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Abstract

:

Rock slope failures in urban areas may represent a serious hazard for human life, as well as private and public property, even on the occasion of sporadic episodes. Prevention and mitigation measures indispensably require a proper rock mass characterization, which is often achieved by means of time-consuming, costly and dangerous field surveys. In the last decades, remote sensing devices such as high-resolution digital cameras, laser scanners and drones have been widely used as supplementary techniques for rock slope analysis and monitoring, especially in poorly accessible areas, or in sites of large extension. Although several methods for rock mass characterization by means of remote sensing techniques have been reported in specific studies, there are very few contributions that focused on comparing the different methods in an attempt to establish their advantages and limitations. With this study, we performed digital photogrammetry, Terrestrial Laser Scanning and Unmanned Aerial Vehicle surveys on a cliff located in a popular tourist attraction site, characterized by complex geological and geomorphological settings, as well as by disturbance elements such as vegetation and human activities. For each point cloud, we applied geostructural analysis by means of semi-automatic methods, and then compared multi-temporal acquisitions for cliff monitoring. By quantitative comparison of the results and validation by means of conventional geostructural field surveys, the pros and cons of each method were outlined in attempt to depict the conditions and goals the different techniques seem to be more suitable for.
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1. Introduction


Local to global failures in urbanized steep rock coasts represent a serious threat to the natural landscape, infrastructure and human activities. Cliff retreat is the cumulative result of several marine and subaerial processes acting at different temporal and spatial scales, which were described and simulated by several authors [1,2,3,4,5,6,7,8,9,10] in an attempt to understand and predict the geomorphologic evolution of rock coasts. Given the interaction between geo-environmental processes and material properties, hazard assessment and planning of prevention or mitigation measures in coastal areas require a full understanding of the specific site conditions, with particular emphasis on the mechanical behavior of the rock mass, as well as the failure volumes, time frequency and modes. All of the above need to be carefully evaluated in relationships with the human infrastructures and activities present in the area, as a crucial step in the definition of the related risk.



At a preliminary stage, environmental engineering solutions are planned by means of rock mass classification systems that have been proposed since the 1950s in the international literature [11,12,13,14,15]. At a more detailed level, geotechnical models should be produced: they are 2D or 3D simplified and schematic representations of the geomorphologic, geostructural and hydrogeological setting of the study site, and of the physical and mechanical properties of the rock materials [16,17,18]. Particular attention should be given in conceptualizing primary (i.e., bedding planes) or secondary (i.e., joints, faults) discontinuities within the models, since they cause anisotropy of rock masses and influence their mechanical behavior [13,19,20,21,22]. Numerical simulations are carried out on the geotechnical models to predict the location and kinematics of potential instabilities by adopting the appropriate technique [23,24,25,26]. Based on these considerations, the success in numerical modelling and in susceptibility assessment depends on the quality of the geotechnical model, which necessarily requires a proper rock mass characterization.



However, traditional field surveys are particularly complex and unsafe in near-vertical outcrops, with the drawback of collecting information only at the few accessible areas, which are not always representative of the whole study site. Alternative techniques for rock slope investigations were proposed in the last decades with the advent of technologies such as high-resolution digital cameras, laser scanners and drones to overcome the notorious limits of conventional geostructural and geomechanical surveys, highlighted by several authors [15,27,28]. For instance, [29,30] proposed a method to determine joint surface roughness from point clouds obtained by means of Terrestrial Laser Scanning (TLS), [31] introduced a method to monitor landslides by detecting displacement from multi-temporal TLS acquisitions, [32] monitored a Deep-Seated Gravitational Slope Deformation by means of TLS methods and [33] performed rockfall investigation on Digital Elevation Models (DEM) generated from TLS point clouds, with particular reference to kinematically unstable surfaces and block size distribution. In other cases, TLS and Structure-from-Motion (SfM) methods were applied, respectively, for cliff retreat [34] and erosion monitoring [35]. The principles of these technologies, as well as their main advantages, limitations and applications to rock slopes, are illustrated in several articles [36,37,38,39,40].



