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Abstract

:

Mass movements represent a serious threat to the stability of human structures and infrastructures, and cause loss of lives and severe damages to human properties every year worldwide. Built structures located on potentially unstable slopes are susceptible to deformations due to the displacement of the ground that at worst can lead to total destruction. Synthetic aperture radar (SAR) data acquired by Sentinel-1 satellites and processed by multi-temporal interferometric SAR (MT-InSAR) techniques can measure centimeter to millimeter-level displacement with weekly to monthly updates, characterizing long-term large-scale behavior of the buildings and slopes. However, the spatial resolution and short wavelength weaken the performance of Sentinel-1 in recognizing features (i.e., single buildings) inside image pixels and maintaining the coherence in mountainous vegetated areas. We have proposed and applied a methodology that combines Sentinel-1 interferometry with ground-based geomatics techniques, i.e., global navigation satellite system (GNSS), terrestrial laser scanning (TLS) and terrestrial structure from motion photogrammetry (SfM), for fully assessing building deformations on a slope located in the north-eastern Italian pre-Alps. GNSS allows verifying the ground deformation estimated by MT-InSAR and provides a reference system for the TLS and SfM measurements, while TLS and SfM allow the behavior of buildings located in the investigated slope to be monitored in great detail. The obtained results show that damaged buildings are located in the most unstable sectors of the slope, but there is no direct relationship between the rate of ground deformation of these sectors and the temporal evolution of damages to a single building, indicating that mass movements cause the displacement of blocks of buildings and each of them reacts differently according to its structural properties. This work shows the capability of MT-InSAR, GNSS, TLS and SfM in monitoring both buildings and geological processes that affect their stability, which plays a key role in geohazard analysis and assessment.
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1. Introduction


Mass movements (i.e., fall, topple, slide, spread, flow and slope deformation [1]) are abundant and frequent worldwide, threatening human life and properties, with significant socio-economic losses [2,3]. Buildings located in unstable slopes are subjected to rigid rotations or angular distortions due to differential displacements [4,5]. Identifying and monitoring both building damages and slope movements is crucial for the implementation of effective risk mitigation strategies and urbanization and development plans [5,6].



Data collected by space-borne synthetic aperture radar (SAR) sensors and processed through multi-temporal interferometric SAR (MT-InSAR) techniques have become one of the most powerful tools to guarantee a systematic and comprehensive monitoring of surface displacements over large areas for long periods [2,7,8,9,10,11]. These techniques have been developed during the last two decades referring to two main approaches, persistent scatterer (PS, [12,13,14]) and small baseline subset (SBAS, [15,16]), and can be used to measure surface displacements due to natural processes and human activities [17,18], removing the effects of atmosphere, topography, and signal noise. They have been used to monitor mass movements [11,19] and anthropogenic structures and infrastructures (e.g., buildings, dams, roads, bridges, and pipelines) affected by such phenomena [10,20,21].



MT-InSAR techniques have been combined with in situ surveys, such as laser scanner acquisitions, structural analysis, building damage records, and crack pattern surveys, for monitoring landslide movements and their impacts on buildings in Moio della Civitella, Agrigento and San Fratello (Italy) [5,22,23], and Arcos de la Frontera (Spain) [24]. In situ investigations are very important to integrate and validate the results from remote sensing surveys, but they are not commonly used because costly and time consuming.



Thanks to the free and open dissemination strategy of Sentinel-1 SAR data at high temporal resolution and with global coverage, the long-term behavior of buildings and landslides can be monitored, and the deformation maps can be quickly generated and regularly updated every six days. However, Sentinel-1 data acquired in interferometric wide swath mode have spatial resolution of 5 by 20 m in range and azimuth, so that it is not possible to distinguish the backscattering features inside each image pixel. Therefore, in most cases monitoring deformations affecting single building located in landslide areas and understanding how such deformations are related to mass movements requires the integration of Sentinel-1 interferometry with ground-based data acquired through other monitoring techniques.



The main aim of this work is to propose a methodology to monitor the deformation of anthropic structures and infrastructures and the geological process that induces such deformation. To this end, different techniques are required because of the different size, characteristics and scale of investigation of the elements to monitor. In this paper, we provide an effective integration of the MT-InSAR results with global navigation satellite system (GNSS), topographic, terrestrial laser scanning (TLS) and terrestrial structure from motion photogrammetry (SfM) measurements, to monitor the stability of the buildings located along the unstable slope of Rovegliana village (north-eastern Italian pre-Alps). Sentinel-1 SAR data from 2014 to 2019 were processed through the SBAS technique to identify and monitor both the deformation of the buildings and the evolution of the mass movements. From October 2018 to October 2019, three GNSS surveys were carried out to measure ground displacement both in urban and non-urban areas. In the same period, three TLS and SfM surveys were performed to monitor two cracked buildings. Finally, MT-InSAR results integrated with GNSS, topographic, TLS and SfM measurements allowed the relationships between the kinematic evolution of the landslides and damage to the buildings to be investigated.




2. Study Area


Rovegliana village is located on a slope in the north-eastern Italian pre-Alps (Figure 1). The area under investigation is 4.2 km2 wide, elevation ranges from 800–900 m on top to 400–330 m a.s.l. at the bottom of the slope, in correspondence of the Agno torrent, and slope gradient varies from 40° in the upper part to 20° in the lower, depending on the geological setting. The mean annual temperature and rainfall measured in the period 1994–2019 are 10.7 °C and 230 cm, respectively. There are two main wet seasons, from March to June (Spring) and from September to November (Autumn), but short-duration intense rainfall events can occur in summer (July and August). This area is not very urbanized, with several small agglomerates of houses and a minor road network present.



The bedrock of the slope is constituted by two heteropic formations deposited during middle Triassic: Recoaro limestone and Gracilis Formation. The first one outcrops in the upper part of the slope and is composed by limestones, marly and dolomitic limestones. The second one outcrops in the middle and lower part of the slope and consists of an alternance of sandy and marly limestones, interbedded with evaporitic dolomites. These formations have an average dip direction similar to the slope and are highly fractured due to the tectonic events that occurred during the Upper Triassic–Jurassic and the Alpine orogeny.



The whole area is characterized by the extensive outcrop of a debris cover up to 10 m thick, derived from eluvial/colluvial processes and mass movements. The grain size of the debris is very heterogeneous and it ranges from millimetric to decametric clasts immersed in a clayey and silty sand matrix. Locally, morphological evidences, such as bumps, dips, and sudden changes in the slope gradient, reveal the presence of large boulders in the debris, dislocated from the Triassic calcareous formation located at the top of the area.



The slope instabilities were identified through in situ investigations, aerial photos interpretation, GNSS and InSAR surveys [25,26]. They consist of translational and rotational slides, soil slips and superficial slow deformations (creep) mainly involving the debris cover (Figure 1). Slide phenomena and soil slips have a high state of activity and mainly occur in the wet seasons after rainfall events. Superficial deformations have displacement rates of few millimeters per year as measured in our previous GNSS and InSAR surveys [25,26] and do not show clear geomorphological evidences, but movements result in damages to buildings, walls and road network, and upward curvature of trees.



