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Abstract

:

Italy is famous for its one-of-a-kind landscapes and the many cultural heritage sites characterizing the story of its regions. In central Italy, during the medieval age, some of them were built on the top of high and steep cliffs, often on the top of ancient ruins, to protect urban agglomerations, goods and people. The geographical locations of these centers allowed them to maintain their original conformation over time, but, at the same time, exposed them to a high risk of landslides. In this context, this research aimed to present an integrated and low-cost approach to study the potential landslide phenomena affecting two medieval towns. Field surveys and mapping were carried out through the use of innovative digital mapping tools to create a digital database directly on the field. Data gathered during field surveys were integrated with GIS analyses for an improved interpretation of the geological and geomorphological features. Due to the inaccessibility of the cliffs surrounding the two villages, a more detailed analysis of these areas was performed through the use of unmanned aerial vehicle-based photogrammetry, while advanced differential synthetic aperture radar interferometry (A-DInSAR) interpretation was undertaken to verify the stability of the buildings in proximity to the cliffs and other potential active failures. The results of the study highlighted the similar geometry and structural settings of the two areas. Kinematically, the intersection of three main joint sets tends to detach blocks (sometimes in high volumes) from the cliffs. The A-DInSAR analysis demonstrated the presence of a landslide failure along the northwest side of the Monte San Martino town. The buildings in proximity to the cliffs did not show evidence of movements. More generally, this research gives insights into the pro and cons of different survey and analysis approaches and into the benefits of their procedural integration in space and in time. Overall, the procedure developed here may be applied in similar contexts in order to understand the structural features driving slopes’ instabilities and create digital databases of geological/monitoring data.
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1. Introduction


Geo-hydrological hazards, such as slope instabilities, often threaten human life, infrastructure and cultural heritage sites that represent unmovable assets relevant to human identity [1]. In the Marche region, there are many medieval villages built on the top of cliffs with local stone. The remarkable topographical location of these villages makes them vulnerable to slope instabilities that are difficult to study and monitor because of the inaccessibility of the steep cliffs. Nowadays, the growing technological development in the field of digital and remote sensing surveys is playing a key role in the study of such natural hazards. The application of digital surveys has become very important in the acquisition of geological and structural information directly on the field and in the immediate development of geodatabases [2,3,4,5,6]. Satellite and remote sensing techniques often represent the only methods for exploring and monitoring inaccessible areas and/or steep slopes [7]. In particular, the use of unmanned aerial vehicles (UAVs) and advanced differential SAR interferometry (A-DInSAR) has been exploited by many authors in the last decade to study ground deformation in cultural heritage sites [8,9]. A-DInSAR, which can be ground- or satellite based, makes it possible to monitor ground movements with millimeters of accuracy [10]. Diversely, UAVs are often used to improve the interpretation of geological and geomorphological features, especially in inaccessible areas [11,12,13,14].



This study was developed to address the following research question:




How can we identify potential slope instabilities in cultural heritage sites that are characterized by inaccessible areas and/or are not completely visible from the observation point?





Therefore, we aimed to present a fast and low-cost operational methodology based on the integration of field digital surveys, A-DInSAR and UAV analyses to obtain basic information for the study of geo-hydrological hazards in cultural heritage sites. Data gathered via the abovementioned survey techniques were used for GIS analyses, the creation of UAV-based 3D models, definitions of the structural setting and A-DInSAR-based velocity mapping. The methodology was developed and tested through two case studies, namely Montefalcone Appennino and Monte San Martino, located in the Marche Region of Italy (Figure 1). In particular, the two medieval towns are located between the Sibillini Mountains Massif (Central Apennines) and the Adriatic Sea, and both of them are characterized by a gently dipping morphology on their northeastern side and by very steep cliffs in the southwest (see Section 4.2 for more details).



This research shows how, by combining the abovementioned technologies and methodologies, it is possible to obtain a fast identification of the potential instabilities characterizing historical towns, while also pursuing economic advantages. Overall, the methodology can be replicated by other users to support assessments of the geo-hydrological hazards at cultural sites with similar characteristics to the ones presented in this research.




2. Geological Setting


The case studies are located in a sedimentary basin characterized by early Pliocene sandstones and conglomerates, alternating with pelitic arenaceous levels (Argille Azzurre Formation, FAA). In particular, the two villages are built on top of the arenaceous-–conglomeratic sedimentary body of the FAA’s Spungone member (FAA3c and FAA3d lithofacies in Figure 2) that reaches its maximum thickness (about 200 m) right in the study area [15]. This unit represents coastal channelized and foreshore to shoreface sediments at the base of the Pliocene transgressive–regressive sequence overlying, with wide unconformity, to the Miocene Laga Formation (LAG Fm) or lower Pliocene FAA units [15]. Sediment facies change to offshore deposits from the west-southwest–east-northeast direction (Figure 2), which was the direction of sediment delivery. This setting outlines large-scale, slightly inclined depositional palaeosurfaces dipping according to the current strata’s dipping direction (east-northeast).



In the areas of Montefalcone Appennino, the FAA formation is deposited on top of the Miocene (Messinian) Laga Formation, a turbidite deposit characterized by arenaceous-pelitic and pelitic-arenaceous levels (Figure 2). In the case of Monte San Martino, due to the absence of the Laga Fm, the FAA is deposited on top of arenaceous-pelitic Messinian Argille a Colombacci Formation (FCO) (Figure 2).