Nowadays, TLS, Terrestrial Photogrammetry and Unmanned Aerial Vehicle (UAV) techniques are widely used to detect, characterize, model and monitor processes in rock slopes. A very popular issue in the application of remote sensing techniques for rock slope investigations concerns the quantitative characterization of discontinuities from point clouds. As described in [41], discontinuities can be extracted from point clouds by means of semi-automatic or fully automated approaches. The first method makes it possible to calculate the orientation (i.e., dip direction/dip) of discontinuities by calculating the best-fit plane on a geological feature manually marked by the operator in the 3D point cloud. The automatic method requires less interaction and is based on direct segmentation or surface reconstruction. With the direct segmentation method, all the points of the raw dataset distributed along planar surfaces are selected and classified into discontinuities, each one constituted by a mathematical expression. Afterwards, the poles of the main discontinuity sets are identified on stereo plots. The surface reconstruction methods require an initial 3D reconstruction of the point cloud; for example, by means of Triangular Irregular Networks (TINs). All the facets’ orientations are plotted on stereonets, allowing the automatic identification of the discontinuity sets. Several authors proposed different algorithms and software solutions for the automatic extraction of fractures from raw or processed point clouds, with all of them being based on the principles outlined above. For instance, some examples of direct segmentation techniques were presented by means of the RANSAC iterative method [42,43,44,45,46,47,48]. On the other hand, triangulation techniques were introduced by [28,49,50,51]. Recently, the semi-automatic or automatic techniques for the extraction of discontinuities in point clouds were optimized with the aim of conducting rock mass classification [52] or identifying additional properties such as discontinuity spacing, persistence, trace length, frequency, intensity, block size and shape [44,53,54,55,56,57,58,59,60]. A detailed review of the methods for structural analyses from point clouds was presented by [61].



The potential of remote sensing techniques for rock slope characterization is widely recognized and includes the ability to acquire data of large areas in reasonably short time periods and under safe conditions, as well as the creation of permanent databases [62,63,64,65].



With regard to carbonate systems, in addition to presence of discontinuities and other deformations in the rock mass, they are particularly prone to dissolution, weathering and karstification processes [66,67,68,69]. In this case, the interpretation of data from remote sensing techniques might be challenging because of the presence of irregular geometries, especially when dealing with karst or paleo-karst landforms (i.e., weathered materials, karst conduits and cavities), which can affect the accuracy of the automatic methods for rock mass characterization. Due to karst areas being particularly complex and heterogeneous [70,71], specific multidisciplinary on-site investigations are recommended to avoid erroneous geotechnical modelling, estimation of failure susceptibility and planning of intervention strategies [69,72,73,74], especially in places of high tourist attraction, characterized by higher geological risk due to the presence of people and infrastructure.



Remote sensing techniques in steep carbonate coastal areas are powerful tools to overcome the limits of conventional techniques. However, some practical questions may arise:




	
What is the best technique in terms of costs and benefits for structural analyses and monitoring?



	
Does the type of technology used affect the results of the geostructural characterization and monitoring from point clouds?








In the current literature, few contributions have been presented to answer these questions. For instance, the authors of [34,35], by direct comparison with TLS data, pointed out that the SfM technique can provide results of acceptable accuracy (although not as high as from TLS) in 20% of the time used to collect TLS data. Moreover, [65] compared the stereonets obtained by means of field scanline, TLS and Terrestrial Photogrammetry techniques on rock cuts of different lithologies, while [75] compared the results of TLS and UAV surveys in carbonate environments to illustrate their main advantages and drawbacks. However, to our knowledge, a quantitative and complete comparative analysis of the different remote sensing techniques commonly used for rock mass investigations in coastal areas has not yet been reported.



With this study, we acquired point clouds on a carbonate cliff of high tourist attraction using TLS, Terrestrial Photogrammetry and UAV methods to quantitatively estimate their quality and assess their applicability for rock mass characterization and monitoring by means of semi-automatic techniques. Because of the presence of disturbance elements such as shrubs and human activities, we used two segmentation software applications (Coltop3D [76] and DSE-Discontinuity Set Extractor [77]) rather than triangulation methods to avoid incorrect connection between the points and incorrect surface triangulation [78]. Moreover, the pros and cons of each method are presented in attempt to depict the conditions and goals the different techniques are more suitable for.




