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Abstract

:

A multi-hazard analysis (seismic, landslide, flood) is conducted to verify the impact on the road network. The ENEA CIPCast platform is an innovative Decision Support System (DSS) that is used to implement the analyses using GIS. Using analytical and geoprocessing tools, the hazards were assessed and mapped. The overlapping of different geospatial layers allowed the implementation of a specific hazard map for the road network. Multi-hazard values were obtained using an appropriate matrix of single values, which were classified, and then summarized into four classes of values. The analyses were conducted at the regional (Campania region), provincial (Metropolitan City of Naples), and local scales (island of Ischia and municipality of Casamicciola Terme). In particular, the landslide event that struck Ischia island on 26 November 2022 and the municipality of Casamicciola Terme was considered as a case study to determine the impact on the road network, infrastructures, buildings, and jeopardizing inter-municipal connections. The results are mainly visualized through map processing and statistical summaries of the data. The management of the landslide debris, which can contain a multitude of fractions (waste, biomass and vegetation, sludge, soil, and rocks transported downstream by water), was also explored. This is a frontier issue for which international manuals and guidelines, as well as national and emergency acts, have been examined. A specific protocol for the sustainable management of the debris generated by floods and landslides is needed, and discussed in the present paper, to overcome emergencies after catastrophic events.
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1. Introduction


The lifespan of infrastructure represents one of the most important challenges for the security and development of civilization [1,2,3]. Climate change and the increased frequency and intensity of disasters triggered by natural hazards put the security of the territories and people at risk [4,5]. Agenda 21 for sustainable development [6] first introduced the term, multi-hazard, stressing the need to complete research in this area to support planning, especially for those territories that are exposed to disasters triggered by natural hazards [7,8,9,10].



Many authors explain how one of the frontiers in research is to examine multi-risk scenarios, because there are well-defined methodological approaches available for individual risks [10,11,12,13]. In contrast, the combination of river floods [14], coastal floods [15], landslides [16,17,18,19], snow avalanches [20,21,22], and volcanic [23,24,25], seismic [25,26,27,28,29], and meteorological [30,31,32] hazards [33] is still difficult to determine.



Multi-risk has also been defined and considered as the implementation of methodologies and approaches aimed at estimating and mapping the possibility of one or more natural hazards occurring in a specific area [34], but there are approaches that compare different risks by adapting different methods of analysis to better achieve this goal [13,35]. Therefore, multi-hazard refers to an “all-hazard-at-a-place” concept [36,37,38,39] that can be classified using qualitative, semiquantitative, and quantitative perspectives.



GIS-based methodologies are particularly suitable for identifying the portions of land where disasters triggered by natural hazards of various kinds may occur [40,41,42]. The possibility of producing maps using the simple method of superimposing different natural hazards is one of the simplest, but at the same time, it is effective and usable for applications even for citizens or less experienced technicians. The distribution and intensity level of multi-hazard can also be obtained by assigning weights to each single hazard on the basis of specific social or economic parameters, such as the cost of damages, the number of people injured or killed, and the number of homeless people [43]. The Emergency Disaster Database [43,44], as well as the national and regional multi-risk approaches conducted in Germany [12] and Italy [45], are examples of mapping and relating different risk typologies for the territory. In France, the Délégation aux Risques Majeurs [46,47] is one of the most representative examples of multi-risk analyses carried out using the superposition of probability maps of seven different risks (Seismic hazard; Landslide hazard; Industrial accidents hazard; Forest fire hazard; Car accident hazard; Flood hazard; Hazard from dam collapse), and it is a useful tool at the different scales of investigation (regions, provinces, cities) [34].



Many areas are exposed to multiple natural and anthropogenic risks [48], but in Italy, a homogeneous and deterministic multi-risk analysis is not yet available [45]. In this context, the protection of Critical Infrastructures (CI) is a delicate task [49]. Critical infrastructures are defined as an “asset, system or part thereof […] which are essential for the maintenance of vital societal functions, health, safety, security, economic, or social well-being of people, and the disruption or destruction of which would have a significant impact in a […] State as a result of the failure to maintain those functions” [50]. Since 2005, the European Commission has adopted a green paper relating to a European program for the protection of critical infrastructures, which indicated the alternative policies to be followed concerning both the development of this program and the critical infrastructure warning information network [50].



Hazard monitoring, supported by Decision Support Systems (DSS), such as the ENEA’s Critical Infrastructure Protection risk analysis and the foreCast (CIPCast) platform [51], an inter-operable tool that can prove to be essential in the protection of critical CI, can provide effective support in dealing with issues related to hazard analysis and mapping [45,52,53,54]. GIS-based approaches are fundamental to carry out the hazard assessments, especially in realities that are so deeply marked by cyclically recurring disasters triggered by natural hazards (floods, landslides, earthquakes) [42,55,56,57,58]. The DSS are strategic for a continuous and careful monitoring of CI, given the intrinsic hydrogeological and seismic hazards of the national territory, allowing for real-time, cross-referenced information on the different hazards and, by systemizing the different information layers, using multi-hazard matrices for the investigation of the different types of CI [52,53,54,57,59,60]. This facilitates the prediction of the areas that are potentially exposed to greater hazards and the systemization of further data, which, combined with the vulnerability and the exposure of CI, for example, allow for the estimation of the specific risk and the overall risk [61,62,63,64,65]. For this reason, the CIPCast platform presents itself as a functional and cutting-edge tool in the field of real-time monitoring and detection for the purpose of targeted emergency management and the protection of the population, the built environment, and CI by incoming natural and man-made events.



CIPCast was conceived as a combination of free/open-source software environments and it is provided to customers through a user-friendly WebGIS interface, which allows:




	
The access to a large information database for situational awareness;



	
The forecast of the external event, with the support of multi-source datasets;



	
The estimation of the location and the severity of damages induced on CI elements;



	
The availability of critical services by accounting for cascading effects;



	
The optimized reconfiguration strategies to CI operators.








The objectives of this work are:




	
To validate the method implemented by Pollino et al. (2022) [45] for multi-hazard analysis;



	
To update the ENEA’s CIPCast GeoDatabase;



	
To implement a methodology related to the management of the debris generated by disasters triggered by natural hazards aiming to reduce the time and cost for an emergency response.