3. Methods


The aim of this work was to propose a low-cost and expeditious approach for the study of potential landslide phenomena affecting cultural heritage villages, based on the integrated use of digital surveying, A-DInSAR and UAV analyses. A schematic of the conceptual model of the data collection approach proposed in this research is shown in Figure 3a, highlighting the use of digital surveys for a more immediate collection of geological information in the field, A-DInSAR for the study of potential ground deformation and UAVs to explore inaccessible areas, such as the steep slopes on which historical cities were often built. In particular, the monitoring data of the trend in historical deformations during the period from 1992 to 2014 were analyzed using the A-DInSAR data, whereas the UAV and digital field mapping were performed in October 2022 to detect recent potential instabilities (Figure 3b). From the technical and economic points of view, the exploited techniques are convenient at specific scale, but their integration allows us to work from the outcrop to the slab scale to achieve full detection of the potential instabilities (Figure 3b). The collected information was organized, analyzed and integrated through GIS analyses, including raster elaborations of a digital elevation model (DEM) for geomorphological studies.



As presented here, this working system was designed to provide a fairly immediate answer to the need to know about problems of instability, but it is also designed as an open system that can be augmented with other information that may be available. Anyway, as shown in Figure 3, these can have spatiotemporal implications. Among these, recent or ancient historical information, if present, can be useful pillars for understanding and locating the evolutionary trends over time leading to the current hazards. Among the techniques used in this work, the GIS system was the basic tool that supported this integration operation thanks to (i) its ability to allow a strong interconnection between the historical data and spatial data and to manage georeferenced databases composed of information collected from historical and current sources, (ii) its versatility in displaying such data cartographically with more advanced graphic techniques and (iii) the possibility of carrying out statistical and spatial analyses of such data and their spatial coordinates.



3.1. Digital Field Survey


A high-performance tablet PCs (Microsoft Surface Pro 7) equipped with the Windows 10 operating system and an input pen (stylus) were exploited for this research. Microsoft’s tablet PCs are fully fitted with technical characteristics that are adequate for the management of maps, images and data used and/or collected on the ground (CPU Intel® Core™ i5-1135G4; RAM 8 GB; 128 GB disk; screen size 12.3″). The positioning was carried out with Garmin Glo receivers (GPS e GLONASS; update rate: 10 Hz; WAAS/EGNOS correction; accuracy: 3 m; battery life: 13 h) linked to the tablet via the Bluetooth data transmission standard. For the acquisition of photographs, both built-in and reflex cameras were used.



QGIS (version 3.22) [17], which is open-source software, was the cross-platform GIS software utilized, with the support of some plugins, such as BeePen [18] to write notes and draw geomorphological elements with the stylus directly on the base maps, similar to the pen-on-paper system [19]. Although simplified apps such as Qfield for QGIS [20] and Input [21] are now available for QGIS, we decided to use the conventional QGIS platform to avoid importing and exporting projects [22] and, more importantly, to be able to customize the QGIS toolbar, making it more suitable for fieldwork.



To make everything easier and more immediate during the field survey, a new interface with data acquisition modules was used for rapid data/information storage [23].



Other notes, sketches and sections were acquired using the Windows Journal software (version 10.0.173) [24], a free application that can be used as a real “field notebook”.



The integrated use of a tablet PC, Garmin Glo receivers, a built-in camera and Windows Journal played a key role during the fieldwork, with all geological information automatically included in the GIS database. The database was implemented in the Geopackage format, an open, platform-independent, native storage format, using an SQLite database as a container and the “Geopackage Encoding Standard” defining the schema for Geopackage [25].



In particular, through the digital field survey, we stored geological information in the geodatabase, such as the bedding attitude, geological limits, sketches of the geological sections, and photographs of the outcrops and installed mitigation measures.




3.2. DEM Analysis


The available DEM TINITALY 1.1 with a 10 m spatial resolution [26,27] was used for the quantitative geomorphological analysis, with the creation of some derived variables that are conditioning factors in a slope’s evolution. Specifically, the following surface geomorphic parameters were extracted: aspect, slope and profile curvature [28,29,30]. A SAGA-GIS [31] “Slope, Aspect, Curvature” module available in QGIS (SAGA version 7.8 of QGIS version 3.28) was applied.



Curvature is a complex derivative of the terrain, and its values depend upon the line or plane along which such calculations are made. The basic principle of calculating curvature is to pass a moving window over the elevation’s surface and fit the elevation’s values to a six-term polynomial function, the coefficients of which yield the curvature of the central cell of the moving window. Up to nine main types of curvature can be calculated [32], but the profile curvature was considered to be the most useful for the purposes of this study. The profile curvature was parallel to the direction of the maximum slope. In this study, for specific cells, a positive value indicated that the surface was upwardly convex, while negative values indicated that the surface was upwardly concave. A value of zero indicated that the surface was planar. The profile curvature is a geomorphometric variable interpreted in the literature as an indicator of acceleration or deceleration downslope from the gravity-driven flows [33,34] and it is believed to have an influence on the rate of denudation or accumulation along the slope’s profile [33,34], with the exception of curvature with zero values, which means equilibrium. In this case, it also acts as support for understanding the geomorphologic characterization of the slope and its evolutionary stage in the specific study environment.