In this work, two masonry structures affected by relevant crack patterns due to mass movements were investigated in detail: Rovegliana Church and a building located in Cappellazzi district (Figure 1 and Figure 2). The two structures were built using standard masonry formed by bricks and concrete blocks. Many documents about the history of Rovegliana village and in particular its Church are available, but the current building was built in 1963. It covers an area of about 540 m2 with a height of 14 m. The building located in Cappellazzi was built in the seventies of the last century; it covers an area of about 130 m2 with an average height of about 10 m.




3. Material and Methods


The methodologies applied in this work consist of satellite and ground-based measurements of displacements affecting the Rovegliana slope and the two damaged buildings investigated in detail. MT-InSAR techniques were used to monitor and explore the triggering factors of the instability phenomena and the damages to human structures and infrastructures. GNSS surveys were performed to integrate and verify interferometry results and provide a reference system for the multi-temporal TLS and SfM measurements which allowed to monitoring in great detail the behavior of the buildings.



3.1. Multi-Temporal Interferometric Synthetic Aperture Radar (MT-InSAR)


Ground deformation over the study area was measured using both ascending and descending Sentinel-1A and -1B C band images in interferometric wide swath mode, with a 12- or 6-day revisit time and a spatial resolution of 5 by 20 m in range and azimuth. Two hundred sixteen images acquired from ascending track 117 (24 October 2014 to 3 November 2019) and two hundred thirty-three images acquired from descending track 95 (30 March 2015 to 4 November 2019) were processed. The incident and heading angles of ascending orbit are about 39.08° and −10.17°, and those of descending orbit are about 43.77° and −170.87°, respectively.



The two representative classes of MT-InSAR approaches, PS and SBAS, mainly aim at eliminating atmospheric phase contributions, which are spatially correlated within a single SAR scene and temporally uncorrelated. However, above all, these techniques estimate surface motion considering the usually strong temporal correlation of deformation phenomena [27].



The PS technique, first proposed by Ferretti et al. [12], generates differential interferograms referred to one common master identifying persistent point-wise reflectors, such as manmade structures and rocks. In general, PS InSAR performs better in urban and nearby areas, where the number of persistent scatters is higher than in natural terrain [27].



The SBAS technique, first proposed by Berardino et al. [15], relies on an appropriate combination of image pairs with small spatial and temporal baseline, overcoming some of the limitations of atmospheric effects and detecting the temporal evolution of the surface deformations. This approach is more effective in the case of spatially correlated deformations. Moreover, it increases the spatial coverage, especially in non-urban areas [28].



In this study, SBAS technique was applied to get information both on urban and non-urban areas to better monitor mass movements and observe the behavior of most of the slope. The SBAS processing workflow adopted in SARscape was used (Figure 3). In the first step, a network of reference and secondary image pairs is defined using temporal and perpendicular baseline constraints (Figure 4); the second step consists of images co-registration and interferograms generation (with the subtraction of topographic low frequencies), filtering and unwrapping for each pair; inaccuracies due to satellites orbits and phase ramps are removed in the third step; mean heights and velocities are estimated and used to re-flatten each interferogram in the first inversion (step 4); atmospheric corrections are performed in the second inversion (step 5), then displacements and heights (correction values and new elevation) related products are generated; finally, all processing results are geocoded in the selected cartographic system.



The topographic phase correction and geocoding processing were run using the 1-arc digital elevation model (DEM) from the Shuttle Radar Topography Mission (SRTM). We primarily generated 923 and 837 interferograms for descending and ascending, respectively, with a maximum temporal baseline of 36 days and a maximum perpendicular baseline of 120 m. Some acquisitions were discarded (red points in Figure 4) both in the ascending and descending datasets, due to the low coherence of most of the interferograms involving such acquisitions. The low coherence, below the threshold set in the processing (0.35), could be related to strong surface variations induced by extreme weather conditions.



The interferograms were filtered through the Goldstein method [29]. The alpha min and alpha max, which means the exponents applied to the power spectrum of the coherent (coherence = 1) and incoherent (coherence = 0) pixels, were set to 0.3 and 3, respectively. The value of alpha applied to each pixel varies linearly between the specified minimum and maximum values: the higher the alpha min and alpha max, the stronger is the filter smoothing [30]. The filter window size was set to 64 pixels. The SBAS inversion was run using a disconnected approach, allowing the inversion also in case of some temporally sparse coherence drops, setting the percentage of interferograms and the minimum valid acquisitions to 60% and 95%, respectively.



The output of both ascending and descending datasets measured the projected component of actual deformation in the direction of the line of sight (LoS). To characterize the long-term behavior of the buildings and landslides, LoS velocity should be analyzed according to the actual ground surface motion. The availability of two different viewing geometries (ascending and descending) allowed to get the horizontal (east–west) and vertical components of the actual motion from the LoS velocity [31,32]. In detail, this projection can be performed assuming a null north–south deformation component, and performing a 2D combination and decomposition of the ascending and descending LoS deformation vectors, for each resolution cell, taking into account the local LoS direction of each dataset (Figure 5). This simplification is plausible considering the low sensitivity of satellite SAR near-polar orbit acquisitions, which are barely sensitive to north–south deformation components, which describe objects moving almost parallel to the satellite fly direction. Eventually, the north–south horizontal direction of deformation could be retrieved if three different geometries of acquisition are available over the same area, spanning the same time interval.



The Sentinel-1 ascending and descending data are not contemporary. Therefore, to perform the LoS result combination to the east–west and up–down directions, a temporal interpolation of the LoS time series of deformations is executed during the projection step.




3.2. Global Navigation Satellite System (GNSS)


GNSS observations have been widely applied for landslides identification and monitoring [33] and as calibration, validation, and/or comparison of the InSAR results [34]. The capabilities of the two techniques complement each other in monitoring ground deformations. GNSS based analysis generally involves the establishment of a network of GNSS stations, data adjustment, transformation to a common datum, and differencing for displacement detection [35]. It is possible to obtain a three-dimensional (3D) point position with horizontal and vertical accuracy of 7–8 mm and 1–2 cm, respectively [36].



In detail, the study area was monitored using multi-temporal GNSS data acquired during three different survey campaigns performed in October 2018, June 2019, and October 2019. Measurements were planned identifying 10 reliable non-permanent stations (NPS): eight NPS are located on stable foundations inside the unstable slope to check and monitor instability phenomena, and two NPS and a GNSS permanent station (SCHI) are positioned outside, in presumably stable areas, to check the co-registration of the reference system for each survey. The baselines, i.e., the distances between points inside and outside to the landslide, are less than 10 km. All points were selected to permit nearly ideal conditions, e.g., unobstructed horizon view, avoidance of multipath effect.



The NPS points inside the unstable slope are distributed taking into account the necessity to georeferencing the terrestrial laser scanning data, the photogrammetric acquisitions and the local topographic measurements (network for survey the laser scanning ground control points and the natural and artificial points on the external walls of the buildings): two NPS points are located close to Rovegliana Church and other two close to the building in the Cappellazzi district; the other four NPS are distributed in the deformation area. These points are useful not only for the georeferencing of terrestrial measurements, but also as a source of data for the comparison and validation of interferometry results.



Observations were performed using four double-frequencies Leica Viva GNSS receivers for each campaign, adopting the static mode approach at a sampling rate of 15 s in order to carry out the survey of the network foreseeing the minimum acquisition time of 3 h for each baseline.