In this paper, we wanted to delve deeper into the topic of landslide debris management. In the case of disasters triggered by natural hazards, it is of fundamental importance to have and follow operational procedures that allow both to overcome the emergency and to optimize the recovery of materials and reduce waste production. The management of rubble in the case of earthquakes is an example [66,67,68].



As far as the management of debris, sludge and waste is concerned, it is evident that there is a lack of specific legislation at the international and European levels. Some guidelines of a non-binding nature are provided by international bodies [69,70,71,72,73,74,75,76]. The sanitization of animals’ bodies after catastrophes emerges in the international bibliography [77]. This is a frequent problem in the case of water and power supply disruptions [78,79]. The magnitude of the problem is directly correlated to the extent of the affected area and the time required to overcome the emergency.



Protocols and guidelines have been also produced by the European Union [72,80]. Even though there is no common protocol to manage the debris generated by catastrophic events, some attempt is in development in Italy [66,67,68]. For example, the National Civil Protection has already published operative protocols and their operational guidelines to manage the debris generated by earthquakes [81]. The Italian Ministry of Environment is producing a specific guideline on this topic because it is an emerging issue to resolve [82] (MASE 2023, in prep.). At present, the guidelines are mainly produced to solve the problem of rubble management generated by the collapse of buildings or CI [81]. In the case of the debris produced by landslides and floods, there is a higher heterogeneity of materials and more natural resources are involved, such as woods, soil, and water. The difficulties of separation, reuse of uncontaminated resources and reduction of waste are undeniably more complex. Debris management following disasters triggered by natural hazards has significant international implications and impacts [69,70,71,72,73,74,75,76], and there are some key points to consider: humanitarian, environmental, and economic impacts; infrastructure damage; cross-border implications; risk of secondary hazards (sanitary); and long-term recovery and resilience.




2. Study Area


The Campania region is located between the Tyrrhenian Sea in the Southwest and the southern Apennines in the Northeast (Figure 1).



It has an area of 13,670.95 km2 and it is the most densely populated city in southern Italy, with 5,588,430 inhabitants (updated November 2023 [83]). The region has a very complex morphology, characterized by the Apennine mountains and hills inland [84]. The lowland areas are mainly distributed in the Caserta area and the province of Salerno (North of Naples); therefore, most of the region is exposed to humid Atlantic winds due to the proximity of the Apennine ridge to the coast. This results in heavy rainfall events along the coasts (average P 1000 mm/y) [85,86,87,88,89], which sometimes triggers landslides and flooding [84].



It is a region of medium-to-high seismic risk, and among the most significant events was the Irpinia earthquake of 23 November 1980 (MW 6.9), which caused about 280,000 evacuations, 8848 injuries, and 2914 deaths [90]. There are also six major volcanoes. The most famous are Vesuvius, Campi Flegrei, and the volcanic complex of the islands. Throughout history, the activities of these volcanoes have determined the morphological structure of the region and the entire country [84]. In particular, the eruptions of the Campi Flegrei are dangerous and still under monitoring and early warning surveillance by the Italian National Civil Protection system for bradyseism events [91].



Naples is the regional capital of Campania and has a metropolitan area of 1171 km2. The city has a population of about 2,967,310 (updated November 2023 [83]), with a very high population density of about 2535 inhabitants/km2 (updated February 2023 [83]). The island of Ischia is the most exposed to both seismic and landslide events due to unstable slopes [92], along which rainfall can easily wash away the surface debris downstream [84,93,94,95,96,97,98,99].



Ischia has more than four hundred hotels and several private holiday homes [100]. The landslide of 26 November 2022 was a calamitous event that affected, again, a highly anthropized and populated territory within the Ischia island, the municipality of Casamicciola Terme. The area affected by this event was of a considerable size compared with the overall size of the built-up area of the municipality (Casamicciola) and involved the mobilization of materials due to the debris flow. Romeo et al. (2023) [42] estimated a volume of ~40,000 m3 of debris and waste that occluded sewers and diverted waterways during this event, as had already happened in the previous debris flows (e.g., Ortolani, 2009 [55]). Following the flood events of 26 November 2022, in addition to some stretches of road, the infrastructure most affected was the Casamicciola harbor, which was invaded by mud and debris flowing down from the mountain towards the sea. Following the event, the port of Casamicciola became silted and the debris that accumulated inside reduced the depth, compromising the safety of navigation [42,101,102,103,104].




3. Data and Materials


Materials


In this section, the datasets used in the present study are listed and described. Firstly, a series of geospatial layers, stored in the CIPCast GeoDatabase, were integrated. These data were acquired from open/public sources or collected as part of previous projects [105]. The datasets can be classified, according to the specific typology, in a geographical and hazard table (see Table 1) and in a CI data table (see Table 2).





4. Methods


To produce the hazard maps at the different territorial scales, the ArcGIS Desktop (ArcMap v.10.8.) and QGIS Desktop (v. 3.28) suites were used. The following Steps were performed:




	
Step 1. Data preparation and processing: to collect, organize, and process the basic data using the GIS software:




	◦

	
Implementation of single-hazard maps (flood, landslide, and earthquake);




	◦

	
Implementation of multi-hazard maps;




	◦

	
Implementation of landslide maps for the 26 November 2022 event (municipality of Casamicciola Terme), by intersecting and overlapping the considered CI;




	◦

	
Statistical analysis to calculate, for all the Areas of Interest (A.o.I.) (regional, provincial, island, and municipal scale), the length/number of the considered CI network (i.e., the road network) classified according to the different classes of hazard.









	
Step 2. Data repository: to store data and metadata in a geospatial database (PostgreSQL/PostGIS) [114,115]:




	◦

	
All the GIS layers produced were uploaded and stored in the CIPCast GeoDatabase.









	
Step 3. Analysis and elaboration: to manage stored data and metadata and publish them on the web (by means of the OGC standard) to enable geo-processing and risk analysis:




	◦

	
All the layers were organized in the GeoServer suite [116] for sharing and made available to the users via WMS.









	
Step 4. Client front end (WebGIS application): multi-hazard analysis process.




	◦

	
Results of the analysis and mapping: all the elements and/or parts of CI classified at different hazard levels were published within the CIPCast WebGIS application.














The workflow used in the present study is reported in Figure 2.



