m?® occurred at km 9.100;
September 13, 2015 (Fig. 10e), consisting in four blocks
of less than 10 m® of volume affecting precisely the same
area at km 9.100. All these past phenomena stopped on
the road pavement without causing severe damage.
Other relevant recurrence was observed along the
state highway (S.S.) 26 of the “Piccolo San Bernardo”
pass (connecting Italy to France), La Thuile municipality,
along the hairpin bends leading to the renowned resort
of Pre-Saint Didier. On December 25, 2022 a massive
rockfall of 1500 m? variably affected the main road, with
large block along the hairpin bends and severe damage
to the road pavement and structures and infrastructures
(e.g., guard rail, power line). In the same area, another
event had occurred on October 27, 2018, consisting in a
large block that caused severe damage to the S.5.26 and

b) FOOTPATHS

d ) roads

footpaths secondary roads

Fig. 8 Spatial distribution of different road types network: (a) main roads, (b) footpaths and (c) secondary roads, and the associated world cloud gener-
ated by text analysis, focusing on the selected keywords referring to the three type of roads
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Fig. 9 (a) Rockfall occurred in correspondence of the footpath to the Fort of Bard, renowned tourist site; most blocks have obstructed part of the path,
while a block of 3 m? has broken through the parapet on the valley side, reaching the area close to a parking (EDF cod. 36421); (b) Wooden fence of a
footpath destroyed by a rockfall event that involved the gabions on the valley side, Perloz (cod. 36660); (c) Rockfall occurred upstream of the track of
a cement factory, with a block of 1.5 m? intercepted by the existing rockfall barriers, Courmayeur (cod. 35927); (d) small blocks fallen along the “Strada
Romana delle Gallie", a renowned footpath to the archaeological site of the Roman Arch, Donnas (cod.35863), the event occurred just below the nets and

the rockfall barriers

to the protective works along the road. Although briefly
described, an event in the same area that occurred on
July 11, 1993 is described in the CD as a rockfall of about
3 m? that caused damage to the road pavement.

Through a systematic extraction and analysis of vol-
ume and occurrence time of each event, the volume/
frequency relationship could be computed, obtaining a

unique and valuable dataset of more than two thousands
of rockfalls occurred over more than eight hundreds
years. As demonstrated in Fei et al. 2023, this approach,
applied at slope scale, creates the basis for the evaluation
of rockfall event return period, and should be applied to
regional scale context, as the Aosta Valley one, as a tool
to identify more affected and damaged areas with the
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Fig. 10 Comparison between a post-February rockfall occurred in Arvier municipality, and the past rockfall events collected in the CD: (@) May 9, 2020
event, a block hit a passing car hitting the car window (b) at km 9.100 of the S.R.25 (cod. 34969); (c) October 30, 2019 event, a block reached the S.R.25
without record severe damage (cod. 34654); (d) November 6, 2019 event, a small rockfall occurred along the SRR.25 at km9.100, stopped on the road
pavement (cod. 34657); (e) September 13, 2015, four blocks affecting precisely the same area at km 9.10; (f) location of all the rockfall events occurred in
the same stretch of the hairpin bends of the S.R.25 at km 9.100, in red the post-February event (May 9, 2020) and in black the previous events recorded:
1=September 13, 2015; 2=0ctober 30, 2019; 3=November 6, 2019 event
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aim of planning appropriate protection and mitigation
measures.

The availability of an events database is a key factor in
the management of rockfall (or other slope failure phe-
nomena) hazards, leading to actions like susceptibility
maps computation or land planning. Governments, local
or national, with country sectors endangered by those
events, like the study area, should implement procedures
to compile an inventory to better cope with rockfalls and
their risk assessment. Example of those archives can be
found worldwide at national (Rupp and Damm 2020) or
site specific (Perret et al. 2006) levels; alternatively, they
can be compiled with the purpose of risk assessment
along an endangered infrastructure (Regmi et al. 2016).
When unavailable the databases should be carefully
designed to correctly store all the information and data
collected during field surveys and documents collection.
Besides, the data collection phase should be meticulously
planned to avoid surveying uncertain data, e.g. location
of the detachment zone being confused with impact
zone. Lastly the database should be implemented in an
Open Source architecture so as to facilitate data portabil-
ity and exchangeability.

Conclusions

Landslide susceptibility mapping has proven to be a reli-
able way to preliminary identify area featuring higher
proneness to slope instability, and usable as a tool in land
use and engineering interventions planning. The usabil-
ity of such maps over time and their reliability therefore
plays a key role to address the needs of technicians and
decision-makers in remedial works designing to protect
man-made structures and infrastructure. The a-posteriori
analysis of the rockfall susceptibility map along the main
road network of the Aosta Valley allowed us to verify its
consistency over time. From the dual-analysis, in GIS-
environment and through text-mining application, on
information collected in the regional landslide inventory,
an effective exploitation of both geocoded and documen-
tary data was ensured for the assessment of map reli-
ability. Exploiting the in detail and continuously updated
regional landslide inventory of this alpine region, we
derived a reliable dataset of the event occurred after
three years from the production of the map. Testing the
prior output mapping, based on the AHP approach, by
comparing the four main classes of susceptibility zona-
tion to the rockfall events occurred after the publication
of the map (post-February 2020), relevant correspon-
dences have been detected, with about 80% of the latest
events located in areas with high and very high suscep-
tibility. These results indicate that the recent events con-
sistently match the previous susceptibility map, pointing
out the predictive capability of this product over time.
Moreover, the text mining approach provided additional
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information to better characterize the impact of the ana-
lysed phenomena on the studied area by identifying the
most affected targets and the related degree of damage
and set up a preliminary frequency analysis. The analy-
sis allowed us to point out that, other than main roads,
also other infrastructures are affected by rockfalls such
as farm and forestry roads, a strategic network in such
an alpine area characterized by a remarkable presence of
farming and forestry practices, and footpaths that covers
a notable percentage of regional territory and are utilized
by thousands of tourists per year. Overall, susceptibility
maps certainly proven to be a useful tool for land plan-
ning, however their validity is, currently, limited to the
date of elaboration; a feasible improvement is the validity
check with a-posteriori approach, like the one proposed,
to verify their consistency over time and their usability
for risk management purposes.
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