Acquired data were processed using the Infinity software provided by Leica Geosystems, taking into account precise orbits of satellites downloaded from the International GPS Service for Geodynamics (IGS). The network related to the three points outside the unstable area was used to check the stability of the NPS stations in the multi-temporal analysis and to constrain the common reference system for each survey. Subsequently, the adjustment of the network related to the points inside the unstable slope and transformed in the stable reference system, provided the coordinates of the NPS points for each measurement. Finally, the differences in the 3D coordinates provided the displacements of the points along north, east, and elevation directions.




3.3. Terrestrial Laser Scanning (TLS) and Structure from Motion (SfM)


TLS is a ground-based technique that automatically collects the 3D spatial coordinates of a large number of points of objects, with a spatial resolution that ranges from millimeters to centimeters [37]. Point clouds and red blue green (RGB) images acquired from the center of the instrument, allow the texturing of the 3D scans providing a photo-realistic metric representation of the surveyed objects. TLS data are usually acquired in form of multiple scans, that have to be aligned to create the global 3D model. Point clouds acquired in different times are co-registered and transformed into one coordinate system (e.g., using affine transformation) for change detection studies. This contactless measurement technique has been widely used for long-range monitoring in the fields of architecture [38], civil engineering [39], geology [40] and geomorphology [41].



TLS acquisitions were performed using the Leica ScanStation P20, characterized by a precision of 2 mm and 8” in distance and angular measurement, respectively [42]. In the surrounding area of the two analyzed buildings, two local topographic networks were defined and measured using the total station Leica TCR1201 for the survey of the targets necessary to align the TLS scans [43,44]. The local networks are composed by five points in Cappellazzi district and six points in the Rovegliana Church area. Each network includes two GNSS NPS points (1100 and 1200, 2100 and 2200, Figure 1) which were used for georeferencing the point clouds in the UTM 32N cartographic reference system. In each site, TLS and low-resolution image acquisitions started from the points of the topographic network, measuring the other visible targets and acquiring data of the building walls from different points of view, to reduce the shadow areas and reconstructing the 3D models as complete as possible. All the scans were performed with a sampling distance of 3.1 mm at 10 m, corresponding to a real average grid size of about 2 mm, while the additional detailed scans of the most damaged and cracked parts of the walls have a sampling distance between 0.8 and 1.6 mm at 10 m, corresponding to a real average grid size between 0.4 and 0.8 mm. Acquired portions of the structures are relative to the walls interested by the relevant fractures and not for the whole objects to optimize the work and for more efficient management of the data, focusing the analysis to the most problematic fracture patterns.



In the first phase of the processing, using the software Leica Cyclone provided by Leica Geosystems, the scans were optimized removing the unnecessary points and filtering the noise. Then, the identification of several targets and the assignment of their georeferenced coordinates allowed to register (align) the scans with the calculation of the related error for each target. These values provide the accuracy of the scans alignment that can be verified through visual inspections of the 3D model, sections and plans.



In the second phase of the processing, the comparison between multi-temporal TLS data was performed using the plugin M3C2 of the software Cloud Compare (https://www.danielgm.net/cc/). This is a specific tool that allows to calculate the distance between two 3D entities (cloud-to-cloud, cloud-to-mesh and mesh-to-mesh) [45,46]. To this end, a subset of points (core points) of one of the two point clouds (reference cloud) is considered. The distance is calculated considering the points falling in a cylindrical volume around the local normal to each core point. In the processing, the following parameters have to be set: subsampling, normal scale, projection scale and maximum depth. The subsampling is the minimum distance between points in the reference cloud and it was set to 1 cm. The normal scale is the diameter of the spherical volume around each core point used to compute the local normal, the adopted value is 5 cm. The projection scale is the diameter of the cylinder used as search region to calculate the distance between the two point clouds, the value was set to 10 cm. The max depth is the height of the cylinder in both directions from the core point, it was set to 20 cm. These parameters were chosen based on our previous experiences and literature [47,48]. Once the parameters are set, the distance between the average positions of the points of each cloud falling in the cylindrical volume is calculated.



The total station was used for the measurement of the topographic reference network and the targets and for the survey of natural and artificial points homogeneously distributed on both sides of the main cracks affecting the buildings (20 for the building in Cappellazzi and 20 for Rovegliana Church), performing distances and angular triangulations measurements from the points of the network to evaluate any differential displacement.



In addition to the TLS surveys, terrestrial photogrammetric acquisitions were performed for the application of the SfM technique. The original idea of SfM was proposed by Ullman et al. [49], who addressed how to infer the 3D structure and motion of objects from the 2D transformations of their projected images. SfM has been used to generate large point clouds for scene structure reconstructions [50] and geosciences applications [51]. This technique exploits an automatic pixel-by-pixel correlation approach, reconstructing the 3D model in a local or global reference system. The general workflow consists of an initial analysis of the imagery dataset with the feature extraction and matching through an object recognition algorithm (scale invariant feature transform, SIFT) [52]. It allows to reconstruct the position of the camera using the coordinates of the measured targets and generate a sparse points cloud, which is composed by the homologue points (tie points) identified in different images. Then, the full-resolution images are used to increase the sparse point cloud, generating the dense cloud through the multi-view stereo (MVS) algorithm. The obtained 3D model can be used for the production of the mesh model, DEM and orthomosaic. The SfM processing was performed using the Agisoft Metashape software (www.agisoft.com).



The images of the damaged buildings were acquired by the digital single-lens reflex (SLR) camera Canon EOS 5DS (CMOS sensor 50.6 megapixel; sensor size 36 × 24 mm), with a 35 mm focal length objective. To monitor the evolution of the crack pattern affecting the walls of the buildings, 96 images in Cappellazzi district and 127 images in Rovegliana Church were acquired, with size of 5760 × 3840 pixels and an overlap from 40% to 90%. In the first case, the average camera–object distance is 4 m which allows to obtain a ground sample distance (GSD, pixel size in the wall) of 0.7 mm. In the second, the average distance is 2 m and the GSD is 0.4 mm. The tripod and flash were not used thanks to the good and uniform light conditions.





4. Results


Figure 6a,b show the velocity maps along the LoS direction derived by SBAS-InSAR processing of Sentinel-1 ascending and descending datasets. Positive values mean that the movement is towards the satellites, and negative values indicate that the movement is away from the satellites. The results were obtained exploiting Sentinel-1 data full resolution, which is 15 × 15 m2 to get squared resolution pixels, setting a coherence threshold of 0.35 for both the ascending and descending datasets. Interferometry results cover the 85% (ascending) and 76% (descending) of the entire study area, providing information on urban and non-urban areas. Landsliding areas are almost totally covered by both ascending and descending SBAS results. Displacement rates range from −30 to 30 mm/year with a mean precision of the calculated LoS mean velocities of, respectively, 3.35 ± 1.1 and 3.33 ± 1.05 mm/year for the ascending and descending output. Higher deformation velocities were measured in areas with high slope gradient, at the head of the gullies and landslides. In these areas, the direction of displacement is mainly vertical (Figure 6d). Lower velocities were estimated in gentle or flat slopes which are characterized by a significant horizontal displacement along the slope facing (Figure 6c) as in the case of the two sites investigated in more detail (Rovegliana Church and Cappellazzi district). The rate and direction of detected displacements are clearly connected to the kinematic of the instability phenomena affecting the slope. In the source areas, mass movements have a rotational component with a depletion of the ground surface which results in negative values in the LoS and vertical velocity maps (Figure 6a,b,d). Along the body of landslides, the movement is mainly translational in the direction of the maximum slope (south–west). In this case, LoS velocities estimated by the processing of SAR images acquired in ascending orbit are positive, while velocities estimated through descending acquisitions are negative. It means that a prevailing horizontal component to the west is present as evaluated by combining ascending and descending SBAS results (Figure 6c).