4.1. Hazardousness Mapping


Due to the importance and innovative contribution to the present study, the hazardousness mapping constitutes a core section (Section 4.1 and Section 4.2). The procedure used to achieve Step 1. has been schematized in Figure 3, in which the three main sub-steps that constitute the multi-hazard process are described. The latter updates the previous workflow proposed by Pollino et al. (2022) [45] (Figure 4 and Figure 5).



Step 1.1. consisted of selecting the national single-hazard maps (flood, landslide, and seismic separately) and the geospatial layers related to the CI under consideration. Pre-processing steps (1.1.a.) were conducted so that all layers were homogenized in the same cartographic reference system: RDN2008/UTM zone 33N (N-E) coordinates (EPSG:6708). The use of the ETRF2000 system in the 2008.0 is mandatory for the Italian Public Administration [117,118], as well as indicated in the European INSPIRE Directive (Technical Guidelines Annex I—D2.8.I.1; [119]).



Additional pre-processing steps were necessary for the hydraulic hazard maps from PAI 2020–2021 and the seismic hazard map. The flood hazard zones were mapped by the River Basin District Authorities (ISPRA National mosaic (v 5.0—2020) [106] and three different Probability Hazard Index (PH)x scenarios (Low, Medium, High) were defined according to the Legislative Decree 49/2010 [120] (implementation of the Flood Directive 2007/60/EC [121]). In the case of a hydraulic hazard, the PHx scenarios were merged into a synthetic GIS layer (using the Esri ArcGIS geoprocessing tool “Update”), in which the hazard classes were jointly mapped and hierarchically organized. In the seismic case, geoprocessing was used to join and homogenize the seismic hazard map in terms of PGA (“Peak Ground Acceleration” [107]), with the GIS layer containing the Seismic Classification of Italian Municipalities. This allowed us to provide an extended description of the seismic hazard for the entire Italian territory.



	
For the three single-hazard classifications, we followed the coloring of the area subject to the specific hazard class proposed by:PAI 2020 for the flood hazard classes as defined by [106] and reported in the ISPRA Idrogeo Platform [56] (https://idrogeo.isprambiente.it/app/, accessed on 4 April 2024 [89]). In particular, the flood hazard classes (as previously described) were thematized using a descending scale of blue (and white color for the “Not at-risk zones” class);



	
PAI 2020–2021 for the landslide hazard classes as defined by [106] and reported in the Idrogeo Platform [56] (https://idrogeo.isprambiente.it/app/, accessed on 4 April 2024 [89]). In particular, the National mosaic (v. 4.0—2020–2021) of the landslide hazard zones of the River Basin Plans (PAI) was mapped using the River Basin District Authorities. The landslide hazard was divided into six classes and thematized using a decreasing scale from red to yellow (and white color for the “Not at-risk zones” class);



	
INGV seismic zonation [107] for the seismic hazard, with a four-color intensity scale, from red (max value, 0.35 g) to light green (min value, ≤0.05 g).






Another pre-processing activity was dedicated to the exclusion of specific areas (e.g., marine areas) from the study (1.1.a.). The maps of the national individual hazards, obtained as an intermediate result, were respectively merged into three new synthetic GIS layers, intersecting the three hazards separately with the Area of Interest (A.o.I.), i.e., the state, regional, provincial, island, or municipal boundaries; therefore, circumscribing the study to a more limited and defined area (1.1.b.).



Step 1.2. A multi-hazard map referring to the A.o.I. was obtained using the “Union” GIS tool, which was subsequently applied to all three layers mentioned above in step 1.1.b. (1.2.a.).



Step 1.3. The synthetic information layer was finally intersected with the CI under consideration (road network), obtaining the overall hazardousness information for each portion of the CI under analysis (1.3.a.).



The attribute titles were (if necessary) cleaned up/renamed and the redundancies resulting from the multiple geoprocessing steps were removed. The purpose of this procedure was to allow the comparison of the three different hazard scales and to classify the results according to a multi-hazard synthetic value. In addition, a specific attribute related to the code of each administrative region into which Italy was subdivided was inserted, to make it possible to perform the statistical analysis at all survey scales.



Following the abovementioned approach, the results were represented using a multi-hazard map of the analyzed CI system (1.3.b.) (Figure 5).




4.2. Multi-Hazard Index Values (MIV) and Multi-Hazard Index Classes (MIC)


In order to assign multi-hazard values (Multi-hazard Index Values—MIV) in a consistent manner, a specific matrix with four overall value classes was created, which allowed values ranging from 1 to 4 (where 1 is the minimum assignable and 4 the maximum assignable) to be assigned, depending on the relative hazard for each type of hazard investigated (Table 3).



In detail, flood hazard was described using three classes of increasing probability (LPH, MPH, and HPH), with a value of 0 for areas not subject to flooding (“Not at Risk”). In the case of a landslide hazard, it was assumed that the attention zones (AA, for which, by definition, a precise zoning is not yet clearly defined) and the H1 zones (Moderate hazard) would be merged into a single class. Similarly, zones H3 and H4 (High and Very high hazard) were merged into the same class. The areas not subject to landslide phenomena were classified as 0. Detailed information on floods and landslides that have occurred in Italy over the years, as well as their territorial distribution, can be obtained from the ISPRA report on hydrogeological instability in Italy [106].



For seismic hazard, the four classes defined in the matrix fully reflected the national division into four zones. To homogenize the classes of the values of the multi-hazard matrix to the subdivision into four hazard zones at a national level, it was decided to summarize the MIV (with a minimum value obtainable from the sum of the three hazards equal to 3 and a maximum value obtainable from the sum of the three hazards equal to 12) using classes (Multi-hazard Index Classes—MIC). This process consisted of merging some of the multi-hazard values (3; 4, 5, 6; 7, 8, 9; 10, 11, 12) that were obtainable from the assignment of the corresponding MIV to the respective hazard (flood, landslide, and seismic) and reducing them to four classes (Low, Moderate, High, Very High) as described in Table 4.



For the multi-hazard mapping, an MIV scale in a red increasing intensity was chosen for the overall Ischia and Casamicciola road multi-hazard maps; a red-yellow-green scale, by increasing intensity, was chosen for the overlapping maps of the Casamicciola roads and the area of the 26 November 2022 event.




