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Abstract

:

Active landslide risk assessment and management are primarily based on the availability of dedicated studies and monitoring activities. The establishment of decision support for the efficient management of active landslides threatening urban areas is a worthwhile contribution. Nowadays, consistent information about major landslide hazards is obtained through an interdisciplinary approach, consisting of field survey data and long-time monitoring, with the creation of a high populated dataset. Nevertheless, the large number and variety of acquired data can generate some criticalities in their management. Data fragmentation and a missing standard format of the data should represent a serious hitch in landslide hazard management. A good organization in a standard format can be a good operative solution. Based on standardized approaches such as the ICAO (International Civil Aviation Organization), we developed a standard document called operative monography. This document summarizes all available information by organizing monitoring data and identifying possible lacks. We tested this approach in the Aosta Valley Region (NW Italy) on five different slow moving landslides monitored for twenty years. The critical analysis of the available dataset modifies a simple sequence of information in a more complex document, adoptable by local and national authorities for a more effective management of active landslides.
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1. Introduction


Landslides are one of the most common natural disaster throughout the world [1,2]. Different authors have studied their impact on population and infrastructure [3,4,5], which also pointed out the costs and effects on society.



The definition of the impact of landslides is usually performed through dedicated risk management procedures [6,7,8,9]. These operations are multi-component decision-making processes aimed at reducing the impact of landslides on territories and infrastructure, and creating mitigation strategies. This entails a compound framework of various actions such as (i) land use planning, (ii) engineering intervention, (iii) monitoring and warning system [10].



In Italy, landslides constitute a big issue, affecting about 6.9% of the regional territory [11], often causing causalities and economic losses [12]. Landslide risk management requires participation at various levels by national, regional, and municipal authorities, often with the support to decision makers of the scientific community. It is notable that, in the case of large active phenomena involving urban areas, infrastructure, and population, the National Civil Protection intervention is required. A broad overview of those phenomena becomes an essential guidance for any decision and evaluation in landslide risk management [13], and land use planning establishment [14,15].



The underlying element in landslide risk management consists of landslide inventory and associated dataset. In Italy, the Italian Landslide Inventory, named IFFI [11], involves national, regional, and local institutions. This inventory has a homogeneous and integrated collection mode of landslide data over the entire national territory. Specifically, for each inventoried phenomenon, IFFI produced a “Landslide Data Sheet” [16], which collects the qualitative and quantitative parameters of the considered phenomenon. The structure of this project is a GIS group of layers and an associated database. From that project, regions and local authorities derived similar products like: (i) “Piedmont Landslides Information System” (SiFraP) [17], (ii) “Catasto Dissesti” a landslide registry of the Aosta Valley Region [18], (iii) “Carta Inventario delle Frane” a map inventory of the Emilia-Romagna Region [19], (iv) the Tuscany inventory [20], (v) the “AVI project” tested on the Umbria and Marche Regions [21].



Inventories and datasets are cornerstones in support investigations, by providing updated information on where and when landslides occurred. In recent years, innovative approaches have provided an important step forward by integrating the existing inventory with other resources derived from technical community [22], or benefit from application of semantic engine to scan news available on internet [23]. Alongside, the scientific community emphasized the importance of correct management of data, their clear representation and dissemination in the field of landslide monitoring [24,25,26].



Taking into account active landslides, consistent information about each single unstable area may occur. Indeed, the high vulnerability of those cases required an in-depth characterization of the hazardous landslides. For more complex and hazardous situations, simple identification and mapping of phenomena is not enough. In these cases, regional and local authorities commonly carry out or order landslide investigation studies, concerning the exploitation of the internal structure of the landslide, its type of movement, state of activity, history, triggers, etc. These studies aimed to evaluate the current hazard level can be supported also by monitoring systems that are fundamental for the definition of the evolution of the slope instability. Due to the kinematic evolution of active landslides, these analyses can go on for many years, also by repeating, in order to provide advancements in the interpretation of landslide behavior. It should be noted that the repetition and the progressive update of the studies from the past generates a flux of additional information that is hard to handle.



In fact, this sequence of information, based on a dataset that can evolve during the time, can produce differences in the geological model, in landslide geometry definition, or in the evaluation of the level of danger, and/or the identification of elements at risk according to landslide activity. The accumulation of new information and the possible definition of models that can differ from precedents should be carefully considered and managed in order to avoid the presence of documents or studies with conflicting conclusions.