To investigate the relationships between damages to anthropic structures and mass movements, SBAS-InSAR displacement time series of points located in Cappellazzi district and Rovegliana Church area, were considered (Figure 7). LoS, horizontal and vertical displacements affecting the two structures monitored by TLS and SfM (Figure 1 and Figure 2) were compared to those estimated in the surrounding non-urban areas. The trend of the time series in Cappellazzi is very similar with a total displacement between −8 and −20 mm in the LoS direction (Figure 7b). The small differences are due to the different morphological conditions of the selected points: 1101, 1102 and 1103 are on the slope while 1104 is in a flat area. Total displacement along the horizontal and vertical directions is almost the same and it is between −5 and −10 mm. These results show that the entire sector is moving to SW at the same rate along the maximum slope which is consistent with the kinematic of the translational slide affecting this area. In the case of the Rovegliana Church area, the trend of the time series is similar, but points 2103 and 2104, located at north of the church, have a total displacement higher than points 2101 and 2102. These differences show that this area is affected by two different instability phenomena which have been activated in the same periods but with different intensity as occurred after July 2017 and July 2018 (Figure 7f). The negative trend of horizontal and vertical components (Figure 7g,h) suggests that points 2103 and 2104 are moving to west along the maximum slope due to the soil slips occurring in this sector, while points 2101 and 2102 are moving to south–west, according to the local morphology, along the same direction of the translational slide affecting the southern area of Rovegliana Church (Figure 1).



Both in Cappellazzi and the Rovegliana Church area, the time series clearly show that displacements occur during the wet seasons, from March to June (Spring) and from September to November (Autumn) (Figure 7b–d,f–h), rainfall being the main triggering factor. Figure 8 shows a clear relationship between rainfall and vertical displacement affecting the area of Rovegliana Church. It has to be noted that after dry winter periods, spring rainfall events cause an upward displacement. Even if less evident, this phenomenon can occur also in the autumn season, after the main rainfall events. We do not have enough information to explain this occurrence, it can be supposed that it is related to the swelling of clayey deposits due to the variation in the soil moisture, but more detailed geotechnical investigations and an hydromechanical modeling of the instability phenomena would be required.



The GNSS processing and the adjustment of the external network composed by 3 points provided the coordinates of the 10 NPS points in the UTM 32N cartographic reference system. The three external points showed differences in the coordinates ranging from 0 to 1.0 mm (October 2018–June 2019) and from 0.1 to 1.2 mm (June 2019–October 2019), thus they can be considered stables during the observation period. The network of the NPS located inside the unstable area was adjusted by constraining the coordinates of the 3 stable external points. The results of the adjustment provided coordinates standard deviations ranging from 2 to 6 mm in planimetry and up to 9 mm in elevation. The differences of the coordinates of the 8 inside NPS points generated the 3D displacement vectors.



The cumulative 3D displacements of the GNSS NPS points are listed in Table 1. To verify interferometry results, the horizontal (east–west) displacements estimated by the two techniques at the GNSS point inside the unstable slope were compared. The east–west component was considered because of the better accuracy of GNSS technique in measuring planimetric displacements. The results show a very good agreement between the two techniques for almost all the points, except in the case of the point 4100 where a small difference was observed. However, this is within the limits of precision of the techniques. The cumulative horizontal displacement vectors derived by GNSS are directed to south–west along the maximum slope (Figure 9), which is consistent with the kinematic of the instability phenomena, as observed from the interferometry.



TLS methodology provided the 3D models of the two objects under investigation (Figure 10): for the building located in Cappellazzi, four scans were executed (two scans for the global views and two high-resolution scans for the damaged parts) from two different scanning points; for Rovegliana Church, a total of six scans (with two high-resolution scans) were necessary to cover the frontal part of the building, the fractured wall of the portico and the bell tower. The global models were built with the software Leica Cyclone using the georeferenced targets for the alignment procedure and the same settings and parameters were used for the three different survey campaigns of the years 2018–2019. The average registration errors obtained in the 6 targets of the Rovegliana Church area are 3 mm for the surveys performed in October 2018 and June 2019, and 4 mm in the October 2019 measurement. In the case of Cappellazzi district, the average registration errors on 4 targets are 2, 3 and 2 mm in the three surveys. In the comparisons between models acquired at different times, to reduce the influence of the georeferencing and make the point cloud cleaner and more accurate, only the single high-resolution scans (with sample distance of 0.8 and 1.6 mm at 10 m) were used.



The first and the last scans were compared to detect displacements of cracks affecting the structures (Figure 11). The M3C2 plugin tool of the software Cloud Compare allowed to perform the computation of distances between two point clouds, considering some input parameters about the density of core points and volume in which the homolog points for the distance calculation are identified [45]. The results, highlighted by the color scale, show that the fractures seem to remain stable or the deformation is too small to be observed with the TLS approach. The displacements regard the mobile parts (windows, doors, plants, objects in Figure 11a) and rigid translations of the whole surfaces, as shown in the two peaks of distances in Figure 11a,b (about 1 cm to the south direction for the building in Cappellazzi district and 1.2 cm to the south–west direction for Rovegliana Church).



The SfM processing of the images was executed with the purpose to trace the evolution of the fractures in the observation period, thanks to the high-resolution imagery acquired by SLR camera. The reconstruction of a reliable 3D model and the extraction of the orthophotos can be validly used for identifying and tracking the discontinuities, with a higher capacity of representing small details on the surface of the objects than a point cloud. From the 3D model, the textured mesh using an orthomosaic of the corresponding images was obtained; subsequently, the extraction of the orthophoto was done defining 3 points on the surface of the wall and using them as reference for the projection of the textured mesh with pixel size of 1 mm. The orthophotos were used as base layer to draw the pattern of the cracks in the first (October 2018) and last (October 2019) surveys (Figure 12). It was decided to use orthophotos from SfM rather than from TLS textured model because of the far better resolution of the images acquired by SLR camera and the impossibility to distinguish millimetric details in TLS point cloud. By superimposing the traces of the cracks detected in 2018 (red polylines in Figure 12) on the 2019 orthophoto, it shows that the damage on the walls did not increase in the observation period.




5. Discussion


The obtained results show the very good performance of SBAS-InSAR technique in monitoring mass movements. The extended spatial coverage of SBAS results allows to identify the kinematic of the landslides and to detect the most active sectors. In addition, this technique provides low-noise time series of displacements which allow to estimate the temporal evolution of the movements and explore the triggering factors. For these reasons, despite SBAS technique is time-consuming from the computational viewpoint and for the operator intervention, it should be preferred to PS-InSAR based techniques [14] which allow to estimate deformations affecting limited areas [53]. PS techniques can be effectively used for analyzing highly urbanized unstable slopes, as shown in previous studies [21,22,23,24].