4.3. Mapping of the Casamicciola 26 November 2022 Debris-Flow Event


By means of the Copernicus EMS mapping [109], it was possible to elaborate and calculate the surface extension of the 26 November 2022 debris flow (km2 and m2) in Casamicciola Terme, using the ArcGIS Desktop suite. Purple oblique stripes were chosen for the 26 November 2022 landslide area thematization; blue oblique stripes were chosen for the area affected by the flood.



The obtained map was firstly merged with the contour map of the area and further compared with the hazard areas (hydraulic and landslide) attributable to the classification provided by the PAI 2021 [106], intersecting the Casamicciola territory.



The overlapping layers between both the debris flow, buildings, and road network of Casamicciola, and the flood and landslide hazard zoning (as indicated by the PAI 2021 [106]), with the building and debris flow were elaborated. A built-up basemap of Casamicciola, available using the OSM QGIS plug-in, was chosen as an overlapping field.



The length (km and m) and percentage of roads affected by the disaster of 26 November 2022 were then calculated and classified using multi-hazard MIV and MIC. Due to the absence of some MIV (in detail, MIV = 12 and 3), these were not included in the legend when carrying out the mapping, to make the representation clearer. A multi-hazard MIV scale using a red-yellow-green scale, by increasing intensity, was chosen.




4.4. CIPCast Implementation


The further in-depth phase of the work was devoted to implementing the geospatial layers obtained (Step 1.) on the ENEA CIPCast platform, as shown in the flowchart in Figure 1. The further steps of the CIPCast workflow consisted of: Step 2., in which all the GIS layers produced were stored in the CIPCast GeoDatabase (PostGIS/PostgreSQL [114,115]); Step 3., consisting of their configuration in the GeoServer [116] so as to be published; and Step 4., where the CIPCast WebGIS application was exploited to make the layers and maps available to the users via the WMS protocol (for further and in-depth process description see Pollino et al. (2022) [45]; and Giovinazzi et al. (2017), (2022) [53,54]).



In particular, the geospatial data were styled (color, thickness, and other visible attributes) to render them correctly in the WebGIS environment. The debris flow event layers were properly thematized for the CIPCast WebGIS interface, as described in Section 4 (Step 2., 3. and 4.).



Finally, the CI was characterized using a hierarchical scale, starting from the classification provided by the OpenStreetMap (“tags”) of the different hierarchical levels:




	
Motorway;



	
Trunk;



	
Primary Road;



	
Secondary Road;



	
Local Road;



	
Other Roads.









4.5. Debris Management


In Italy, after a calamitous event, a commissioner is usually appointed, who is a legal figure with special powers to authorize specific activities, while also applying the derogation of existing regulations in order to overcome emergencies. The methodology used in this article to better understand how to manage the debris generated by floods and landslides was developed in several stages:




	
Bibliographic research at the international level;



	
In situ surveys of the sites affected by the flood of 26 November 2022 (Ischia);



	
Collection and analysis of administrative acts related to debris management activities (a summary of the relevant information contained in each authorization decree was considered in the present study even if it is not possible to submit a copy of the original documentation—in Italian);



	
Implementation management scheme for debris management aimed at reducing costs and time by following the principles of the European directives on waste management and the circular economy.










5. Results


The results obtained are described to firstly provide an in-depth statistical calculation of the overall lengths and portions of the roads (km) and their percentage classified using single hazards, for each considered A.o.I (region, province, island, municipality). Furthermore, thanks to the MIV matrix, it was possible to assign an overall hazard value to each element/part of the CI considered, which can account for each specific individual hazard value in a synthetic and extensive manner. Therefore, the overall lengths and percentage of road for each different MIV and MIC were calculated. From the results obtained on the overall length of the road network for the different A.o.I., it was possible to calculate the road network extension for:




	
The Campania region: ~61,435 km;



	
The Metropolitan City of Naples: ~12,080 km;



	
The island of Ischia: ~585 km;



	
The Casamicciola Terme municipality: ~73 km.



	
The data, listed above and suitably classified, are shown in Table 5.








5.1. Multi-Hazard Mapping


Starting with the overall data collection in Table 5, the specific data related to the island of Ischia (and the municipality of Casamicciola Terme) were further processed to obtain a multi-hazard mapping for the whole road network. The roads of Ischia and their MIV are shown in Figure 6, thematized in a scale of red color, that clearly associates the increasing multi-hazard values (MIV) with the increasing color tones. The administrative boundary of the municipality of Casamicciola is highlighted with a blue line.




5.2. Casamicciola 26 November 2022 Debris-Flow Event


In order to frame the area affected by the landslide that occurred on 26 November 2022 in a more in-depth manner, the map of the area of the event was superimposed on the contour-line graph, to highlight the strong slope that characterizes the northern slope of M. Epomeo, in the direction of the town of Casamicciola, as shown in Figure 7.



GIS analytical processing conducted on the event data (i.e., geometric calculations on the attribute table of the GIS layers) showed that the area struck by the landslide was approximately 0.282 km2 (~282,000 m2), and the area affected by flooding (flash flood) was 0.004 km2 (~4000 m2). The areal map of the event was then merged into both the ArcGIS Desktop and QGIS suites. ArcGIS was firstly used to provide the spatial overlapping of the event and the PAI 2021 flooding map (see Figure 8).



The second step was performed using the QGIS suite. Starting with the data shown in Figure 8, this allowed us to provide an in-depth analysis that highlighted the landslide path, the PAI 2021 flooding map, and the overlapping area of the latter with the built-up area of Casamicciola (see Figure 9).



The multi-hazard layer of the Casamicciola Terme road network (see Figure 10) was then merged with the 26 November 2022 debris-flow extension layer. The color scale was differentiated from the others, opting for a multi-hazard MIV scale using a red-yellow-green scale, by increasing intensity, for a clearer readability of the map. From this layer, it was possible to extract the information on the different MIV of each road portion affected by the event and the percentage values. The length of the road network struck by the landslide event was ~5.1 km; the area that was affected by flooding was ~0.7 km of the overall extension of the municipal roads.



Furthermore, we processed the overall multi-hazard map of the Casamicciola road network struck by the debris flow. Thus, every struck portion of the CI under consideration was extracted; finally, for the latter, the corresponding total and percentage km classified using MIV were calculated (see Figure 11). The analysis showed that ~1.7 km (2%) of the struck Casamicciola road network corresponded to an “MIV = 5”; ~2.8 km (4%) was exposed to a multi-hazardousness corresponding to an “MIV = 8”; and ~0.3 km (1%) corresponded to an “MIV = 11”.