3.3. UAV


Unmanned aerial vehicle (UAV) surveys were undertaken to gather information about the steep and inaccessible slopes characterizing the two medieval towns. This was performed using a DJI Mavic 2 Pro (SZ DJI Technology Co., Ltd, Shenzhen, China). The characteristics of the drone camera were a 20-megapixel resolution and a 28 mm focal length with f/2.8 to f/11 aperture and a maximum image size of 5472 × 3648 px. The drone was manually piloted, and photographs were acquired from an average distance of 50–70 m from the outcrops in order to extract high-resolution 3D models. The photographs’ side lap and overlap were kept to ~70–80%. Details about the UAV photogrammetric surveys are listed in Table 1.



An RTK-GNSS survey was undertaken to support the photogrammetric surveys and acquire the position of the ground control points (GCPs) to be used as reference points during the creation of the photogrammetric 3D model. A Trimble RTK-DGPS R8 with a stop-and-go technique, and a horizontal and vertical accuracy of ~10 mm and 15 mm, respectively, was used for this purpose. The GCPs were square yellow and black targets measuring 50 × 50 cm, distributed both on the top and bottom of the cliffs. The horizontal and vertical estimated error during the RTK-GNSS survey was ~3 cm and 3.5 cm, respectively. In total, 10 GCPs were measured (5 for each case study).



UAV photographs were processed using the Structure from Motion (SfM) software from Agisoft Metashape (version 1.5.2) [35], through which we created the georeferenced 3D point cloud models of the four investigated slopes. The management of the point cloud data and the definition of the characteristics of the rock masses, such as the geometry of the cliffs and the orientation of the discontinuity sets, were carried out using the free software CloudCompare (version 2.12) [36].




3.4. A-DInSAR


The A-DInSAR technique was exploited for back-monitoring the movements over the selected study areas. In particular, we used data acquired by the ERS1/2, ENVISAT and COSMO-SkyMed satellites, and data provided by the Italian Ministry for the Environment, Territory and Sea by means of the national geoportal (geoportale nazionale—GN) [37]. The ERS1/2, ENVISAT and COSMO-SkyMed SAR images covered the periods 1992–2000, 2003–2010 and 2011–2014, respectively (Figure 4). The SAR images were acquired in ascending and descending order of geometry by sensors in C-band (a wavelength of about 5.6 cm) for the ERS1/2, ENVISAT and X-band (wavelengths equal to 3.1 cm) for the COSMO-SkyMed data. The data were processed via the PSInSAR™ [10] and PSP-DifSAR [38] approaches, developed by the companies TRE-Altamira and e-GEOS, respectively. The results of the processing allowed us to obtain measuring points for which we could observe the average velocity along the line of sight (VLOS) of the satellite and the LOS time series of the displacements at the satellites’ acquisition dates, characterized by millimetric precision. Negative values represent movements away from the sensor mounted on the board of the satellite and the measuring point, whereas positive values indicate movements towards the sensor. Additional information about the A-DInSAR data is included in Table 2. The reliability of these A-DInSAR data has successfully been validated by other authors at other Italian test sites [39].





4. Results


The integration of different survey and analytical techniques played a key role in this research. The results of digital mapping and GIS elaborations were important to understand the geological and structural setting of the area and to develop a model of the evolution of the two case studies. Such information was then integrated with the UAV and A-DInSAR data to study the steep cliffs (UAV data) and detect potential slope failures at a larger scale (A-DInSAR data). Through the use of the proposed integrated methodology, based on the use of the freeware of the low-cost instruments and software, it was possible to gather important information about hazardous areas and their characteristics. The results of each technique are illustrated in the following sections.



4.1. Digital Field Mapping


A digital field survey, undertaken following the procedure discussed in Section 3.1, was carried out to develop a geodatabase with geological and structural information and field photographs. During the survey, orthophotos and geological maps were used as base maps. Bedding attitudes and geological limits were added (or modified, when necessary) directly in the field. Photographs and their positions and shooting directions were stored in the geodatabase, and their locations are visible on the base maps. Figure 5 shows the results of the digital survey, with the geological map (after CARG Project [40]) highlighting the bedding attitudes and the shot points of the photographs.



The bedding attitudes were found to be similar between the two case studies, with a low-angle dip (from 10° to 20°) and the dip’s direction running from 70° to 80° (north-northwest orientation). The possibility of including photographs in the database also played an important role in the creation of a database containing the existing mitigation measures. Mapping of the mitigation measures (Figure 6) was important for the development of hazard maps and for planning multitemporal inspections and verifying their functionality over the years.




4.2. DEM-Based Geomorphologic Features


The study areas are located in a hilly landscape, with the maximum height of Monte San Martino and Montefalcone Appennino being 601 m and 768 m asl, respectively. By coupling this basic information with data on the slope and aspect, more details were obtained.



As far as the slopes studied are concerned, the cliff area has a maximum value of up to 76° (with an average steepness of 48°) at Montefalcone Appennino and a maximum value of up to 68° (with an average slope of 43°) at Monte San Martino. The gentler part of the reliefs, on which the ancient inhabited centers are located, dip in the opposite direction, towards the northeast, with an average slope of 28° and 23° at Montefalcone Appennino and Monte San Martino, respectively, in accordance with the structural geological setting of the entire territory (Figure 7). Both the cliffs bordering the towns dip towards the southwest (Figure 8).



In addition, the trend of the cliffs’ surfaces was then considered in more detail for improving knowledge about the geometry and the structural settings. In particular, the main structural lineaments affecting the cliffs were identified. In both cases, the geometry of the cliff is controlled by discontinuity sets oriented northwest–southeast and east–west (Figure 9).