2. Case Study


The study area is a 20 m high rock cliff facing the Adriatic Sea located at Lama Monachile site, in the municipality of Polignano a Mare (southern Italy), in the Apulia region. The site belongs to the eastern part of the Murge area, which is a structural relief of the Apulian carbonate platform formed in Tertiary and overlain by Quaternary deposits [79] (Figure 1). The Apulia region represents the foreland of the Apenninic Chain and has been subjected to tectonic uplift since the middle Pleistocene [80,81]. A series of stepped scarps dipping to NE developed up to the current configuration as a result of the interactions between the tectonic uplift and the absolute sea-level changes [82,83,84]. The marine terraces are crossed by a karst network of slightly incised valleys, locally named lame [85], to which the study site belongs, terminating towards the Adriatic Sea and often difficult to recognize because the waters flow only during exceptional rainfall events, causing flash floods that are typical of karst landscapes [86,87,88]. The site is made up of whitish to greyish limestones belonging to the Calcare di Bari Formation, unconformably overlain by transgressive calcarenites belonging to the Calcarenite di Gravina Formation. A pocket beach constituted by loose materials derived mainly from the coastal erosion is located at the base of the cliff in correspondence of the inlet. The rock mass is characterized by sub-vertical joints and thin-to-medium bedded layers whose intersections determine the formation of potential unstable blocks with variable volumes. In addition, notches and karst caves, formed due to wave erosion and dissolution at the interface between fresh groundwater and sea water [89,90], are well visible along the coastline [91]. Mechanical, chemical and biological processes contribute to degradation of the rock mass and influence predisposing instability processes such as toppling, rockfalls, wedge slides and cave failures. Moreover, anthropogenic activities such as artificial cavities in the calcarenites, and terraces and buildings partially carved in the rock mass perturbate the stability conditions of the site, as is also the case for many other towns of Apulia [92]. All these factors represent a serious hazard for the population and infrastructure. Both the old town of Polignano a Mare at the top of the cliff and the beach located at Lama Monachile attract many locals and tourists, especially during summer, given the exceptional beauty of the area and the large number of cultural events and sports competitions.



For these reasons, we decided to contribute to the assessment of the stability conditions at the site by means of rock mass characterization and monitoring. Furthermore, we took advantage of the complex geological and geomorphological setting to test different technologies in order to answer to the above questions about the applicability of remote sensing techniques in coastal areas. Different factors, such as scarce accessibility and GPS signal, karst caves, weathered rock materials, Mediterranean vegetation, local regulations and dynamic disturbances (i.e., sea waves and human activities) were of paramount importance to validate the advantages and limitations of remote sensing techniques in complex environments.




3. Materials and Methods


3.1. Remote Sensing Acquisition and Processing


3.1.1. Terrestrial Laser Scanning


The Terrestrial Laser Scanning point cloud was acquired on 12 December 2019, by means of a Riegl VZ 400 laser scanner, from one scan position located on the opposite side of the cliff (Figure 1), at a 35 m distance. According to the manufacturer’s specifications, the laser scanner has a 5 mm accuracy at a range up to 600 m, a measurement rate up to 120,000 points per second and a 360° horizontal field of view [93]. The coordinates of 4 targets placed in different locations of the study side (4 tripods were set on the beach located at the foot of the cliff) were acquired using a Stonex SIII Differential Global Positioning System for accurate georeferentiation of the point cloud. The dataset was imported in CloudCompare software (version 2.12. alpha 2021) and converted from a local to a global WGS84/UTM 33 N metric coordinate system. Successively, points generated by sea reflections and part of the buildings located on the top of the cliff were removed using the segmentation tool. The point cloud was sub-sampled with a 1 cm minimum distance between points to better manage the raw dataset (about 68 million points) on a standard laptop. The resulting point cloud was constituted by more than 24 million points, about 6800 points/m2 density and 1.2 cm mean point spacing (Figure 2a, Table 4).




3.1.2. Structure-from-Motion


Terrestrial SfM Image Acquisition


Terrestrial Photogrammetry was applied on 26 October 2019, using a common digital camera with 4000 × 3000 pixels resolution and 35 mm focal length. One hundred and nine digital photographs with a 1.41 pix/cm mean ground resolution were captured from different points of view from the opposite side and the base of the cliff, following detailed recommendations [94]. Since the site accessibility was limited, the photos were taken following the trajectory shown in Figure 1, with camera–target distances in the range of 20–100 m. It is outlined that this type of survey was carried out to test the efficacy of low-cost tools, which are easily available on the market, to perform rock slope geostructural analyses and monitoring.