As mentioned before, the study of active landslides frequently requires the use of several monitoring systems, able to support the development of the geological model, control landslide evolution, and if necessary, to be exploited as an early warning system in case of collapse of the landslide. Monitoring can be performed using traditional in situ system as: (i) Global Navigation Satellite System (GNSS) [27,28]; (ii) Robotized Total Station (RTS) [29]; (iii) inclinometer and piezometer boreholes [30]. In addition, can be used remote sensing techniques, like: (i) Ground Based SAR [31]; (ii) satellite SAR interferometry [32,33,34]; (iii) Light Detection and Ranging LiDAR [35,36].



By considering active landslides, on one hand, the scientific community proposed effective methodologies and integrated services for design, evaluate and manage landslide risk [20,24,26]. Moreover, many researches discussed landslide monitoring networks [36], landslide risk assessment [7], and early warning system application [37,38]. On the other hand, policy-makers entrusted private agency to investigate and collect information on landslide behavior and their evolution over time. If we consider the amount of data that could be generated on a single landslide by: (i) Data collected in landslide inventories; (ii) thematic studies (e.g., technical reports, maps and technical annexes) of the unstable area; and (iii) the associated monitoring activities, we can realize that one of the future critical issue will be the correct management of available information. A “Risk management guidelines” document has been proposed by AGS [9] in Australia, a “Code for practices for landslide hazard and land use planning” [6] is described by [8] in Switzerland, highlighting the need of the regional authorities for a standardized approach for the risk mitigation. However, a tool for handling those multi-source and varied data, specifically for active landslides involving urban and/or elements at risk, focused on the organization and standardization of consistent information derived from the assessment of an unstable area, is actually missing. After many years in which the scientific community has dedicated their efforts to the acquisition of information about landslides, nowadays one of the most important challenges is the correct use and management of available data and studies. Often, the exclusive use of web-GIS solutions is not enough, because several web-GIS are simple repositories where thematic studies and monitoring data are stored and available. The difference between the availability of information and their “usable” version has been called usable science and its importance has been pointed out in many fields like, for example, climate change [39,40,41]. The main aspect of this approach is that scientific information have to be useful and usable [41] and that decision makers must perceive information “not only credible, but also salient and legitimate” [42]. In landslide study, the correct organization of data requires a document where data are analyzed and commented, and the state of the art of what we know and what do not yet know of the studied phenomena is outlined.



This work presents a methodology developed to provide a guidance for an effective management of large and complex data regarding active landslide risk management. In particular, we considered landslides that have a long monitoring and studying history due to the possibility that a critical evolution could cause a partial or total collapse. To collect and organize all available information, we developed a document named Operative Monography (OM) that provides an overview of the available data about a certain unstable slope. OM have a standard organization of sections and contents that has been defined considering other similar documents developed for others purposes. In particular, we considered the organization model defined by the International Civil Aviation Organization’s (ICAO) Operative Manual structure. In the civil aviation field, the ICAO sustained strong efforts to achieve a clear and detailed definition of how the manual of operation of a private company that manage aircraft should be organized and managed. Starting from this example, we tried to follow the same approach for the definition of a document model that can be adopted as a standard model in the field of landslide study and monitoring.



The OM could be a useful tool for public safety authorities, which supplies always updated brief overview of each hazardous phenomenon located in the areas of high vulnerability. The document has been designed to collect available data to support decision makers combining a rigorous scientific method with a usable science approach.



We developed and tested OMs in the Aosta Valley Region (NW Italy). This mountainous region is affected by more than 5218 slope instabilities, and six of them are highly hazardous. The Regional Geological Survey has studied these six large complex landslides since many years, collecting various thematic studies (e.g., geological, geomorphological, hydrological, risk scenario). Moreover, a regional near real time monitoring network has been implemented in order to control the evolution of the most critical landslides. The development of OMs starts with analysis of the large amount of data of the regional archive, in order to assess all the information acquired on the unstable area and outline eventual data fragmentation, missing data, or other relevant data that should represent a strong problem in effective landslide hazard management. In this paper, we discuss the organization of data archive, focusing on the five landslides of Bosmatto, Becca di Nona, Chervaz, Citrin, and Vollein, all located across the regional territory. All these landslides are characterized by a long and slow evolution, emphasized by a large amount of data and information, associated with long-time ground deformation time series derived from a near real-time monitoring network data acquisition, acquired in the last twenty years. We analyzed both the data of the existing monitoring systems, and all the data collected over time (e.g., technical reports, thematic maps, technical annexes).



In this work, we operated as follows: (i) We analyzed the private regional archive; (ii) we implemented the OM standard structure; and (iii) we redacted the OMs. An example of OM is presented and discussed. The OM structure is divided into four main sections relative to: (1) General information about the unstable phenomenon, (2) previous data analysis and organization, (3) ground deformation time series analysis, and (4) synthesis of the actual knowledge of the slope instability and eventual proposal of integration with new studies or monitoring activities.