Interferometry results allowed to confirm the role of rainfall as triggering factor of the mass movements affecting Rovegliana slope. Comparing the displacement time series derived by SBAS processing to the rainfall pattern show that, in the monitoring period (2014–2019), the instabilities have been activated during the wet seasons (Spring and Autumn). An oscillation of the displacements has been measured with upward movements that can be correlated to rainfall spring events occurring after winter dry season. The fully comprehension of this phenomenon requires a detailed geotechnical investigation and modeling. Integrating remote sensing methods with geotechnical surveys and in situ monitoring of subsurface movements and pore pressure variations, would help in defining the relationships between rainfall and displacements and implementing effective mitigation measures [54]. However, as observed in this study and in numerous previous surveys [55,56,57] MT-InSAR represents a useful tool for the preliminary analysis of rainfall-induced landslides.



The velocity maps and the displacement time series derived by interferometry allowed investigating the influence of mass movements on the stability of anthropic structures in the study area. It was observed that the displacements measured at the location of the building in Cappellazzi and of Rovegliana Church are directly correlated with the activation of the instability phenomena affecting these sectors. These phenomena cause the displacement of blocks of buildings, but it is no possible to correlate landslides activation to the damages suffered by a single structure due to the resolution of Sentinel-1 SAR images. As shown by the overall results, this correlation is possible integrating interferometric data with ground-based surveys (i.e., GNSS, TLS and SfM).



GNSS data provided the 3D deformation vector at each GNSS point, with an accuracy in the order of 10 mm. The GNSS measurements, in agreement with the MT-InSAR results, provide horizontal displacement vectors directed toward the maximum slope (Figure 9). The 2 NPS points used for monitoring deformations in Cappellazzi district and for georeferencing the topographic, TLS and photogrammetric acquisitions (1100 and 1200 of Table 1) did not show any relative displacements each other: in fact, even if in the 3 survey campaigns the two GNSS vectors show relative differences of 8–9 mm, the direct measurements of the distance performed with the total station provided differences of 1 mm, value less than the precision of the instrument. The same consideration can be extended to the area of Rovegliana Church: the two GNSS displacement vectors (relative to the NPS points 2100 and 2200 of Table 1) shows relative movements of 6–7 mm, but the direct measurements of the distance performed in the three surveys provided differences of 2 mm; for this reason, no differential displacements were recognized in the analyzed period, and the relative differences between the GNSS displacements vectors are due to the precision of the methodology that, in this study, can be assumed in the order of maximum 1 cm, that is the expected value [58,59].



The comparison between the coordinates of the artificial and natural topographic points located in different portions of the two buildings and separated by significant cracks, do not show relative displacements, indicating that the movements detected by GNSS and InSAR surveys involved the whole structures rigidly. This is confirmed by the multi-temporal TLS scans which did not detect any significant change in the crack pattern, as shown in Figure 11 where the rigid and constant movement of the masonry element along the maximum slope is shown. Even the comparison between the images acquired in the first and last SfM surveys do not show any progression of the damages affecting the two structures (Figure 12). This comparison was applied to the SfM models because the TLS data are widely used for identifying the deterioration of buildings, but in this case they are not reliable for the identification and monitoring of cracks patterns due to the not enough resolution of the texture in point clouds. TLS technique is very useful to detect localized or distributed movements, but the displacements have to be higher than 10–15 mm, to avoid errors due to the instrument and georeferencing process.



The findings of this study show that the mass movements observed by interferometry during the period October 2018–October 2019 (Figure 7) have caused a rigid movement of the monitored buildings, because no differential deformations of the structures were detected by topographic, TLS and SfM surveys. Therefore, it can be argued that slope instabilities cause the displacement of block of buildings (Figure 7a,e), but there is no direct relationship between landslide activity and temporal evolution of damage, each building reacts in different time according to its structural characteristics. These results can help in the assessment of landslide risk, but a geotechnical in-depth analysis of the landslides and the structural properties of the buildings would help to better correlate the slope dynamics to the damages suffered by the anthropic structures in order to implement the best mitigation strategies.




6. Conclusions


In this paper, we have proposed a methodology to investigate the relationships between mass movements and damages to human structures. The methodology is based on an effective integration of Sentinel-1 interferometry and ground-based geomatics techniques, such as global navigation satellite system (GNSS), terrestrial laser scanning (TLS) and structure from motion (SfM), supported by classical topographic measurements. The methodology was applied to the unstable slope of Rovegliana village (north-eastern Italian pre-Alps) to monitor the stability of anthropic structures after the activation of the mass movements.



The SBAS-InSAR technique was used to process Sentinel-1 A/B SAR data acquired in the period 2014–2019. This technique has shown a high performance, providing a large coverage of interferometry data over the study area and very low noise displacement time series which allowed to identify the most unstable sectors of the slope and the kinematic evolution of the landslides. However, due to the resolution of SAR images, the monitoring of the effects of mass movements on the structures is no possible. To this end, two damaged buildings were monitored through topographic, TLS and SfM surveys performed in October 2018, June 2019 and October 2019. In the same periods GNSS measurements were performed on eight non-permanent points inside the unstable area, to verify interferometry results and provide a reference system for the ground-based surveys.



The obtained results show that the location of the buildings investigated in detail and their surrounding areas were affected by mass movements in the period October 2018–October 2019, but the structures did not suffer any damage. This means that landslides cause the displacement of blocks of buildings and each of them reacts in different time depending on their structural properties.



The methodology and the findings of this study can help in landslide risk prevention. In the case of Rovegliana area, it is evident that mitigation measures have to be applied to ensure the global stability of the slope through structural and non-structural (monitoring) interventions. In the next future, we will continue space-borne and ground-based surveys to deepen the cause (landslide)–effect (damage to building) relation. We will consider processing high-resolution SAR data (i.e., COSMO-SkyMed data) to fill the gap of Sentinel-1 in monitoring anthropic structures. Given the high revisiting time of COSMO and Sentinel acquisitions, we expect that combining the results from multi-temporal differential SAR interferometry processing of different types of SAR data will allow a near real-time monitoring of the mass movements and elements at risk. Moreover, we will test the proposed methodology in other geological and geomorphological contexts such as alluvial and coastal plains, the most populated areas in the world, affected by subsidence phenomena which can threaten the stability of anthropic structures and infrastructures.







Author Contributions


M.F. (Mario Floris), G.T. and M.F. (Massimo Fabris) proposed the conceptualization and the methodology; X.C., G.T. and M.F. (Mario Floris) performed the interferometric processing and analysis; V.A., M.F. (Massimo Fabris), A.M. and M.M. collected GNSS, TLS and photogrammetric data; M.F. (Massimo Fabris) and A.M. ran the GNSS post-processing analysis; M.M. processed and analyzed TLS and photogrammetric data; X.C. wrote the original draft; M.F. (Mario Floris), X.C., M.F. (Massimo Fabris), M.M. and G.T. reviewed and edited the manuscript; M.F. (Mario Floris) and V.A. supervised the research. All co-authors reviewed the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Department of Geosciences of the University of Padua, grants FLOR_FINAC_P14_01 and DOR (P.I. Mario Floris).