Finally, the hillslopes’ profile curvature was calculated in order to associate the local slope’s morphology to a specific model of evolution, according to the most accredited classifications in the world [41]. The resulting maps and the distribution of respective statistical values (Figure 10) show, in both cases, an overall convexity in the steepest portion of the cliffs, defined as detachment (d) areas, and a concavity in the toe of the slopes, described as accumulation (a) areas. These results, assessed together with the context of the geological setting, allowed us to associate the studied slopes with the model of evolution called “slope replacement” [42,43]. In accordance with this definition, the profiles of the bedrock on the detachment areas are convex diachronous surfaces that highlight the potential retreat of the slope. At the toe of the cliffs, typical regularized slopes are present, showing accumulation areas without signs of further removal of material and/or erosion processes of pluvial or fluvial origin. As a whole, these morphologies can be considered undeveloped, as the height of the overlying sub-vertical cliff is still much more extensive than the underlying replacement accumulations. Even the statistical distribution of each curvature value around the mean and median values still indicated an unbalanced profile, with median positive values in the detachment areas (convex slope) and negative in the accumulation areas (concave slopes).



To further deepen all the abovementioned aspects, four profiles each were analyzed for Montefalcone Appennino (Figure 11) and Monte San Martino (Figure 12). From these, it was possible to underline the importance of anthropic pressure or anthropization. In fact, where there is the presence of the ancient and stable urban centers, degradation of the rock and retreating phenomena of the upper sectors of the slope (describable as “weathering-limited” slopes under strong structural control) has decreased. This is very evident in the analysis of the profiles at Monte Falcone Appennino. Profiles 1 and 2, drawn from a non-anthropized area, show a much greater state of evolution (i.e., advanced conditions of aggradation) than Profiles 3 and 4, which still highlight a very high steepness (demonstrating a lower rate of retrogression and evolution, Figure 11). In Monte San Martino, the same results were found for Profiles 3 and 4, which cross the steep cliff up to the town’s center. Profiles 1 and 2 were developed in areas close to the town’s center with widespread buildings and infrastructure, and they show greater evolution. This testifies that urbanization tends to decrease a slope’s retrogression. This is probably due to lower rate of water infiltration in the historical center [44,45]. It is also important to note that the evolution of urbanized areas has also been influenced in the last decades by the presence of mitigation measures installed on the cliffs, such as cortical strengthening and rock protection meshes. Finally, it is interesting to note that in other nearby and geologically similar cliff areas with no anthropic influence over the centuries, the evolution of the cliffs has been much greater, with major and more advanced evolution of the slope, in agreement with what was demonstrated by the analysis of the slope’s profile.




4.3. UAV Models and Structural Setting


The main structural features visible in the UAV’s extracted 3D models were identified and measured using CloudCompare software. The results in terms of the main dip and the dip direction of the discontinuity sets are reported in Table 3. It can be seen that the general structural setting of the two areas is similar, with low-angle beddings dipping towards the east-northeast, two high-inclination joint sets orthogonal to the bedding and oriented approximately north–south and east–west and a third set oriented approximately northeast–southwest. Kinematically, considering the dip direction of the two cliffs (approximately southwest), the slopes are prone to both rockfall (especially due to the J2) and wedge failures along the intersection of J1 and J2. An example of the interpretation of the joint set and of their influence on the geometry and stability of the cliff is reported in Figure 13. In particular, Figure 13a shows the 3D model of the cliff in RGB colors, while in Figure 13b, the color bar represents the dip directions of the slope faces (and joints). From Figure 13b, it is possible to see how the two main joint sets, J1 (light blue) and J2 (dark blue), have influenced the slope’s geometry. Figure 13c,d shows a sector of the slope where the intersection of S0, J1 and J2 brought about the detachment of a large rock block (the sides of the block measured ~16 m × 12 m × 7 m, with an estimated volume of 1344 cubic meters).



Such results highlight how in the cliffs of both Montefalcone Appennino and Monte San Martino, the geometry is strongly controlled by J1 and J2, in agreement with what was showed by ana analysis of the lineaments (Figure 9).




4.4. A-DInSAR-Based Velocity and Displacement Time Series


At Monte San Martino village, the A-DInSAR data were exploited to verify if the cliff was involved in retreating movements in the urbanized area. The use of the ERS, ENVISAT and COSMO-SkyMed data showed a steady displacement time series for the monitored periods with VLOS values of −0.35–0.7, −2.4–1.1 and −4.7–1, respectively. The COSMO-SkyMed ascending data were not available for the historical village of Monte San Martino. It is worth noting that in the northeastern area of the village, slow-moving landslides were previously mapped in the less steep rural zone. In this sector, the movements were also detected by the A-DInSAR data and, in particular, by using the ascending data and the ERS, ENVISAT and COSMO-SkyMed data. These displayed anomalous movements reaching average VLOS values of around −5 mm/year. The kinematic model of the target was investigated using statistical analysis [46] and a linear displacement time series trend was detected (Figure 14). The anomalous movements were detected in proximity to previously mapped landslides but outside their boundaries.



Additional investigations should be performed to verify if these active areas represent new landslides to be mapped or enlargement of the boundaries of the previously mapped slow-moving landslides.



Similar conclusions can be drawn for Montefalcone Appennino. The A-DInSAR data were investigated to detect slow retreat movements that could affect the historical village. The results of the analysis showed that no significant movements were evident. Indeed, the displacement time series were characterized by a steady trend and VLOS mainly in the range from −2 to 2 mm/year.



Overall, the A-DInSAR analysis presented here represents the first-ever baseline assessment of the surface movements affecting these four historical villages located in the Marche Region covering the period from 1992 up to 2014.