Proposed OMs can be considered a possible standard in the management of studied landslides and they also represent a pilot test suitable for further investigations in other geographic and physiographic contexts and can be considered a useful instrument to support the reduction of effects of natural hazards on human activities.




2. Landslides of Aosta Valley Region


The Aosta Valley is a small region (3200 km2), located in an alpine mountainous territory in northwestern Italy. The elevation ranges from 312 m (Pont Saint Martin) to 4810 m a.s.l. (Monte Bianco peak), and more than half of its territory has an elevation above 2000 m a.s.l.. This territory reveals a notable exposure to landslide hazards (Figure 1), in which geo-structural setting and geomorphological history strictly influence landslides occurrence.



The geological setting of the Aosta Valley region is the outcome of the African and European plates collision. This region passes through the Europe-vergent Austroalpine-Penninic structural domains of the Western Alps [43,44]. A complete section of the orogenic prisms outcrops, crossing the complex pile of nappes constitute by the tectonic-metamorphic units represented by: (i) The Austroalpine domain, (ii) the ophiolitic Piedmont zone, and (iii) the Pennidic domain. The alpine relief in this section is characterized by a long-term tectonic activity and by a neo-tectonic dislocation system represented by the Aosta-Ranzola fault [45]. This structural-geological context deeply influenced the relief evolution and the slope dynamics [46].



Morphologically, glacial morphodynamic prevails and influences the ancient and the actual slope setting, principally due to the debuttressing caused by glacier retreat. Watercourses dynamic superimposes the glacial landforms, generating fluvial deposits and forming alluvial and detrital fans set by debris-flow phenomena [47].



Based on a regional landslide inventory, more than 17% of this region is affected by gravitational phenomena [48]. Regional landslide inventory includes large amount of phenomena of various types and sizes. It is periodically updated by regional authorities [18] and it currently comprises 12,589 phenomena. Such phenomena include shallow landslides (e.g., debris flow, planar and rotational slide), rock fall, and large slope instabilities. Complex landslides and Deep-seated Gravitational Slope Deformations (DsGSDs) are respectively the 9% and the 5.4% of the total amount of regional landslides [49].



Considering the large number of inventoried phenomena in Aosta Valley Region, only some of them are active and directly threaten urbanized areas and infrastructure. It is worth to note that the level of risk can increase according to the magnitude of the landslide and the vulnerability and exposition of elements at risk. Therefore, regional authorities operate by a discernment of active landslides based on their impact on infrastructure and population. They have managed the risk related to these phenomena by specific measures to define prevention strategies and useful land use planning. These measures include the acquisition of all the basic information and knowledge for each unstable phenomena, based on an interdisciplinary approach, concerning a multi-scale and temporal investigation.



In Aosta Valley, there are about thirty active landslides monitored in the past or currently measured by different monitoring networks that in some cases can also involve urbanized areas and/or infrastructure. Among those cases, in the paper we present the application of OM on five phenomena studied for many years and are currently monitored by near real time monitoring systems. They correspond to the landslides of: (1) Bosmatto, (2) Chervaz, (3) Vollein, (4) Becca di Nona, and (5) Citrin (Figure 2). This reduced group of phenomena consists of active large complex landslides that could seriously threaten urban areas. Therefore, they are studied and investigated by in-depth analysis (e.g., geological-geomorphological and structural surveys, hydrological and hydrogeological survey, risk scenario) Table 1 reports location, type of phenomenon, and volume for each considered landslides.



All considered landslides are monitored by remote near-real time systems (with continuous measurements) and by temporary systems (with periodical measurements) because of the possibility that the displacement rate can increase and a total or partial collapse can occur. Near real-time monitoring systems automatically measures the superficial displacement by means of Robotized Total Station - RTS (Vollein, Chervaz), Global Positioning System receivers - GPS (Bosmatto, Chervaz, Becca di Nona), and extensometers (Bosmatto, Becca di Nona, Citrin). Additionally, in the case of Chervaz, inclinometric columns [50] were installed to measure deep-seated displacement. For all these sites, the superficial displacement is also manually measured by means of GPS receivers, with periodical campaigns.




3. Methods


The development of the OM, based on the Aosta Valley Region case study, is structured in two principal steps: (i) Previous data and available material acquisition, and (ii) OM structure description. The OM structure is divided in sections about: (i) General information about unstable area; (ii) previous data analysis and organization; (iii) ground deformation time series analysis; and (iv) synthesis and eventual improvement proposals.