Acknowledgments


Sentinel-1 SAR data were downloaded from Copernicus Open Access Hub (https://scihub.copernicus.eu/).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hungr, O.; Leroueil, S.; Picarelli, L. The Varnes classification of landslide types, an update. Landslides 2014, 11, 167–194. [Google Scholar] [CrossRef]

	



Calò, F.; Ardizzone, F.; Castaldo, R.; Lollino, P.; Tizzani, P.; Guzzetti, F.; Lanari, R.; Angeli, M.G.; Pontoni, F.; Manunta, M. Enhanced landslide investigations through advanced DInSAR techniques: The Ivancich case study, Assisi, Italy. Remote Sens. Environ. 2014, 142, 69–82. [Google Scholar] [CrossRef]

	



Petley, D. Global patterns of loss of life from landslides. Geology 2012, 40, 927–930. [Google Scholar] [CrossRef]

	



Ciampalini, A.; Bardi, F.; Bianchini, S.; Frodella, W.; del Ventisette, C.; Moretti, S.; Casagli, N.; Ventisette, C.D.; Moretti, S.; Casagli, N. Analysis of building deformation in landslide area using multisensor PSInSARTM technique. Int. J. Appl. Earth Obs. Geoinf. 2014, 33, 166–180. [Google Scholar] [CrossRef] [PubMed]

	



Infante, D.; Martire, D.D.; Confuorto, P.; Ramondini, M.; Calcaterra, D. Multi-temporal assessment of building damage on landslide-affected area by Interferometric data. In Proceedings of the 2017 IEEE 3rd International Forum on Research and Technologies for Society and Industry (RTSI), Modena, Italy, 11–13 September 2017. [Google Scholar]

	



Achilli, V.; Carrubba, P.; Fabris, M.; Menin, A.; Pavanello, P. An archival geomatics approach in the study of a landslide. Appl. Geomat. 2015, 7, 263–273. [Google Scholar] [CrossRef]

	



Hilley, G.E.; Bürgmann, R.; Ferretti, A.; Novali, F.; Rocca, F. Dynamics of slow-moving landslides from permanent scatterer analysis. Science 2004, 304, 1952–1955. [Google Scholar] [CrossRef] [PubMed]

	



Bekaert, D.P.S.; Handwerger, A.L.; Agram, P.; Kirschbaum, D.B. InSAR-based detection method for mapping and monitoring slow-moving landslides in remote regions with steep and mountainous terrain: An application to Nepal. Remote Sens. Environ. 2020, 249, 111983. [Google Scholar] [CrossRef]

	



Crosetto, M.; Solari, L.; Mróz, M.; Balasis-Levinsen, J.; Casagli, N.; Frei, M.; Oyen, A.; Moldestad, D.A.; Bateson, L.; Guerrieri, L.; et al. The evolution of wide-area DInSAR: From regional and national services to the European ground motion service. Remote Sens. 2020, 12, 2043. [Google Scholar] [CrossRef]

	



Reyes-Carmona, C.; Barra, A.; Galve, J.P.; Monserrat, O.; Pérez-Peña, J.V.; Mateos, R.M.; Notti, D.; Ruano, P.; Millares, A.; López-Vinielles, J.; et al. Sentinel-1 DInSAR for monitoring active landslides in critical infrastructures: The case of the rules reservoir (Southern Spain). Remote Sens. 2020, 12, 809. [Google Scholar] [CrossRef]

	



Solari, L.; Del Soldato, M.; Raspini, F.; Barra, A.; Bianchini, S.; Confuorto, P.; Casagli, N.; Crosetto, M. Review of satellite interferometry for landslide detection in Italy. Remote Sens. 2020, 12, 1351. [Google Scholar] [CrossRef]

	



Ferretti, A.; Prati, C.; Rocca, F. Permanent Scatterers in SAR Interferometry. IEEE Trans. Geosci. Remote Sens. 2001, 39, 8–20. [Google Scholar] [CrossRef]

	



Mora, O.; Mallorqui, J.J.; Broquetas, A. Linear and nonlinear terrain deformation maps from a reduced set of interferometric SAR images. IEEE Trans. Geosci. Remote Sens. 2003, 41, 2243–2253. [Google Scholar] [CrossRef]

	



Crosetto, M.; Monserrat, O.; Cuevas-González, M.; Devanthéry, N.; Crippa, B. Persistent Scatterer Interferometry: A review. ISPRS J. Photogramm. Remote Sens. 2016, 115, 78–89. [Google Scholar] [CrossRef]

	



Berardino, P.; Fornaro, G.; Lanari, R.; Member, S.; Sansosti, E.; Member, S. A New Algorithm for Surface Deformation Monitoring Based on Small Baseline Differential SAR Interferograms. IEEE Trans. Geosci. Remote Sens. 2002, 40, 2375–2383. [Google Scholar] [CrossRef]

	



Lanari, R.; Mora, O.; Manunta, M.; Mallorquí, J.J.; Berardino, P.; Sansosti, E. A small-baseline approach for investigating deformations on full-resolution differential SAR interferograms. IEEE Trans. Geosci. Remote Sens. 2004, 42, 1377–1386. [Google Scholar] [CrossRef]

	



El Kamali, M.; Abuelgasim, A.; Papoutsis, I.; Loupasakis, C.; Kontoes, C. A reasoned bibliography on SAR interferometry applications and outlook on big interferometric data processing. Remote Sens. Appl. Soc. Environ. 2020, 19, 100358. [Google Scholar] [CrossRef]

	



Minh, D.H.T.; Hanssen, R.; Rocca, F. Radar interferometry: 20 years of development in time series techniques and future perspectives. Remote Sens. 2020, 12, 1364. [Google Scholar] [CrossRef]

	



Wasowski, J.; Bovenga, F. Investigating landslides and unstable slopes with satellite Multi Temporal Interferometry: Current issues and future perspectives. Eng. Geol. 2014, 174, 103–138. [Google Scholar] [CrossRef]

	



Milillo, P.; Giardina, G.; Perissin, D.; Milillo, G.; Coletta, A.; Terranova, C. Pre-collapse space geodetic observations of critical infrastructure: The Morandi Bridge, Genoa, Italy. Remote Sens. 2019, 11, 1403. [Google Scholar] [CrossRef]

	



Peduto, D.; Nicodemo, G.; Cuevas-Gonzáles, M.; Crosetto, M. Analysis of Damage to Buildings in Urban Centers on Unstable Slopes via TerraSAR-X PSI Data: The Case Study of El Papiol Town (Spain). IEEE Geosci. Remote Sens. Lett. 2019, 16, 1706–1710. [Google Scholar] [CrossRef]

	



Reale, D.; Noviello, C.; Verde, S.; Cascini, L.; Terracciano, G.; Arena, L. A multi-disciplinary approach for the damage analysis of cultural heritage: The case study of the St. Gerlando Cathedral in Agrigento. Remote Sens. Environ. 2019, 235, 111464. [Google Scholar] [CrossRef]

	



Bianchini, S.; Ciampalini, A.; Raspini, F.; Bardi, F.; Di Traglia, F.; Moretti, S.; Casagli, N. Multi-Temporal Evaluation of Landslide Movements and Impacts on Buildings in San Fratello (Italy) By Means of C-Band and X-Band PSI Data. Pure Appl. Geophys. 2015, 172, 3043–3065. [Google Scholar] [CrossRef]

	