5.3. CIPCast Implementation


The mapping of the 26 November 2022 event that affected the island of Ischia (and more specifically Casamicciola Terme) and its impact on the Casamicciola road network, were implemented using the ENEA CIPCast platform. The layers described in Section 5.1 and Section 5.2 were first processed and appropriately themed, loaded into the CIPCast GeoDatabase (PostGIS/PostgreSQL), and then configured into GeoServer to be published within the CIPCast WebGIS interface. By exploiting the platform, it was possible to select and query—among the different information layers available—the layers processed and produced in the present study (Figure 12). Moreover, the event area can be overlaid with the road network, categorized in detail by hierarchical level according to the categorization derived using the OSM classification (“tags”).




5.4. Debris Management


In general, it is not possible to know the composition of the debris generated by disasters triggered by natural hazards. Therefore, their management is not straightforward and international guidelines show several differences in application and operative protocols. Rather than using a general methodological approach, manuals describe the activities carried out or general operational protocols to be followed during emergencies, but they are not always related to the debris [69,70,71,72,73,74,75,76].



The 26 November 2022 disaster event that happened in Ischia has peculiarities that distinguish it from many others:




	
An island;



	
Difficult connections to the mainland;



	
A steep territory near the coast;



	
Many houses, buildings, and critical infrastructure (roads and ports) exposed to slope vulnerability.








These characteristics caused the siltation within the Casamicciola harbor by landslide fine materials. As a result, the debris was transferred to collection sites or disposed of on the mainland and part of this (the total amount is unknown) was recovered on the island (for naturalistic engineering with vegetation and lithoids).



The Port of Casamicciola, however, was dredged to restore and improve its functionality. The characterizations of sediments, dredging operations, and offshore dumping were completed in less than 8 months. The dredging operations were carried out by means of an environmental bucket (hermetic bucket), mounted on a self-loading motorized skip, which was equipped with an openable bottom [104]. The dredged sediments were transported and submerged at 7.5 km offshore (at a depth of more than 100 m; see Figure 13). The quality of the dredged material was determined using accurate characterization and the dredged volume was calculated in order to restore the depth of the seabed within the marina as per the original design (i.e., as it was before the flood event; see methodology of Cappucci et al. (2020) [67]).





6. Discussion


6.1. Critical Infrastructures


CI plays a fundamental role in a country’s economy and development. Among the strategic CI, the road network is certainly in the sphere of essential services provided to citizens and provides a strategic rule in mobility and transport [45,50,122]. The research conducted in the present study revealed that data processing and analyses provide information that is relevant to understand the hazard at different spatial scales. CIPCast is an innovative Spatial Decision Support System (S-DSS) and interoperable platform for CI hazard mapping and risk analysis [45,52,53,54]. It is based on a multi-tier architecture composed of four steps.



In the present study, each specific individual hazard value (flood, seismic, landslide) was combined in a synthetic and extensive manner to analyze the results of the present study according to scale. The multi-hazard Index Values (MIV) matrix made it possible to assign a value to each element/part of the CI considered.



At the regional level, the Campania Region presented both hydrogeological and seismic criticalities. Of its ~61,435 km of road network, ~57,000 km (about 94%) is not subject to hydraulic hazard, while ~4000 km (about 6%) is exposed to medium and high hydraulic hazards (MPH and HPH). Almost 50% of the roads are subject to a landslide hazard with ~12,000 km of roads falling in the landslide hazard classes of medium to very high. About 14% of the road network in Campania is subject to high and very high hazards. As far as seismic hazard is concerned, all roads are exposed to a high seismic hazard, and are entirely between the medium and very high hazard levels. In particular, ~8300 km of the regional roads (14%) are in the latter hazard class.



Multi-hazard classes were estimated for the road network CI in the Campania region, which fell within the multi-hazard classes from “Moderate” to “Very High”. In detail, 75% of the roads fell in the “Moderate” hazard class (~46,250 km); 24% fell in the “High” hazard class (~14,800 km); and 1% of roads fell in the “Very High” hazard class (~400 km).



At the provincial level, the Metropolitan City of Naples presented several and relevant data on hazards concerning the multi-hazard affecting the territory and the road network (extended for about 12,080 km). Ninety-four percent of Neapolitan roads (~11,730 km) are not subject to hydraulic hazard. Six percent of the road network (~700 km) is exposed to hydraulic hazard and, of the latter, 3% of roads (~400 km) are subject to the highest flood hazard (HPH).



Landslide hazard impacts 20% of roads, which correspond to more than ~1600 km of CI subject to medium to very high landslide hazards (13.5%). The roads of the Metropolitan City of Naples are subject to medium to high seismic hazards, with 28% of the road network (~3350 km) in the medium seismic hazard class and as much as 72% of the roads in the high hazard class (~8700 km).



The Metropolitan City of Naples is highly urbanized; however, the extent of the impact on local traffic and the duration of their closure due to a natural event depends on many factors. In general, areas most prone to landslide hazards are concentrated in the hills and mountains of the province, along the steepest slopes of the islands and in the Sorrento Peninsula area (south of Naples). In these areas, the roads are few and of secondary importance, primarily connecting rural areas.



Some other areas subject to a high landslide hazard are also located along small sections of the internal highways, the Naples ring road (near the civil airport of Capodichino) and the Campi Flegrei (Naples ring road A56 between the municipality of Quarto, the municipality of Pozzuoli, and the western outskirts of Naples), which connects the capital with neighboring municipalities.



Multi-hazard Index Classes (MIC) showed that 85% of the Neapolitan province road network (~10,300 km) has a “Moderate” multi-hazard class. The remaining 15% was divided between the classes “High” (~1700 km; 14%) and “Very High” (~80 km; the remaining 1%).



On the island of Ischia, 7% (~40 km) of the overall road network CI (about 585 km) was affected by the highest hydraulic hazard class (HPH). Approximately 36% (~210 km) of the roads were subjected to a landslide hazard, and 28% of these (~162 km) were exposed to the high (~81 km; 14%) and very high (~81 km; 14%) hazard classes.