3.1. Back Data and Available Material Acquisition


Geological Survey of the Aosta Valley Region collected a large amount of various kind of data in the last decades, for the six most critical gravitational phenomena of Bosmatto, Becca di Nona, Chervaz, Citrin, Vollein, and Mont de la Saxe. In the case of a partial or total collapse of the instable mass, the vulnerability of elements at risk can be very high because inhabited areas are involved. The first five phenomena have a long-time slow evolution often linked to activation (or reactivation) occurring during a rainfall event, described extensively by a large number of technical studies and especially by long-time ground deformation series acquired by a near real-time monitoring network. In some cases, the monitoring even acquired for twenty years. Instead, for the Mont the la Saxe case study, the near real-time monitoring network started from 2009 [24].



Focusing on these slow evolution landslides, we examined the regional archive that constitutes the main source of information necessary to create and compile the OM. This archive mainly consists of scientific and technical reports, thematic maps, technical annexes, and internal reports, acquired in the last twenty years. Based on the analysis of available data, we extracted eight common principal categories:




	
Geological-Geomorphological survey (GeoGeomS);



	
Geological map (GeoM);



	
Geomorphological map (GeomM);



	
Structural Survey (StrM);



	
Geological Profile (GeoP);



	
Hydrological/Hydrogeological (Hyd/Hydg);



	
Risk scenarios and Spatial prediction model (Rsk/Sc);



	
Monitoring Network report (MonNet).








Those categories correspond to the main topics widely investigated in the field of landslide risk assessment and management. In some cases, ancillary data are reported, including e.g., geophysical surveys, electric tomography surveys, technical reports for monitoring network installation, and engineering interventions.



The Geological Survey of Aosta Valley often entrusted landslide analysis and data elaboration to private and public agencies, which use different ways to represent the same typology of data or that could reach different conclusions according to the dataset available at the moment of the study. Those activities generated a multiplicity of technical reports prepared in different ways about the same topic (e.g., structural-geology, profiles and maps, risk scenarios). During the analysis of the available data, we found a great amount of available information that have been collected by the regional authority. In some cases, the usual approach, which is the redaction of thematic studies or annual reports, can produce a stratification of information. Considering long time series, it is possible to find some changes in the structure of reports that describe the same dataset. These changes could have limited the possible reconstruction of the whole time series. Thanks to the great effort of the region authority in the study of these phenomena, we had the opportunity to perform an in-depth analysis of the main critical points related to the availability of long monitoring time series and many detailed studies. These time series, acquired in a period characterized by fast technological improvements, suffered the fallout of these technological changes and the lack of a standardized modality of acquisition and description of the datasets.




3.2. Operative Monography Structure


To homogenize and integrate the available landslide data, we implemented a methodology for the redaction of OMs. OM is a document in which all the information and data acquired over time are organized and summarized in a standardized format.



As mentioned before, we considered the guidelines of Operation Manual proposed by Civil Aviation Organization (ICAO—document 9376) to define the structure of OM. This Operation Manual describes how an aviation company should organize internal procedures in order to manage all the activities related to the safe use of civil aircrafts. ICAO document defines explicitly the necessary chapters and their contents. In the case when information for a particular chapter are not available, the chapter should be left empty to satisfy required structure. Following the described approach, we divided the structure of landslide OM into four sections: (i) General information about unstable area; (ii) previous data analysis and organization; (iii) ground deformation time series analysis; and (iv) synthesis and eventual proposal.



As described in the ICAO, the sequence of the sections is a fundamental characteristic of operational documents. This guideline should be respected for each case study. Thanks to this, the identification of missing elements or the consultation of existing ones is facilitated. In fact, in OMs, some sections may remain empty when the specific data is missing. Such an approach emphasizes the possible lack of information. In the following sections, the OM subdivisions are presented and described.



3.2.1. OM—General Information


The first section of the OM refers to basic information of the considered landslide. In detail, this section briefly reports landslide geographical location, type, and state of activity. Additionally, this section provides short description of morphometric parameters, geo-lithological, geomorphological and structural settings, and land use setting.



When landslide interferes with elements at risk (e.g., linear infrastructure, road, path) a separate item is planned. This possible interference with human activities or infrastructure is, of course, a fundamental issue that should be carefully described. In this section, the results of hazard assessment and\or landslide collapse simulations are also presented.




3.2.2. OM—Previous Data Analysis


In this section, an in-depth analyses of the existing datasets are performed. These sets of historical information about unstable areas originates from diverse sources: Data stored in national and regional inventories, technical reports and studies associated with monitoring networks data (usually performed by private agencies), and Geological Survey’s internal reports.