5. Discussion


Montefalcone Appennino and Monte San Martino are two historical sites in the Marche Region of Italy. They are located at the top of two steep cliffs, which, in the past, have been affected by rockfall events and issues of retrogression. Assessment of the geo-hazards of such historical sites represents an important task both for the safety of people living in the area and for preservation of the cultural heritage [47]. Montefalcone Appennino has been studied in the past by other authors with the goal of reconstructing its structural and geomorphological evolution [48,49,50]. Montefalcone Appennino and Monte San Martino are relevant spots for the landslide community involved in the safeguarding of cultural heritage and of the population at risk. In other similar morphological contexts, the San Leo village has been erected, located near Rimini (northern Italy). It was built in the medieval period on the top of a calcarenite and sandstone plateau [51]. A similar context is also observed at Civita di Bagnoregio (Italy), which is a typical medieval town, built on top of a volcanic cliff [52]. A comparison of our results with those of the cited studies confirmed that advanced monitoring approaches are necessary to preserve these fragile territories.



In this research, we have presented an integrated approach which allows the multitemporal analysis of these historical sites. Digital surveys were undertaken to gather data about the most relevant geological and geomorphological features of the accessible areas and to develop a database with all the useful territorial information, including the mitigation measures. In this study, the development of the geodatabase was achieved using freeware tools [6,53], so they decreased the costs associated with the study remarkably, and the data of the digital ground survey were integrated with data acquired by remote sensing and GIS techniques.



UAV analyses improved the understanding of the structural setting in steep, inaccessible areas. Three main discontinuity sets were found, affecting the geometry of the cliff and its stability. In particular, it highlighted how the interaction between the set J1 and J2 and the bedding planes tended to create kinetically unstable wedges (sometimes with large volumes) along the cliffs. The use of UAVs for determining the volumes of potential block has been presented by several authors in the past few years. Yakar et al. [54] and Francioni et al. [12] illustrated how the use of UAV can play a key role in the analysis of stochastic fractures and improved analyses of rockfalls. More recently, Graber and Santi [13] presented interesting research about the use of UAVs for monitoring natural slopes in Colorado (USA). Other interesting studies highlighting the use of UAVs in historical and cultural heritage sites in Turkey were presented by Karataş and Alptekin [54,55], and Sasi [56].



Unlike these investigations, in this study, we aimed to develop a methodology that is able to analyze the evolutionary trends of the slopes and the different failure mechanisms potentially affecting the study areas. Therefore, it was fundamental to merge the fracture and rockfall analyses with digital field data, interpretations of DEM derivatives and A-DInSAR data. Interpretations of the DEM derivatives were organically used to understand the geomorphological conditions of the slope under natural evolution and under the influence of anthropic interventions according to the model of evolution proposed by Penk [42] and Lehmann [43].



A-DInSAR, on the other hand, made it possible to analyze and monitor the areas in proximity to the cliffs and the potential presence of slow-moving phenomena in the gently dipping slopes on the northwest side of the towns. The A-DInSAR technique is a well-known approach used to detect and monitor slow-moving landslides [57,58,59]. However, rockfalls are characterized by rapid and very rapid velocities [60], decreasing the applicability of this technique to these phenomena. Indeed, one of the limits of this technique is the maximum displacement detectable, which corresponds to a quarter of the radar’s wavelength [61]. However, in some cases, the rockfalls can be preceded by small levels of sliding that separate these materials from the undisturbed deposits. Thus, some studies have used the A-DInSAR technique to assess the stability of the rock mass and slow ground displacements and accelerations, as precursory phenomena [62,63,64]. In this work, the A-DInSAR data were exploited to back-monitor the stability condition of rock slopes over large areas in order to detect critical localized areas that could need further in-depth investigation for the selected historical villages. The methodology may be applied to other regions facing similar challenges, such as the villages of San Leo or Civita di Bagnoregio. Remote sensing technologies could be applied to acquire data over large-scale inaccessible areas, whereas the digital field survey could be applied at the outcrop scale. The integration of data gathered from UAV, DEM analysis and A-DInSAR, together with the database of the installed mitigation measures, represents a fundamental tool for future risk mitigation plans for rocky cliffs.




6. Conclusions


The historical sites of Montefalcone Appenino and Monte San Martino have been used in this research to test a low-cost integrated approach for the analysis of historical towns potentially affected by landslides/rockfalls. The two areas present a similar structural setting, with low-angle bedding planes dipping east-northeast and three main joint sets. Steep rocky cliffs border the two towns, with similar southwest dip directions. Kinematically, the intersection of J1, J2 and S0 tends to detach blocks (sometimes with a high volume) from the cliff. The A-DInSAR analysis highlights that buildings in proximity to the cliff do not show evidence of movement. However, in the case of Monte San Martino, the same analysis displays the presence of a landslide failure along the northwest side of the town. This is probably related to the displacement of more recent eluvial-colluvial deposits in contact with the arenaceous bedrock.



The study demonstrated how the integration of the three techniques can be important to develop a complete and exhaustive analysis of the potential failures affecting historical towns. In addition, the spatial and temporal scalability of the obtainable data, as well as the methodological integrability, make the proposed operational approach widely applicable to other landscape contexts characterized by similar slope issues.



In particular:




	
Digital geological surveys permit the development of geodatabases directly in the field, including all the information about the geology and mitigation measures installed.