In addition, the entire road network of Ischia was exposed to a seismic hazard with the medium (~51%) and high (49%) hazard classes. Therefore, 100% of the road network on the island of Ischia was subject to a significant multi-hazard, with 67% of its roads falling into the “Moderate” class, 31% into the “High” class, and the remaining 2% into the “Very High” class. The road system is of fundamental importance on a small island for a multitude of reasons [123] because tourism, economic development, security, and safety are all guaranteed by the road network as a primary and lifeline infrastructure [67,124]. It allows transit to and from the island’s hospital and, during emergencies, roads are the only way to connect and assist the population without helicopters.



Within the municipality of Casamicciola Terme, ~73 km of the roads were present and 7% (~8.3 km) were affected by the highest hydraulic hazard class (HPH). Approximately 42% (~50 km) of the roads were in territories with a landslide hazard from moderate to very high, 15% (~17 km) of the roads were in the high class and 20% (~25 km) were in the very high class. Obviously, a seismic hazard is present on 100% of the road network, but the medium hazard class impact was 19% (~25 km) and the high hazard class was 81% (~60 km).



Multi-hazard analysis revealed that 56% of the roads were in the “Moderate” class, 42% were in the “High” class, and the remaining 3% were in the “Very High” class. To summarize, almost one tenth of the IC road network in the municipality of Casamicciola Terme was subject to a hydraulic hazard and almost half was subject to a landslide hazard, while it was totally exposed to a seismic hazard with a mainly high hazard class. The whole municipal road network was subject to multi-hazard, an important fact in terms of protecting the population and managing emergencies related to disasters triggered by natural hazards. The possibility of timely and effective intervention in the case of disasters triggered by natural hazards characterizes the island and recurs over time; therefore, this is a central theme for the management of emergencies on the island and in the municipality of Casamicciola Terme in particular.



What emerges from this analysis is that the roads in a territory are like the circulatory system in the human body. When they are functioning, no one thinks about their importance, but when a catastrophic event compromises their use, suddenly the system does not work, and the importance of the roads’ critical infrastructure emerges. Roads can be still considered the engine of the economy and their importance is inverse compared with extension of the study area. In the case of the island of Ischia, travel to and from the tourist resorts, access to beaches and sites of natural and archaeological interest, and the supply of necessities that serve to support tourism are irreplaceable.



The landslide generated by the heavy rain affected the seaside escarpment along the highway SS No. 270, which is the connecting road between the municipality of Casamicciola Terme and the neighboring municipalities of Lacco Ameno, Forio, and Ischia. In addition, SS270 is fundamental because it is the main route to reach the only hospital on the island, located in the municipality of Lacco Ameno, in a reasonable time. This fact underscores the importance, especially in realities in which the viability between municipalities and within the municipality itself are limited and essential. Careful management of the territory and the CI becomes a serious problem that needs to be overcome quickly by the decision-maker and the competent authorities from both operative and legislative aspects. Therefore, it is essential to monitor and manage the road network and the dangers to which they are constantly exposed. This issue is even more important in small and isolated territories and communities in case of rescue requirements.



Some stretches of road became flood torrent beds themselves, carrying from upstream to the sea everything that they found along the way, which damaged not only the critical infrastructures but also demolished some homes due to the excessive load and the flow velocity. Besides some limitations of the qualitative approach used in this study for the multi-risk analysis, the findings of the present research have the potential to aid the decision-makers in charge of the CI in the regions considered in the case study, so that the impact of disasters triggered by natural hazards can be mitigated.




6.2. Debris Management


Once again, the management of the debris generated by various disasters triggered by natural hazards appears to be fundamental to overcome emergencies. Figure 14 shows the severity of the flood event that occurred on 26 November 2022 and the extent of the disruption from the mountains inland to the sea, with vegetation, lithoids, vehicles, miscellaneous waste in some spots, and piles of rubbish (see Figure 14a–f).



The foot of the landslide reached the sea, silting up the port of Casamicciola, which reduced its depth, and it remained full of mud, sand, and debris for several months. The finest fraction of the material transported downstream by the landslide forced the competent local authority to conduct a dredging to guarantee the safety of navigation and connection to the mainland by ferries.



In addition, during the management operation, the liquid fraction was also subjected to strict regulation to avoid contamination during all steps of transport, treatment, and consequent management [126]. In May 2023, the Emilia Romagna region (Northern Italy) was flooded and many landslides occurred. The management of the debris was approached through promoting reuse and recovery in order to mitigate the impacts and reestablish safety levels and normal living conditions in a shorter time [127]. Based on recent emergencies that have occurred in Italy, the RETURN Project is implementing a methodology to manage the debris generated by disasters triggered by natural hazards (i.e., floods and landslides in particular). At present, lithoids, vegetation, WEEE (“Waste from Electrical and Electronic Equipment” [128]), and sediment management are adopted following the criteria of the circular economy and the sustainable use of natural resources; a general workflow is reported in Figure 15.



The management of the debris generated by disasters triggered by natural hazards is a very complex topic. A standard protocol is not easy to produce, but it certainly involves a lot of technical and economic effort to ensure that the material recovered from the landslide debris or from dredging is compatible with the restrictions of the international and European legislation. Figure 15 is self-explanatory and must be considered a preliminary general workflow adopted for debris management that can be implemented in the future.



Disaster events are generated through different processes that cause different risks and impacts on CI. In the future, different guidelines and protocols should be adopted, depending on the damaged CI and the fractions of material/waste generated that could be recovered to avoid disposal. In Italy, there are no guidelines on the management of sludge produced by flood and ground instabilities. The planning of debris management cannot be standardized; therefore, debris is often considered as dangerous or mixed waste and is disposed and/or managed considering the facilities and characteristics of territory.



The island of Ischia has few waste management facilities and the transfer of waste by sea to services on the mainland has been necessary. The deputy manager, appointed using extraordinary legislation, finalized the debris and sludge management activities so that the terrestrial and marine environment would be protected to apply the principles of reuse, recycling, prevention, preparation for reuse, recovery, and minimizing landfilling.