Béjar-Pizarro, M.; Notti, D.; Mateos, R.M.; Ezquerro, P.; Centolanza, G.; Herrera, G.; Bru, G.; Sanabria, M.; Solari, L.; Duro, J.; et al. Mapping vulnerable urban areas affected by slow-moving landslides using Sentinel-1InSAR data. Remote Sens. 2017, 9, 876. [Google Scholar] [CrossRef]

	



Tessari, G.; Floris, M.; Achilli, V.; Fabris, M.; Menin, A.; Monego, M. Testing Sentinel-1A Data in Landslide Monitoring: A Case Study from North-Eastern Italian Pre-Alps. Adv. Cult. Living Landslides 2017, 209–217. [Google Scholar] [CrossRef]

	



Toaldo, M.; Tessari, G.; Monego, M.; Achilli, V.; Fabris, M.; Menin, A.; Floris, M. Preliminary study of conditions influencing slope dynamics in the area of Rovegliana (North-Eastern Italian pre-Alps). Rend. Online Soc. Geol. Ital. 2016, 41, 207–209. [Google Scholar] [CrossRef]

	



Lu, Z.; Dzurisin, D. InSAR Imaging of Aleutian Volcanoes: Monitoring a Volcanic Arc from Space; Springer: Berlin/Heidelberg, Germany, 2014; pp. 87–345. ISBN 9783642003479. [Google Scholar]

	



Fiaschi, S.; Fabris, M.; Floris, M.; Achilli, V. Estimation of land subsidence in deltaic areas through differential SAR interferometry: The Po River Delta case study (Northeast Italy). Int. J. Remote Sens. 2018, 39, 8724–8745. [Google Scholar] [CrossRef]

	



Goldstein, R.M.; Werner, C. Radar interferogram filtering for geophysical applications. Geophys. Res. Lett 1998, 25, 4035–4038. [Google Scholar] [CrossRef]

	



Tessari, G.; Floris, M.; Pasquali, P. Phase and amplitude analyses of SAR data for landslide detection and monitoring in non-urban areas located in the North-Eastern Italian pre-Alps. Environ. Earth Sci. 2017, 76, 1–11. [Google Scholar] [CrossRef]

	



Fialko, Y.; Simons, M.; Agnew, D. The complete (3-D) surface displacement field in the. Geophys. Res. Lett. 2001, 28, 3063–3066. [Google Scholar] [CrossRef]

	



Floris, M.; Fontana, A.; Tessari, G.; Mulè, M. Subsidence zonation through satellite interferometry in coastal plain environments of ne italy: A possible tool for geological and geomorphological mapping in Urban Areas. Remote Sens. 2019, 11, 165. [Google Scholar] [CrossRef]

	



Gili, J.A.; Corominas, J.; Rius, J. Using Global Positioning System techniques in landslide monitoring. Eng. Geol. 2000, 55, 167–192. [Google Scholar] [CrossRef]

	



Carlà, T.; Tofani, V.; Lombardi, L.; Raspini, F.; Bianchini, S.; Bertolo, D.; Thuegaz, P.; Casagli, N. Combination of GNSS, satellite InSAR, and GBInSAR remote sensing monitoring to improve the understanding of a large landslide in high alpine environment. Geomorphology 2019, 335, 62–75. [Google Scholar] [CrossRef]

	



Tiwari, A.; Narayan, A.B.; Devara, M.; Dwivedi, R.; Dikshit, O. Multi-sensor geodetic approach for landslide detection and monitoring. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2018, 4, 287–292. [Google Scholar] [CrossRef]

	



Yigit, C.O. Experimental assessment of post-processed kinematic Precise Point Positioning method for structural health monitoring. Geomat. Nat. Hazards Risk 2016, 7, 360–383. [Google Scholar] [CrossRef]

	



Lichti, D.D.; Jamtsho, S. Angular resolution of terrestrial laser scanners. Photogramm. Rec. 2006, 21, 141–160. [Google Scholar] [CrossRef]

	



Guidi, G.; Beraldin, J.A.; Atzeni, C. High-accuracy 3-D modeling of cultural heritage: The digitizing of Donatello’s “Maddalena”. IEEE Trans. Image Process. 2004, 13, 370–380. [Google Scholar] [CrossRef]

	



González-Aguilera, D.; Gómez-Lahoz, J.; Sánchez, J. A new approach for structural monitoring of large dams with a three-dimensional laser scanner. Sensors 2008, 8, 5866–5883. [Google Scholar] [CrossRef]

	



Buckley, S.J.; Howell, J.A.; Enge, H.D.; Kurz, T.H. Terrestrial laser scanning in geology: Data acquisition, processing and accuracy considerations. J. Geol. Soc. Lond. 2008, 165, 625–638. [Google Scholar] [CrossRef]

	



Armesto, J.; Ordóñez, C.; Alejano, L.; Arias, P. Terrestrial laser scanning used to determine the geometry of a granite boulder for stability analysis purposes. Geomorphology 2009, 106, 271–277. [Google Scholar] [CrossRef]

	



Monego, M.; Menin, A.; Fabris, M.; Achilli, V. Integrated geomatic methodologies for the 3-D survey of “Ex Stazione Frigorifera Specializzata” (Magazzini Generali of Verona, Italy). In Proceedings of the 16th International Brick and Block Masonry Conference, Padova, Italy, 26–30 June 2016; CRC Press: London, UK, 2016; pp. 1393–1400. [Google Scholar]

	



Monego, M.; Fabris, M.; Menin, A.; Achilli, V. 3-D Survey applied to industrial archaeology by tls methodology. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. ISPRS Arch. 2017, 42, 449–454. [Google Scholar] [CrossRef]

	



Monego, M.; Menin, A.; Fabris, M.; Achilli, V. 3D survey of Sarno Baths (Pompeii) by integrated geomatic methodologies. J. Cult. Herit. 2019, 40, 240–246. [Google Scholar] [CrossRef]

	



Carraro, F.; Monego, M.; Callegaro, C.; Mazzariol, A.; Perticarini, M.; Menin, A.; Achilli, V.; Bonetto, J.; Giordano, A. The 3D survey of the roman bridge of San Lorenzo in Padova (Italy): A comparison between SFM and TLS methodologies applied to the arch structure. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. ISPRS Arch. 2019, 42, 255–262. [Google Scholar] [CrossRef]

	



Lague, D.; Brodu, N.; Leroux, J. Accurate 3D comparison of complex topography with terrestrial laser scanner: Application to the Rangitikei canyon (N-Z). ISPRS J. Photogramm. Remote Sens. 2013, 82, 10–26. [Google Scholar] [CrossRef]

	



DiFrancesco, P.M.; Bonneau, D.; Hutchinson, D.J. The implications of M3C2 projection diameter on 3D semi-automated rockfall extraction from sequential terrestrial laser scanning point clouds. Remote Sens. 2020, 12, 1885. [Google Scholar] [CrossRef]

	



Monego, M.; Achilli, V.; Fabris, M.; Menin, A. 3-D Survey of Rocky Structures: The Dolomitic Spire of the Gusela del Vescovà; Springer International Publishing: Cham, Switzerland, 2020; Volume 1246, ISBN 9783030627997. [Google Scholar]

	



Ullman, S. The interpretation of structure from motion. Proc. R. Soc. Lond. B Biol. Sci. 1979, 203, 405–426. [Google Scholar] [CrossRef]

	