	
GIS outputs showcase useful morphometric and morphodynamic information to deepen the knowledge of the studied hills and to support the study with other survey techniques. Furthermore, the use of the profile curvature and the slope’s profile was important to understand the role of urbanization in the historical town built on top of the cliff face. In fact, urbanization decreases water infiltration in the slopes and, at the same time, the slope’s evolution.



	
The use of UAV is fundamental for defining the main discontinuity sets affecting the steep cliff and the volume of potentially failing blocks. This, in combination with the information about the installed mitigation measures, permits us to remarkably improve rockfall mitigation strategies.



	
A-DInSAR playes a key role in the identification of potential slow-moving landslides, which impossible to be detected with UAV and digital surveys.
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Figure 1. Geographical location of the studied villages in the Marche region (a) and the investigated cliffs at Monte San Martino village (b) and Montefalcone Appennino village (c). 
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Figure 2. Geological map reduced in scale (1:25,000) from the Marche Region’s 1:10,000 scale geological cartography with a cross-section modified from Sheet 314 [16] of the geologic map of Italy, showing the general structural attitude of the Pliocene sedimentary body that forms the studied cliffs. 
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Figure 3. (a) Sketch of the methodological approach used for data collection. (b) Temporal and spatial integration of the different techniques. 
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Figure 4. VLOS maps (mm/year) for the periods of 1992–2000, 2003–2010 and 2011–2014 acquired by the ERS-1/2, ENVISAT and COSMO-SkyMed satellites in the study areas of Monte San Martino and Montefalcone Appennino. The white line indicates the boundaries of the investigated landslide that were previously mapped by the Italian landslide inventory named PAI. 






Figure 4. VLOS maps (mm/year) for the periods of 1992–2000, 2003–2010 and 2011–2014 acquired by the ERS-1/2, ENVISAT and COSMO-SkyMed satellites in the study areas of Monte San Martino and Montefalcone Appennino. The white line indicates the boundaries of the investigated landslide that were previously mapped by the Italian landslide inventory named PAI.



[image: Remotesensing 15 05574 g004]







[image: Remotesensing 15 05574 g005] 





Figure 5. Geological map, structural features, and photographs stored during the process of digital field mapping (MUS: “Musone Sythem”—Holocene; FAA: “Argille Azzurre Formation”—Pliocene; FCO: “Argille a Colombacci Formation”—Messinian; LAG: “Laga Formation”—Messinian) of Monte San Martino (a) and Montefalcone Appennino areas (b). 






Figure 5. Geological map, structural features, and photographs stored during the process of digital field mapping (MUS: “Musone Sythem”—Holocene; FAA: “Argille Azzurre Formation”—Pliocene; FCO: “Argille a Colombacci Formation”—Messinian; LAG: “Laga Formation”—Messinian) of Monte San Martino (a) and Montefalcone Appennino areas (b).



[image: Remotesensing 15 05574 g005]







[image: Remotesensing 15 05574 g006] 





Figure 6. Example of rockfall barriers: rockfall protection net in Monte San Martino (a) and rockfall protection fence in Montefalcone Appennino (b). 
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Figure 7. Slope map and the cliff areas of Monte San Martino (a) and Montefalcone Appennino (b). 
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Figure 8. Aspect map and the cliff areas of Monte San Martino (a) and Montefalcone Appennino (b). 
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Figure 9. Main structural lineaments affecting the cliffs of Monte San Martino (a) and Montefalcone Appennino (b). 
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Figure 10. Profile curvature maps in the cliff areas of Monte San Martino (a) and Montefalcone Appennino (b), showing how a prevailing convexity characterizes the detachment area (d) while the accumulation area (a) is predominantly concave. The related boxplots show the distribution of the profile curvature values in the d and a cliff areas. The median line of the “detachment” box is above the value ‘0’, indicating the prevailing convexity of the land’s surface, while the median line of the “accumulation” box is below the value ‘0’, thus highlighting the prevailing concavity of the land’s surface. 
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Figure 11. Location of the slopes’ safety works superimposed on the land use (land use map of the Marche Region at the scale of 1:10,000) in Montefalcone Appennino. The outlines of the four most representative profiles shown in the figure are also traced. 
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Figure 12. Location of the slopes’ safety works superimposed on the land use (land use map of the Marche Region at the scale of 1:10,000) in Monte San Martino. The outlines of the four most representative profiles shown in the figure are also traced. 
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Figure 13. (a) 3D model of the cliff in RGB colors. (b) Three-dimensional model of the cliff, with the dip directions of the slope faces (and joints) highlighted. (c) Sector of the slope where the intersection of S0, J1 and J2 brought about the detachment of a large rock block. (d) The same sector as shown in (c) with the dip directions of the slope faces (and joints) highlighted. 
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Figure 14. VLOS (mm/year) for the period from 2011 to 2014 acquired by the COSMO-SkyMed ascending satellite in the area of Monte San Martino. The white lines represent the landslides mapped via the PAI. (b) LOS displacement time series of the movements detected in proximity to the village. The location of the measuring points is shown as a black circle in (a). 
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Table 1. Details of the UAV photogrammetric survey.






Table 1. Details of the UAV photogrammetric survey.