Unmanned Aerial Vehicle (UAV) Image Acquisition


The Unmanned Aerial Vehicle surveys required preliminary planning of the flight mission to achieve optimal coverage of the area, in terms of the function of the morphology of the site, weather conditions and exposition to the sunlight. A manual flight mission with side and frontal overlap, respectively, of 75% and 85% was set for the survey campaign, which was carried out on December 12, 2019. One hundred and thirty frontal photos were acquired using a quadcopter platform DJI Inspire 2, equipped with a 20.8 Megapixel resolution camera, an integrated Global Navigation Satellite System (GNSS) and a remote flight controller, at horizontal distance of 18 m from the cliff (Figure 1). Further details of the UAV system and surveys are reported in Table 1.




Processing


The images collected by means of Terrestrial Photogrammetry and the UAV systems were processed by means of the Structure-from-Motion (SfM) technique following the workflow of Agisoft Metashape Professional software [95]:




	(a)

	
Image inspection, importation, and conversion of the coordinates into the WGS84/33 N metric coordinate system.




	(b)

	
Insertion of Ground Control Points (GCP): points whose coordinates were taken from the TLS point cloud on well-recognizable surfaces were added to the photos as constraints to roughly georeference the SfM model. Due to the low resolution, only 3 GCPs were identified on well-recognizable elements (i.e., building structures) of the Terrestrial Photogrammetry point cloud, whilst 5 GCPs, evenly distributed in the 3-D scene, were detected on the higher-resolution UAV point cloud. The GCP projection errors of the terrestrial and UAV SfM point clouds are, respectively, summarized in Table 2 and Table 3. For each GCP, the horizontal (Ex, Ey) and vertical (Ez) reprojection errors correspond to the Root Mean Square Error (RMSE) calculated over all the photos where it was visible. The total error for each GCP is given by:   R M S E =    E x 2  +  E y 2  +  E z 2     .




	(c)

	
High-accuracy camera alignment by means of sparse bundle adjustment algorithm [96].




	(d)

	
High-quality depth maps calculation and generation of the dense point clouds.




	(e)

	
Refinement of the dense point cloud by means of subsampling (minimum distance between points of 1 cm for the UAV point cloud) and direct segmentation.









The final point cloud of the terrestrial SfM consisted of more than 6 million points, with 1507 points/m2 density and 2.5 cm mean point spacing (Figure 2b, Table 4), whilst the point cloud generated by means of UAV SfM was formed by about 22 million points, with a density of 5244 points/m2 and a mean point distance of 1.3 cm (Figure 2c, Table 4).






3.2. Quality Assessment of the Point Clouds


Buildings located at the top of the cliff were used to estimate the quality of the point clouds generated with different techniques. Six planes (3 m2 rectangles) were fit in the form of meshes on each point cloud on low-roughness facades of the buildings, evenly distributed in the study area (Figure 3). Then, each point cloud was segmented to obtain six sub-point clouds in correspondence of the planar surfaces. The CloudCompare Cloud-to-Mesh (CtM) algorithm was run to calculate the distances between each sub-point cloud (compared entity) and the corresponding plane (reference entity), and to determine the type of distribution, as well as the mean and standard deviation values. High values of the standard deviation for the normal distribution of the cloud-mesh distances would imply a particular roughness of the point cloud in a clearly flat zone, related to noise, and therefore, would indicate scarce quality.




3.3. Comparison of Point Clouds


With the aim of ascertaining the reliability among the different point clouds, and of testing their combined use for a variety of purposes, the acquired point clouds were compared at couples by means of the Cloud-to-Cloud (CtC) distance computation tool available in CloudCompare. To avoid differences caused by different extents of the surveyed area for each acquisition technique, the three original point clouds were segmented together. The TLS and Terrestrial Photogrammetry point clouds were compared, selecting the first as the reference entity and the second as the compared entity. Since the two surveys were not performed on the same day, part of the vegetation was removed by direct segmentation to avoid high values of the scalar field caused by vegetation changes. Further, for the comparison between the TLS and UAV point clouds, that from the laser scanner was kept as a reference. As regards the terrestrial and UAV photogrammetry distance computation, the latter was used as a reference. The default values of the algorithm (i.e., octree level, multi-thread and neighboring points) were used for all the calculations. Visual inspection of the generated scalar field, represented by an appropriate color scale, allowed the identification of zones characterized by higher difference values. More precise details were obtained by overlapping the high values of the scalar field, filtered from the dataset, on the TLS point cloud colored by a grey color scale. In addition, the type of distribution, mean distance and standard deviation of the CtC difference were determined.