Snavely, N.; Seitz, S.M.; Szeliski, R. Photo Tourism: Exploring image collections in 3D. Proc. Siggraph 2006 2006, 1, 835–846. [Google Scholar]

	



James, M.R.; Robson, S. Straightforward reconstruction of 3D surfaces and topography with a camera: Accuracy and geoscience application. J. Geophys. Res. Earth Surf. 2012, 117, 1–17. [Google Scholar] [CrossRef]

	



Lowe, D.G. Object recognition from local scale-invariant features. Proc. IEEE Int. Conf. Comput. Vis. 1999, 2, 1150–1157. [Google Scholar] [CrossRef]

	



Chen, X.; Tessari, G.; Fabris, M.; Achilli, V.; Floris, M. Comparison Between PS and SBAS InSAR Techniques in Monitoring Shallow Landslides. In Understanding and Reducing Landslide Disaster Risk; Casagli, N., Tofani, V., Sassa, K., Bobrowsky, P.T., Takara, K., Eds.; Springer: Cham, Switzerland, 2020; pp. 155–161. ISBN 978-3-030-60310-6. [Google Scholar]

	



Xie, M.; Zhao, W.; Ju, N.; He, C.; Huang, H.; Cui, Q. Landslide evolution assessment based on InSAR and real-time monitoring of a large reactivated landslide, Wenchuan, China. Eng. Geol. 2020, 277, 105781. [Google Scholar] [CrossRef]

	



Bayer, B.; Simoni, A.; Mulas, M.; Corsini, A.; Schmidt, D. Deformation responses of slow moving landslides to seasonal rainfall in the Northern Apennines, measured by InSAR. Geomorphology 2018, 308, 293–306. [Google Scholar] [CrossRef]

	



Zhao, C.; Kang, Y.; Zhang, Q.; Lu, Z.; Li, B. Landslide identification and monitoring along the Jinsha River catchment (Wudongde reservoir area), China, using the InSAR method. Remote Sens. 2018, 10, 993. [Google Scholar] [CrossRef]

	



Raspini, F.; Bianchini, S.; Ciampalini, A.; Del Soldato, M.; Montalti, R.; Solari, L.; Tofani, V.; Casagli, N. Persistent Scatterers continuous streaming for landslide monitoring and mapping: The case of the Tuscany region (Italy). Landslides 2019, 16, 2033–2044. [Google Scholar] [CrossRef]

	



Choy, S.; Bisnath, S.; Rizos, C. Uncovering common misconceptions in GNSS Precise Point Positioning and its future prospect. GPS Solut. 2017, 21, 13–22. [Google Scholar] [CrossRef]

	



Shu, Y.; Shi, Y.; Xu, P.; Niu, X.; Liu, J. Error analysis of high-rate GNSS precise point positioning for seismic wave measurement. Adv. Space Res. 2017, 59, 2691–2713. [Google Scholar] [CrossRef]








[image: Remotesensing 13 00452 g001 550] 





Figure 1. Location of the study area (inset) and map of the instability phenomena. Global navigation satellite system (GNSS) non-permanent stations (NPS) and the location of terrestrial laser scanning and structure for motion surveys (TLS–SfM) are shown. 
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Figure 2. Pictures of Rovegliana Church (a) and one of the most damaged buildings in Cappellazzi district (c–g). In (b), a large crack in the portico of the church is shown. 
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Figure 3. Small baseline subset (SBAS) processing workflow (SARscape v. 5.5.4). 
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Figure 4. Connection graphs of the Sentinel-1 ascending (a) and descending (b) SAR images. Yellow point (super master) indicates the acquisition used to co-register all data. 
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Figure 5. Sketch of the velocity of deformation projection along the vertical (up–down) and horizontal (east–west) directions. The projection can be performed if two satellite acquisition geometries (ascending and descending) are available. 
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Figure 6. Velocity maps derived by the SBAS processing of ascending (a) and descending (b) SAR images. Horizontal and vertical components of velocity are also reported in (c) and (d), respectively. Black circles indicate the location of the two sites investigated in more detail: Cappellazzi district (1) and Rovegliana Church (2). 
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Figure 7. Descending LoS, horizontal and vertical displacement time series of points located at Cappellazzi district (b–d) and Rovegliana Church and its surrounding area (f–h). In (a) and (e) the location of points is shown on the descending LoS velocity maps. Points 1101 and 2101 are located at the damaged building in Cappellazzi and at Rovegliana Church, respectively (Figure 2). 
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Figure 8. Comparison between vertical displacements estimated in the area of Rovegliana Church (Figure 7h) and monthly rainfall (blue bars). In grey, mean monthly rainfall calculated over the period 1994–2019 is shown. 
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Figure 9. Cumulative horizontal displacement vectors evaluated by GNSS survey. 
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Figure 10. Point cloud perspective view of the damaged building located in Cappellazzi district (a) and of Rovegliana Church (c) derived by TLS. White squares indicate the portions affected by cracks (b,d). 
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Figure 11. Comparisons between the first and the last scans performed with TLS in Cappellazi (a) and in the portico of Rovegliana Church (b). The red arrows indicate the main cracks which are not clearly visible. 
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Figure 12. Orthophotos showing the wall of the building in Cappellazzi (a) and the portico of Rovegliana Church (b) in 2019, with superimposed the traces (red polylines) of the cracks detected in 2018. (c,d) are the point clouds derived by TLS for the building and the portico, respectively. 
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Table 1. Cumulative 3D displacements derived by GNSS survey and horizontal displacements measured by SBAS-InSAR in the period October 2018–October 2019. Points SCHI (Permanent Station), 1000 and 2000 are located outside the unstable slope to check the co-registration of the reference system for each survey.
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GNSS

	
MT-InSAR




	

	
Coordinates (m)

in October 2018

	
Displacement (mm)

in June 2019

	
Displacement (mm)

in October 2019

	
Displacement (mm)

October 2018–October 2019




	
Vertex

	
East

	
North

	
Elev.

	
East

	
North

	
Up

	
East

	
North

	
Up

	
East






	
SCHI

	
684,031

	
5,066,214

	
206

	
0

	
0

	
0

	
0

	
0

	
0

	
−




	
1000

	
673,241

	
5,063,625

	
441

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
2000

	
676,868

	
5,060,459

	
333

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
1100

	
676,597

	
5,062,141

	
416

	
−5

	
−3

	
−17

	
−2

	
−6

	
1

	
−2




	
1200

	
676,609

	
5,062,125

	
418

	
−2

	
−3

	
−3

	
0

	
−3

	
2

	
0




	
2100

	
675,442

	
5,063,664

	
591

	
−7

	
−3

	
−17

	
−4

	
−3

	
−18

	
−7




	
2200

	
675,468

	
5,063,702

	
593

	
−12

	
−12

	
−24

	
−10

	
−9

	
−20

	
−8




	
3100

	
675,568

	
5,062,919

	
404

	
−4

	
3

	
−35

	
−2

	
−3

	
0

	
−3




	
4100

	
676,432

	
5,062,472

	
496

	
7

	
0

	
−3

	
−4

	
−7

	
7

	
1




	
5100

	
676,042

	
5,063,059

	
525

	
0

	
−4

	
3

	
−4

	
2

	
0

	
−4




	
6100

	
675,080

	
5,064,496

	
659

	
−4

	
−12

	
−6

	
−6

	
−6

	
15

	
−6
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