	Case Study
	Photos
	Overlap
	Side Lap
	Flight Mode
	Distance





	Monte San Martino
	190
	~80
	~80
	Manual
	~50



	Montefalcone Appennino
	105
	~80
	~80
	Manual
	~70










 





Table 2. Characteristics of the SAR datasets, their processing and results.
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	Satellite
	Orbit
	Revisit Time

(Days)
	Incidence Angle (°)
	No. of SAR Images
	Time Span
	Ground Resolution

(m)





	ERS1/2
	Ascending
	~35
	~23.0
	50
	1992–2000
	20 × 5



	ERS1/2
	Descending
	~35
	~23.0
	55
	1992–2000
	20 × 5



	ENVISAT
	Ascending
	~24
	~23.0
	50
	2003–2010
	20 × 5



	ENVISAT
	Descending
	~24
	~23.0
	38
	2003–2010
	20 × 5



	COSMO-SkyMed
	Ascending
	~12
	27
	35
	2011–2014
	3 × 3



	COSMO-SkyMed
	Descending
	~12
	29
	47
	2011–2014
	3 × 3










 





Table 3. Orientation of the slopes and main discontinuity sets.






Table 3. Orientation of the slopes and main discontinuity sets.





	Case study
	Slope

dip/dip dir
	S0

dip/dip dir
	J1

dip/dip dir
	J2

dip/dip dir
	J3

dip/dip dir





	Monte

San Martino
	75/220
	10/80
	80/160
	80/260
	70/75



	Montefalcone Appennino
	75/210
	20/75
	60/170
	70/230
	70/80
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
13°27.6°E / |/ <

—

“MTibn
&

\ /_/

W

&
7
.,\}\;30

| T4

P

D Cliff areas

'~ MuSa1 Landslide deposits

LN

[ | MUsb2 Eluvial-colluvial deposits r_]

MUISh R. TR R .
J s o

J ACbn Terraced alluvial deposits D
[~ 1 FAAc Arenaceous lithof.
* of FAA fm.

|| FAA Argille Azzurre fm.
FAA3c Arenaceous Ilthof

of Spungone m

FAA3d Arenaceous- pelmc lithof.
~ of Spungone member

MUSbn
A Recent terraced alluvial deposits D FAASC ':n enaceous ithof.

[ | MTIbn Terraced alluvial deposits D FMa Cmglmatt lithof.
f FAA fm

lithof. of FAA fm.

FAAd Arenaceous-pelitic lithof.
of FAA fm,

FCOd Arenaceous-pelitic lithof.
fm.

~ of FCO

E] FCOe Pelitic-arenaceous lithof.
FCO fm.

AAb Arenaceous-conglomeratic |

| LAGZ Evaporitic member
fm.

_J LAG3c Arenaceous lithof.
of Laga fm.

[ ] LAG3d Arenaceous-pelitic lithof.

e fm.

\:J LAG3e Pelitic-arenaceous lithof,
of Laga fm.

/ Cross-section trace






media/file18.png
43°1.9'N

43°1.7'N

13°26.0'E
I

13926.2'E
1

v

\\\\\

Main joints
MUSb?2 eluvial-colluvial deposit

FAA3c Arenaceous litof. of FAA fm.

FCOd Arenaceous-pelitic litof. of FCO fm.

. FCOe Pelitic-arenaceous of FCO fm.
T

1

42°59.5'N

\\\\\\\\

42°59.3'N
|

J
I e

.......

13°26.9'E 13°27.1'E 13°27.4'E 13°27.6’'E 13°27.8’E
| | 1 | |
{‘\ AE ' ¢ o o\ o ecocopuelh e aisle ° =
RMUSD2) " \'\. e & \j\% ’ Ko
CONS S ,”‘- ° o. e .L o. .o .o 4 o0
LAG3eN :,%* - >\. Sle e M8 s oh o
) /' \ s\ 0. . 1‘ °

e :-_ w~# £ ooo.-B e
'o = Montefalcone A‘bﬁ%’nnino .

an

* Bedding

—— Main joints

MUSa1l Landslide

MUSb2 eluvia-colluvial deposit

FAA Argille Azzurre fm.

.-« FAA3c Arenaceous litof. of FAA fm.
LAG3d Arenaceous-pelitic litof. of LAG fm.
LAG3e Pelitic-arenaceous of LAG fm.

3e

MUSb2>
1

T T

(b)





media/file21.jpg





media/file26.png





media/file27.jpg
13°260°E. 13°2630°E i 13°2730°E

VLOS (
<100
99

——— T
Po o015 03 06

0
y o :
1872508 2 13°2730°E

20 + [+ers1z2

il

b cosmosenueo
A

-80

-100

LOS displacement (mm)

120
140 (b)

160
07/05/90 28/10/95 19/04/01 10/10/06 01/04/12 22/09/17






media/file3.jpg
X Do P

Thir ]






media/file22.png
Profile 1
S-SW N-NE
950 -
Municipal road
900 A 1
850 |
Municipal road
800 1

Provincial road

Rock protection barriers

750 -
a- accumulation d- detachment
700 - , -
m : ' ; T .
0 50 100 150 200 250

Smerillo

™.

oS

S~ ____685

~

o e

~.
~
N

SW

Profile 2

NE

880

860

840 -

820 1

800 -

780 1

760 -

Rock protection meshes

3

Provincial road ——

740
7201 a - accumulation d- detachment
m 20 40 60 80 100 120 140
: _ = = = Cross-sectien line
8 . Cliff areas:
G d-datachment area,

e-accumulation area |

Bulding and
NN\ Urbzn boundary’

—— Provincial roac
' Municips! road
- Path >
Land use

SwW

Profile 3 NE

800

750 1

700 -

Pravincial road

Rogk protection barriers

650

600 -

a - accumulation | d- detachment

SW

20 40 60 80 100

Profile 4 NE

800

750 1

7004

650 1

600 -

Provincial road

a + accumulation d- detachment

T T T

20 40 60 80 100





media/file19.jpg
A






media/file7.jpg
ERS-1/2 (1992:2000) ENVISAT (2003-2010)  COSMO-SKYMED (2011-2014)