Following the principles of the circular economy, the recovered lithoids have been primarily reused for restoration, extension, or the new construction of dry-stone walls, with the function of protection from landslides and alluvial phenomena. In this way, future hydraulic and hydrogeological risks are mitigated. The municipality of Casamicciola has allowed the use of stones collected from debris for ornamental use along walls, pathways, and public gardens. Vegetal materials have been used for natural engineering and NBS, such as protection and containment from meteorological events through fences and barriers. Biomasses were distributed and given to the population and to combustion for energy production and burning activities of plant residues were allowed; therefore, the disposal of lithoids and wooden materials was simplified by several administrative Acts [129,130,131,132,133].



In Ischia, the debris silted within the harbor were removed by applying the options available for sediment management [124]. Beach nourishment was also considered to protect and nourish the sandy coast by reusing/recycling a compatible fraction of debris, but the dredged material, after characterization, was dumped offshore [67,120,134,135].



In general, the objective of decreasing the production of waste and favoring the reuse and recycling of debris should always be considered, according to the principles of “protection and enhancement of the environment […]” and “transparency and cost-effectiveness” [121].





7. Conclusions


CI in the Campania region are affected by several hazards. The multi-hazard classification proposed in this paper suggests that continuous and careful monitoring is required as the exposure to catastrophic events is significant. The Metropolitan City of Naples has a portion of the road network CI subject to significant multi-hazards. The nearby area of Campi Flegrei is under monitoring at present and an emergency plan is ready to be adopted in the case of increased seismic activity. In general, monitoring actions appear necessary to ensure functionality and safety in the event of disasters, especially in some areas.



One of the most critical locations is the island of Ischia, which is periodically affected by disasters triggered by natural hazards. In this paper, we discovered that almost one tenth of Ischia’s road network is prone to hydraulic hazard and more than one third is subject to landslide hazard, while it is totally exposed to seismic hazard with important hazard classes (medium and high). Ischia was recently affected by an earthquake in 2017 (2 people were killed and 42 people were injured) and a catastrophic flood in 2022 that caused 12 deaths, 5 injuries, 462 people were displaced, and 40 homes were affected.



The management of debris generated by disasters triggered by natural hazards is a very complex topic and literature review, and at an international level, it is not sufficient to face administrative, technical, scientific, and practical issues. In the past few months in Italy, steps forward have been taken to improve the sustainable use of debris, but only a small part of these can avoid landfilling. The management of debris generated by various disasters triggered by natural hazards (floods, landslides, earthquakes) appears to be fundamental and a pioneering topic strongly related to critical infrastructure design and recovery. In summary, the management of debris generated by disasters triggered by natural hazards has far-reaching implications at the international level, affecting humanitarian, environmental, economic, and security concerns. Collaborative efforts between governments, international organizations, NGOs, and local communities are essential to address these challenges and build more resilient societies.
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Figure 1. Study area. 
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Figure 2. Workflow implemented for the CIPCast platform. The multi-tier architecture of CIPCast is divided by Step (from 1. to 4.). 
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Figure 3. Workflow of the multi-hazard analysis process (Step 1.) (Pollino et al. (2022) [45], modified). 
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Figure 4. Description of Step 1.1. of Figure 3: from a single-hazard map to a multi-hazard map of the Area of Interest (state, region, province, municipality) (Pollino et al. (2022) [45], modified). 
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Figure 5. Description of Step 1.2. and Step 1.3. of Figure 3: intersection of the CI under consideration with the multi-hazard map to create an overall CI multi-hazard map for the Area of Interest (state, region, province, municipality) (Pollino et al. (2022) [45], modified). 
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Figure 6. Elaboration of the multi-hazard map of the road network CI of Ischia (40°45′ N–13°55′ E). The multi-hazard MIV scale is presented using a red scale, by increasing intensity (only values present in the area under examination). 
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Figure 7. Elaboration of the areal extension of the 26 November 2022 event of Casamicciola Terme with contour lines (40°45′ N–13°55′ E). 
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Figure 8. Elaboration of the 26 November 2022 debris-flow event of Casamicciola Terme: overlapping PAI 2021 flooding map (only hazard classes present in the area under examination) and the event-struck area (40°45′ N–13°55′ E). 
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Figure 9. QGIS visualization of the Casamicciola 26 November 2022 debris-flow event: overlapping layers of the struck area, the Ischia and Casamicciola boundaries, and the PAI 2021 flooding map (OSM basemap) with the Casamicciola built-up area (40°45′ N–13°55′ E). 
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Figure 10. Elaboration of the debris flow struck area overlapping the multi-hazard map of the overall Casamicciola road network CI. The multi-hazard MIV scale is presented using a red-yellow-green scale, by increasing intensity (only values present in the area under examination). 






Figure 10. Elaboration of the debris flow struck area overlapping the multi-hazard map of the overall Casamicciola road network CI. The multi-hazard MIV scale is presented using a red-yellow-green scale, by increasing intensity (only values present in the area under examination).



[image: Land 13 00500 g010]







[image: Land 13 00500 g011] 





Figure 11. Elaboration the portion of the roads within the area struck by the event of Casamicciola Terme (40°45′ N–13°55′ E). The multi-hazard MIV scale is here presented using a red-yellow-green scale, by increasing intensity. 
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Figure 12. Visualization of the 26 November 2022 landslide and the Casamicciola road network thematized by hierarchical level using the WebGIS interface of the CIPCast platform (ENEA): e.g., the Casamicciola boundary; the 26 November 2022 event area; the built-up area; and the road network and its multi-hazard values. The struck area is overlapped on the Google Satellite basemap. Legend size has been emphasized (the study area is located at 40°45′ N–13°55′ E). 
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Figure 13. Sediment management of the Casamicciola Harbor. The green box represents the dumping area of the dredged sediment (From: Sutera, 2023 [104]). 
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Figure 14. The debris of the mudflow into the riverbed (a,b), along the road network (c–e) down to the Port of Casamicciola (f), after the 26 November 2022 event. Photo of Prof. V. Baiocchi; M.G. Farrace; ANSA (15.e; [125]). 
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Figure 15. Graphical representation of the debris composition and management (Grey: metals and minerals; Black: tarmac; Brown: lithoids; Green: Vegetation; Purples: vehicle and liquid wastes; Red: hazardous wastes). Among the artistic and architectural heritage, the personal effects are sometimes included. 
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Table 1. Geographical and hazardousness table of the 26 November 2022 Casamicciola landslide event dataset.
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	#
	Description
	Source