We developed a reiterative pattern, reporting only fundamental information of defined categories. We listed basic information like private agency name, month/year of delivery, topics covered, etc. to classify the numerous technical reports, field surveys and associated thematic maps, and technical annexes. All information are reported in tabular format. Due to this operation, the presence or absence of technical documents and information relative to specific topic can be quickly verified. The important difference between an ordinary copy of available material and OM is that, in the second case, only fundamental information are described. The objective of OM is not the simple copy of available material, but their brief summary and their source determination. In this way, readers who have to consult the OM can also recover the original position of reported information if detailed analyses of the original documents are necessary. We summarized the collected information in three main topics: (i) Geological-geomorphological setting, structural analysis, and hydrological-hydrogeological aspects, (ii) risk scenarios and landslide spatial prediction models, and (iii) monitoring network system. Representative images, photos, maps, and tables can accompany the brief description.




3.2.3. OM—Ground Deformation Time Series Analysis


As mentioned before, the study of active landslides, which may require the use of OMs is usually supported by monitoring systems. The acquisition and processing of monitoring data can be done by national and regional authorities or entrusted to private agencies. If we consider long time series, the lack of a specific guideline for the acquisition and elaboration of acquired data can hamper the data representation continuity. If several companies performed the acquisition of the same data in different moments, the risk that the same data were presented in different ways is very high. For long-term landslide evolution, the presence of discontinuities in the organization and elaboration of the same monitoring sequence can reduce the benefits coming from a detailed analysis and comparison of data, in particular if raw data were not included in the report. Therefore, the standardization of acquisition and presentation of information, and the availability of raw data is fundamental.



In this OM section, the collected monitoring datasets from monitoring network and /or near-real time system of an unstable area are re-organized and pre-analyzed. We used MATLAB® [51] environment to manage monitoring data. First, raw data were filtered and validated by removing inconsistent data, noisy measurements, and spikes. Then, eventual gaps are closed using the best approach that depends on the characteristics of the dataset. Later, specific mathematical functions were applied to these pre-elaborated data sets (e.g., moving average, local regression using weighted linear least squares and a 1st degree polynomial model or its robust version that assigns lower weight to outliers in the regression), in order to obtain an overall representation of landslide behavior.



The measured physical quantity depends on the technical specification of the instrumentation used. For example, RTS, GPS receivers, or extensometers can provide the same physical parameter but the dataset of each instrument has a different organization and different data. For example, in the case of GPS receivers, the measured quantity is a displacement in three-dimensional space (x, y, and z); for RTS it is vertical and horizontal angles and line-of-sight distance. However, we generated, for both cases, the time-series plot of the same variable, i.e. planimetric and altimetric displacement, which is the most convenient and representative way to describe landslide behavior. Moreover, the smoothing techniques were tested in order to adapt the suitable type to each dataset. In this way, especially for long-time plots, the evidences of seasonal accelerations or other patterns were not omitted. Such complete time series are used to synthesize the overall landslide behavior over time.



As described in the ICAO operational manual and in OM, the document should be updated every time when there is an important event and/or information. This means that continuous update of information according to the availability of new monitoring data is fundamental. According to the landslide risk level, the time series should be updated with a certain frequency that can be, for example, every 6 months or every year.




3.2.4. OM—Synthesis and Final Proposals


The final part of the OM corresponds to a brief synthesis of the general framework of the analyzed phenomenon. Here, the eventual strengths and the observed lacks and/or inconsistencies were highlighted.



The goals of this section are: (i) To provide a short summary as comprehensive as possible of the available data, (ii) highlight possible missing data or information, and (iii) provide several suggestion for definition of the new activities aimed to improve the comprehension of the studied landslides. Here a concise comment of the OM contents points out also possible weaknesses, on which should be oriented future interventions and actions. In the proposed structure of OM, this final section is important because it makes the difference between a simple resume of available information and an operative document that is also aimed to provide indications for future analysis and actions.






4. Operative Monographies Application in Aosta Valley Case Studies—Results


We applied our methodology to the data of some slow moving complex landslides of Aosta Valley region, providing OMs to the Regional Geological Survey. For example, in Annex 1 (Supplementary material), we report a simplified version of one of the case studies, the Bosmatto landslide, in order to show the general OM structure.



The Bosmatto case study is located in Gressoney-Saint-Jean municipality, Lys Valley, within the Letzè catchment. Based upon the geological and geomorphological studies, two old landslides have been recognized on the left side of the basin. In connection with the old landslide named “paleofrana 1” (vd. Annex 1), a complex landslide, evolving in an impressive debris flow, affected the Letzè basin during October 2000, involving the alluvial fan [52]. For the Bosmatto landslide, a thickness of about 25 m was estimated, with a computed volume of 2,000,000 m3. The landslide is monitored by a manual GPS network since 1997, and by automated GPS since 2002, and by extensometers for a limited period from summer 2006 to autumn 2010. Moreover, a GBInSAR monitoring has been performed from October 2016 to November 2017. The long-time series allow synthesizing the overall landslide behavior over time, displaying an independence from the rain and snow regime.