;i
{f

G

VLOS (mmiyear) ® <100





media/file28.png
13°26'0"E

13°26'30"E 13°27'0"E 13°27'30"E

=
? ' VLOS (mmlyear)
o ¥ @ <-10.0
™
v -9.9 - -5.0
-4.9-2.0
-1.9-2.0
z
o
N
®
<
13°26'0"E 13°26'30"E 13°27'0"E 13°27'30"E
0 =
+
.+..
4 A ENVISAT
pa— +H
e 0 + #*F O COSMO-SKYMED
=
= -60 *gﬁ
C
£
v -80
O
<
Q.
2 -100
©
(V2]
Q 120
140 (b)
-160

07/05/90 28/10/95 19/04/01 10/10/06 01/04/12 22/09/17

43°2'30"N

43°2'0"N





media/file10.png
13°27.1'E

13°2I6.0'E 13°2l6.2'E 13°216.4’E 13°26.6°E

A MONTE S. MARTINO#F <N \ X
O A R T R : / '-,\;. ;

g"?f’,aﬂ/ ///
|~ 4

7 S '\
; 3\ )
§ N \ N

" Fdri ey E
< Mentesany a‘in c‘;\_n
o l 3 ”-ﬂ
E e e s

43°1.9'N

' I 7
R
N 2GS NS TN

¢/
A
/’? "‘ r

N0 S

3
>
%

AP ST
¥ E’: ‘ \ /*ﬂ(u\_ JS;/A /ux /V\
74 (4 < +

B Photo shot point
] —L_ Bedding with Dip values

| s Fault

D AR
~ X
" B Photo shot point
[ —L Bedding with Dip values

R Fault

) MUSb2 eluvial-colluvial deposit

FAA3C Arenaceous litof. of FAA fm.

FCOd Arenaceous-pelitic litof. of FCO fm.

43°1.7'N
1

_ MUSal Landslide
MUSb2 eluvia-colluvial deposit
FAA Argille Azzurre fm.
FAA3c Arenaceous litof. of FAA fm. - e
E : : : > LAG3d Arenaceous-pelitic litof. of LAG fm. S5
= q — | LAG3e Pelitic-aren litof. of LAG fm. ,3,..
| Fcod \ll = \,\L’ V... i G3e e trc are aceos tof. o AG - aSb2~ N

(a) (b)






media/file14.png
13°26.0°E 13°26.2°E 13°26.4°E 13°26.6°E 13°26.9'E 13°27.1E 13°27.3'E 13%927.5E 13927.7E 13°27.8°E

=
S
a
i)
3

o]
<

C Cliffarea Provincial
Urban road
boundary Municipal
Building road

[ Cliffarea ™ 20-30 = 60-70 Urban Municipal Path

Slope B 30 - 40 70 - 80 tp>ourllda_ryI road Slope BN 20-30  50-60 M 80-90
B 40-50 WEM 80-90 = Frovinda Buildin : B 30-40 W 60-7

- <= 10 eaflys road . W\ = 38 8 38 88

. 10-20 - .10 - 20 i )

42°59.2'N

43°1.7'N






media/file11.jpg





media/file6.png
A-DInSAR

UAV

= o

Digital field mapping
A
)

(a)

sl 1 il A
I I I _
E R
5 BmAe
-y [«F] 4+ _
I 1o g
flllrll—ll _
R ————
I ~ _
o2 I
I O _
_ — I
_ I
I ” _
I < _
[ 2] _
I
I W _
5 I
. I
. — I
. I
.| I
. I
|
o = I
H o o 1
_m = I
"E Q1
I < [
llllllll I
8:"
(o]
&)
(D] v v
= © o
R @ m
o e
G = E
N O

€20C
[44\4
§
020T
610C
810C
L10C
910¢
S10T
¥10C
€102
(414
[10C
010C
600C
800C
£00C
9002
S00T
#00T

00T
1002
0002
6661
8661
L661
9661
S661
7661
€661
661
[661
0661

b)

p—





media/file15.jpg





nav.xhtml


  remotesensing-15-05574


  
    		
      remotesensing-15-05574
    


  




  





media/file29.png





media/file16.png
43°1.9'N

13926.2°E l3°2|6.4'E 13°26.6'E

43°1.7'N

13°2|6.0’E

P y %
{ ~ K

13927 4°E

13°26.9'E 13°27.6'E 13°27.8'E

\ T ¥

1327 . I'E

I z
n
(o)
- N
7 28 |-
7 <
=
oM
o LA X )
in - =
¢ | O diffarea == Provincial _
3 Urban road
N \ boundary =~ Municipal ™~
[ Cliff area E-SE  HE N-NW ~~ Municipal = M Building 2 rtcr’]ad — N
Aspect S-SE 3 Urban road [ b : . X A
S-SW boundary M Building . ‘ Aspect E-SE W-SW Il N-NW °
- w-sw == Provincial \” k- BB N-NE S-SE W-NW
. EHE W-NW road i < e oy Bl E-NE S-SW
= = T T = T = .

(a)






media/file2.png
Monte San Martino .

-1 Historical centre
Municipal territory
border

o
=== Provincial road 239
Municipal road
-- Path Track

Path

ontefalcone Appennino

Montefalcone Appennino cliff

(c