	A-1
	National mosaic of flood hazard—PAI 2020 v.5.0
	ISPRA Idrogeo

[106]



	A-2
	National mosaic of landslide hazard—PAI 2020–2021 v.4.0
	ISPRA Idrogeo

[106]



	A-3
	Italian Seismic Hazard Maps—2004
	INGV

[107]



	A-4
	National Seismic Classification of Municipalities 2021
	Dep. Civil Protection

[108]



	A-5
	EMSR643: Mudflow in Ischia, Italy—2022
	Copernicus Emergency Management Service

[109]



	A-6
	Boundaries of administrative units—2023

(Campania Region; Metropolitan City of Naples; Ischia Island; Municipality of Casamicciola Terme)
	ISTAT

[110]



	A-7
	Campania Region Territorial Information System
	Campania Region

Geo-Portal

[111]



	A-8
	Administrative acts related to debris management
	Dep. Civil Protection

[112]










 





Table 2. Road network CI dataset containing information on topology, length, corresponding management authority, and hierarchy (from a primary to a local level scale).






Table 2. Road network CI dataset containing information on topology, length, corresponding management authority, and hierarchy (from a primary to a local level scale).





	#
	Description
	Source





	B-1
	Italy Road network
	OSM—Open Street Map

[113]










 





Table 3. Multi-hazard Index Values (MIV) assignable to the different hazard types (hydraulic, landslide, and seismic).






Table 3. Multi-hazard Index Values (MIV) assignable to the different hazard types (hydraulic, landslide, and seismic).





	Flood

Hazard Classes
	Landslide

Hazard Classes
	Seismic

Hazard Zones
	Multi-Hazard Index Values (MIV)





	0
	0
	Zone 4
	1



	LPH (300–500 y)
	AA + H1
	Zone 3
	2



	MPH (100–200 y)
	H2
	Zone 2
	3



	HPH (20–50 y)
	H3 + H4
	Zone 1
	4










 





Table 4. Multi-hazard Index Values (MIV) sum and Classes (MIC) obtained from the homogenization and organization of the multi-hazard values into four classes.






Table 4. Multi-hazard Index Values (MIV) sum and Classes (MIC) obtained from the homogenization and organization of the multi-hazard values into four classes.










	Map Color
	Multi-Hazard Index Values (MIV) Sum
	Multi-Hazard

Index Classes (MIC)





	
	MIV = 3
	Low



	
	4 ≤ MIV ≤ 6
	Moderate



	
	7 ≤ MIV ≤ 9
	High



	
	10 ≤ MIV ≤ 12
	Very High










 





Table 5. Statistical breakdown of the overall length (km) and percentage (%) of the CI in the different considered A.o.I. (region, province, island, and municipality) by single hazards (flood, landslide, and seismic), multi-hazard values (MIV), and multi-hazard classes (MIC).






Table 5. Statistical breakdown of the overall length (km) and percentage (%) of the CI in the different considered A.o.I. (region, province, island, and municipality) by single hazards (flood, landslide, and seismic), multi-hazard values (MIV), and multi-hazard classes (MIC).





	
CI Road Network

	
Campania

Region

	
Metropolitan City of Naples

	
Ischia Island

	
Municipality of Casamicciola Terme




	
Km

	
%

	
Km

	
%

	
Km

	
%

	
Km

	
%






	
Flood

hazard

	
HPH

	
1432

	
2%

	
404

	
3%

	
39

	
7%

	
8.3

	
11%




	
MHP

	
1863

	
3%

	
193

	
2%

	
0

	
0%

	
0

	
0%




	
LHP

	
372

	
1%

	
110

	
1%

	
0

	
0%

	
0

	
0%




	
NaR

	
57,768

	
94%

	
11,372

	
94%

	
546

	
93%

	
64.9

	
89%




	
Landslide hazard

	
P4

	
4198

	
7%

	
560.5

	
4.6%

	
81

	
14%

	
13

	
19%




	
P3

	
4427

	
7%

	
656.5

	
5.4%

	
81

	
14%

	
10

	
13%




	
P2

	
4613

	
8%

	
429

	
3.5%

	
9

	
1%

	
3

	
4%




	
P1

	
6281

	
10%

	
786

	
6.5%

	
39

	
7%

	
5

	
6%




	
AA

	
9174

	
15%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
NaR

	
32,741

	
53%

	
9648

	
80%

	
375

	
64%

	
42

	
58%




	
Seismic

hazard

	
Z1

	
8385

	
14%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
Z2

	
27,247

	
44%

	
8729

	
72%

	
290

	
49.5%

	
59.5

	
81%




	
Z3

	
25,803

	
42%

	
3350

	
28%

	
295

	
50.5%

	
13.5

	
19%




	
Z4

	
0

	
0%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
MIV

	
12

	
20.5

	
0.03%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
11

	
175.5

	
0.27%

	
41

	
0.3%

	
4

	
1%

	
1.1

	
1.5%




	
10

	
204

	
0.3%

	
36

	
0.3%

	
10

	
2%

	
1

	
1.5%




	
9

	
955

	
2%

	
50

	
0.4%

	
1

	
0.1%

	
0.002

	
0%




	
8

	
4963

	
8%

	
789

	
6.5%

	
71

	
12%

	
19.5

	
27%




	
7

	
8872

	
14.4%

	
856

	
7%

	
106

	
18%

	
10.5

	
14%




	
6

	
14,037

	
23%

	
729

	
6%

	
20

	
3.4%

	
4.5

	
6%




	
5

	
21,036

	
34%

	
7797

	
64.5%

	
213

	
36.5%

	
33

	
45%




	
4

	
11,172

	
18%

	
1782

	
15%

	
160

	
27%

	
3.7

	
5%




	
3

	
0

	
0%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
MIC

(MIV range)

	
Very High

(10 ÷ 12)

	
400

	
0.6%

	
77

	
1%

	
14

	
2%

	
2

	
3%




	
High

(7 ÷ 9)

	
14,790

	
24.4%

	
1695

	
14%

	
178

	
31%

	
30

	
41%




	
Moderate

(4 ÷ 6)

	
46,245

	
75%

	
10,308

	
85%

	
393

	
67%

	
41

	
56%




	
Low

(3)

	
0

	
0%

	
0

	
0%

	
0

	
0%

	
0

	
0%
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