On the right side of the Letzè basin, another phenomenon occurred during the summer 2002. Field survey, also associated with seismic analysis, reveals that this phenomenon, the Stadelte landslide, has variable thickness from 5 m to 20 m. From the GSP measurements analysis, a cross-correlation from snowmelt and seasonal reactivation has been assumed. In the Bosmatto OM first section, the general information of this landslide are reported, with a one-page summary with a brief description of the type of landslide, state of activity, geological and geomorphological setting of the unstable area (Annex 1, Section 1). This provides sort of “register tab” of the considered phenomenon.



In the following section “Previous works analysis”, the examination of the available data reveals 22 documents, which include technical reports, maps and technical annexes, drafted by four private agencies. A summary of the topic of the document and the agencies that drafted it has been reported in tabular format (Annex 1, Section 2, Table 1), following the main categories occurred.



Of all this large amount of data, the key information have been reported in the OM in a synthetic format, associated with the meaningful maps and/or profile of the analyzed landslide (Annex 1, Section 2). By this way, we collect all the geological, geomorphological and structural information, the monitoring network status, and the eventual risk scenarios, describing the state of knowledge, in order to define a reference model for landslide behavior assessment.



The high number of studies and technical reports, associated with maps and geological profile, recurs also in the other case studies (Figure 3).



Figure 4 reports the total number of available information, split into the eight principal categories and divided for each case study. The graph highlights the constant presence on the “MonNet” category for all the five landslides. Whereas, some variable are missing, as “StrM” and “Hyd/Hydg” for the Vollein case. Moreover, we can observe that, in the Chervaz, Becca di Nona and Bosmatto case studies, there are more than two geological-geomorphological survey reports, as well as for the risk scenarios and landslide spatial prediction models. Instead, in other cases like Vollein and Citrin, there is a shortage of products, with a brief internal technical report produced by the Aosta Valley regional authorities. In these cases, the total amount of information is limited with respect to the other case studies. In the Chervaz, Becca di Nona, and Bosmatto cases, the presence of different versions of the proposed geological model (Figure 3), which correspond to the evolution of the state of the art updated using new field data or geological/geophysical surveys results, is an important issue. These different interpretations (obtained in different times by different companies) could create a misunderstanding about the best model for the definition of scenarios and during emergencies. Instead, in the Vollein and Citrin cases, the mere presence of synthetic internal reports may limit a correct representation and characterization of the structure of the unstable area and their dynamic of deformations.



In all considered cases, the great work done by the regional authority is witnessed by the large amount of documents and reports draft during the years.



The third section “Ground deformation time series”, provides time series of collected monitoring measurements (Annex 1, Section 3). To produce such time series, we firstly pre-analyzed the raw data, handling missing values, noisy acquisitions, and by removing the outliers. Finally, specific smoothing functions were applied to the pre-elaborated datasets in order to obtain the adequate representation of landslide behavior. Figure 5 shows an example of elaborated data in the form of complete time series plots of Bosmatto landslide. The evolution of planimetric and altimetric displacement is presented. Additionally, an example of corresponding altimetric raw data is shown.



The choice of smoothing technique depends on features of raw data. For example, in the case of Bosmatto landslide, in order to preserve seasonal fluctuations, the moving average technique was applied to the raw datasets [51].



The generation of time series as a complete set provides a fast evaluation of landslide behavior over time. For example, eventual anomalies, seasonal patterns, reactivations and their magnitude can be easily localized with a long and complete time series. The organization of data provided in annual reports often limited the possibility to recognize seasonal or long-period trends. Another important point is that complete time series are fundamental instruments during the emergency conditions because can support the recognition of an anomalous evolution that can be a precursor of a collapse.



The last section “Synthesis and final proposal” of Bosmatto OM (Annex 1, Section 4) highlights the strengths and weaknesses of the actual state of knowledge. For the chosen case study, the main problem lies in the unclear definition of the landslide body. In fact, in the various technical reports more than one phenomenon is described, variably distinguishing the Bosmatto landslide s.s., located on the left side of the Letzebach river, and the Stadelte landslide, on the right side, in their turn divided into two portions, vegetated and non-vegetated. Those subdivisions became very clear only after eight years of technical studies and insights by more than one private agencies studies, passing through the identification of two old landslides to the designation of the Bosmatto and Stadelte landslides. This subdivision generates some difficulty also in the ground surface measurements presentation that sometimes are not clearly separated in the two landslide bodies. Therefore, among other suggestion, the Bosmatto OM recommended a noticeable separation of the Bosmatto and Stadelte cases, in order to provide a comprehensive overview of each one to be updated over time, also for the ground deformation time series elaboration. The reorganization of monitoring time series was important also to organize old records with the new subdivision of the monitored area in two landslides.




5. Discussion


In this paper, we want to analyze two underestimated topics in landslides studies: (i) The application of a usable science approach and (ii) the identification of a standard approach in data organization and management.



The concept of usable science, for the correct dissemination of scientific results, are sometimes considered a minor issue in landslide study and investigations. In particular during emergency, a proper dissemination of the available data about the observed landslide evolution can represent a key point for a good involvement of population, and an effective support to decision makers [24,26]. The scientific community usually focused on the improvement of methods and approaches for a more effective comprehension of landslide mechanism and for the identification, for example, of failure precursors [53]. However, it should be noted that, frequently, the main effort has been dedicated to the acquisition of valuable dataset of studied landslides. On the contrary, little importance are attributed to the way of mange available data, with the risk of using approaches not able to express the real capability of the available dataset. Commonly, scientific literature concerns on the application and implementation of WEB-GIS solutions for information and data management [22,25]. WEB-GIS are powerful solutions for the organization of information, but it is important to divide technical solutions aimed to display available data from more complex approach that are aimed to analyze and make a critical synthesis of these data.



Another important issue is the lack of a standard approach for landslide data collection. We analyzed the ICAO approach that can be considered one of the most standardized industrial sector. The safety of flights has been always considered one of the most important element for aviation, and the use of detailed standard approach represents one of the key element for the maintenance of high- safety levels. Starting from this example, we tried to transfer this approach in the organization of a pre-defined document that can be applied for the study of complex landslides. The high variability of landslides makes the possibility of the definition of a standard approach a critical challenge. According with our experience, we identified several macro-categories typically adopted for complex landslides analysis and description, representative for the structure of our standard document.



The OM is a site-specific document that collects all the available information of a studied landslide. It should be noted that, frequently, the monitoring data are performed and organized per year (e.g., a single report with monitoring results of many landslides in the same year). In addition, thematic studies often focus a single theme (e.g., geomorphological map or geotechnical characterization of a landslide). Instead, in our approach, all available information are re-organized in a single document referred to a single phenomenon.



The presented study attempted to provide the developed approach to five complex landslides studied and monitored for many years by the Aosta Valley Geological Survey. The considered case studies comprising active landslides that threaten urban areas, measured with near real time monitoring network.



The regional archive represents a case in point in the topic of large amount of data management. The archive is composed of numerous scientific and technical studies multi-sources, concerning diverse topics, repeated several time over a twenty year period, for each monitored landslide.



By the analysis of the results of the Aosta Valley monitoring network, we observed that there are some redundancies and contradictions in the considered case studies, mainly caused by the progressive availability of new investigation techniques during the years. In some cases, the acquisition of new data caused the elaboration of new geological models that could be in contradiction with the previous ones. It is worth noting that in many cases the development of contradictory models has been made possible by the lack, in the past, of direct investigations (e.g., core sampling boreholes) that could validate the geological interpretations.



The implementation of the OM allowed to an immediate access to the data and information relative to a specific phenomenon. The implemented method required the redaction of a standardized and iterative document, readily legible. The repeated structure, organized in specific sections, drops the reader to query the available data collected over the year about a single landslide or other phenomena. The OM do not want to be a mere catalogue, in which data are supplied in the extended version. Instead, the OM want to provide a reading guide of the available information, by providing a reasoned overview that highlights only the key elements relative to the analyzed phenomenon.



Jointly, the OM aimed to identify potential critical elements that are emerged from the analysis of all available material. It is important to point out that the OM has not a simply description of what are known about a landslide, but also a critical analysis of what we have to know. Thanks to this critical revision, it is possible to identify important missing information or weak points in the available dataset.



The presented standardized approach could also assure that future data will be organized with a compliant approach, limiting eventual mismatch or incorrect interpretation of previous studies. According to this purpose, the OM may represent a useful tool not only for policy-makers, but also for the scientific community, by providing reliable data, diverse technical and field information, and deformation measurements, able to describe a specific phenomenon and to define its behavior and evolution over time.



The activity undertaken with the implementation of the OMs give to the Geological Survey of the Aosta Valley Region a new and innovative method for a more standardized approach in landslide investigation and management of available data. The new document is scientifically validated by National Research Council that also made a periodical review of landslide monitoring data.



According to the results of this revision, the Geological Survey of the Aosta Valley Region plan the priority of maintenance activities of the monitoring network, and identify, for example, the need for a new geological model of some studied landslides. In the Bosmatto case, for instance, a core drilling campaign, allowing calibrating the previous geological hypotheses has been planned considering OM conclusions. Regional authorities plan also new boreholes with multi-parametric ground probes, in order to acquire in-depth data to re-evaluate the volume of monitored landslide.



This example shows how the definition of a review procedure and a correct management of available information can be used for the development of a “usable” document that can support decision makers for a better landslide hazard management. In addition, the codified procedure can also be considered a sort of audit process aimed to analyze the obtained results by the Geological Survey and suggest following inspections and analysis.




6. Conclusions


In this work, we considered the problem of the collection and organization of a large amount of information and data, relative to active complex and hazardous landslides. Usually, this is performed by the regional or national authorities, with the goal of ensuring safety of the managed territory and reducing landslide risk. Our purpose was to raise awareness of the potential hurdles that, often, these authorities have to deal with to build-up numerous technical and scientific reports and studies over time. In fact, this often leads to the creation of an extremely stratified and sometimes incoherent structure of available information. The availability of a large number of monitoring data and studies not quickly ready for use can reduce their effectiveness for the comprehension of landslide evolution and exacerbate the responsibilities of the technical staff and institutions, whose task is to administer a specific territory. This is therefore a serious issue, particularly during the emergency context. In this regard, the availability of not organized and not promptly accessible information can actually be a disadvantage element and not a benefit as it should be.



We proposed a solution based on the data analysis of the Aosta Valley region. We considered five large mass movements, which are monitored over many years. We had access to a large archive of different types of data, which were collected from one to two decades ago. In such conditions, a structured collection and a standardized organization of data appeared necessary. We generated an OM able to establish a synthesis of the landslide data in a standard format. An OM is a synthetic document that summarizes available information on a specific phenomenon. It also allows to identify missing elements and to verify existing ones. The OM facilitates the assessment of the state of knowledge, which is necessary step for a complete comprehension of each phenomenon. We recommended a periodical update of OM, in order to obtain the maximum efficiency of this document.



The OM can also represent a fundamental tool during the emergency, where effective access to the available knowledge is fundamental for the identification of anomalous behavior that can be precursors of the collapse.



By providing appropriate amendments, for example adding specific sections but also maintaining a standard structure, the OM could be easily applied in other contexts. For instance, in the case of a strategic infrastructure (e.g., pipeline), or a busy tourist path, the OM application could be a useful tool. By recognizing the potential critical sectors along the linear element, a single OM for each sector can be redacted, outlining the definition of the state of knowledge of each specific area, and defining with a specific focus the exposure and vulnerability of the element at risk, and delineating eventual mitigation strategies.
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Figure 1. Landslides map distribution of the Aosta Valley Region (northwestern Italy): Grey polygons correspond to the Deep-seated Gravitational Slope Deformations, red ones to the landslides inventoried in the IFFI project (IFFI - Italian Landslide Inventory) Catalogue [11]. 
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Figure 2. Location of the five complex active landslides of the Aosta Valley Region. Presented polygons came from IFFI Project [11] 
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Figure 3. Time distribution of the data available for each considered landslide, divided in the eight recognized topics: (A) GeoGeomS; (B) GeoM; (C) GeomM; (D) SrtM; (E) GeoP; (F) Hyd/Hydg; (G) Rsk/Sc; and (H) MonNet. 
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Figure 4. Three map chart shows the proportion of the eight original thematic variables recognized for each monitored landslide, highlighting which are the more frequent and which are eventually missing (Graph elaborated in R program). 
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Figure 5. Bosmatto landslide elaborated time series of planimetric and altimetric displacement measured by global positioning system (GPS) for the entire monitored period. In the bottom, the raw dataset of altimetric displacement. 
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Table 1. Summary of the landslide monitoring network system of the Aosta Valley Region.
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	Landslide
	Location
	Type
	Volume

(106 m3)





	Bosmatto
	Gressoney Saint-Jean, Lys Valley
	Complex landslide evolving in debris flow
	2



	Chervaz
	Chambave-Fenis municipalities
	Complex landslide
	1.2



	Vollein
	Quart municipality
	Complex landslide evolving in roto-translational slide
	1.5



	Becca di Nona
	Chervansod-Pollein municipalities
	Complex landslide prevalently slide
	1.9



	Citrin
	Saint-Rhêmy-en-Bosses municipality
	Complex landslide
	1.5
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