3.4. Extraction of Discontinuities from Point Clouds


The structural analysis was performed independently on each point cloud using Coltop 3D software [40]. Since the study site is characterized by flat surfaces (terraces) and sub-vertical steps, few planar surfaces could be detected on the point cloud due to their scarce exposition. Thus, a smaller area of the point clouds, where joint sets could be detected as planes (instead of traces), was segmented. As regards the 2-D geostructural analyses of discontinuity traces, which is out of the scope of this research, a specifical methodology was recently proposed in [97]. For each point cloud, after importing the coordinates file, the software automatically computed the point normals and produced a point cloud represented by a Hue Saturation Intensity color scale (HSI) through which the dip direction and the dip of the normals (poles) were represented, respectively, by the hue and saturation values. This graphical representation helps the user to identify the mean discontinuity sets in a point cloud according to their color and saturation. After manually selecting a few polygons that were representative of the main discontinuity sets, Coltop 3D automatically detected the parallel surfaces, with a certain tolerance (in this case, we choose a value of 30°, considered to be appropriate for the study site). The coordinates and dip direction/dip of the points belonging to each discontinuity set were imported in CloudCompare and the respective point clouds were overlapped on the original point cloud (with RGB colors) to validate the results by visual inspection. Dip direction/dip data were then represented on lower-hemisphere Schmidt equal-angle stereographic projections to identify the mean orientation, dispersion and weight of the discontinuity sets.



In a second step, a similar process was carried out using the DSE software [46,54,55]. After the estimation of the normal vectors with 30 nearest neighbors and a 20% tolerance for the coplanarity test, a density-based analysis (number of bins = 64, minimum angle between principal poles = 10°) identified clusters of points with similar orientations, which therefore belonged to the same discontinuity set. Based on previous on-site geostructural characterization and literature data in nearby areas [98], a maximum number of 4 discontinuity sets was set as a threshold. Successively, the mean orientation of each set was calculated and the points were assigned to the respective discontinuity set according to their orientation (setting a 30° maximum angle between the normal vector of a point and of the discontinuity set). Percentages of 20.08%, 13.97% and 20.76% of the points, respectively, remained unclassified for the TLS, photogrammetry and UAV point clouds. The final cluster analysis determined individual discontinuities belonging to each discontinuity set by detecting clusters of points using the DBSCAN algorithm [99]. Therefore, every point belonging to one discontinuity set was assigned to the corresponding cluster. In addition, the persistence and mean spacing for persistent and non-persistent discontinuities were calculated for each discontinuity set using the DSE integrated module.




3.5. Rockfall Detection by Means of Multi-Temporal Acquisitions


The accuracy of the TLS and UAV techniques in terms of the detection of potential rockfalls was tested by means of multi-temporal acquisitions with both methods. Two successive surveys were performed using a laser scanner and a drone, in July 2020 and December 2020, respectively. The same operations described in Section 3.1.1 and Section 3.1.2 were carried out during the processing phase. Rockfall detection from the two types of datasets was performed according to the method developed in [100,101]. The second point cloud from the TLS survey was roughly aligned on the former by homologous-point pair picking on well-recognizable entities (i.e., anthropogenic elements). The point clouds were segmented together in order to have two datasets of the same area, thus avoiding differences related to missing or additional zones during the comparison.



Successively, a fine registration was applied by means of the Iterative Closest Point (ICP) algorithm [102]. In detail, the original point clouds were split into 6 couples of subsets, and each subset of the second TLS acquisition was finely registered on the corresponding point cloud of the first TLS subset (used as a reference). This operation was iteratively carried out until the roto-translational matrix used to align the compared point cloud on that of the reference became an identity matrix, meaning that the computational limit was reached. The described method made it possible to minimize the Root Mean Square Error of the fine registration (RMSE = 41 mm). Moreover, the TLS point cloud of December 2019 was transformed into a reference triangular mesh using the Poisson Surface Reconstruction plugin [103]. The comparison between the registered and the reference point clouds was carried out using the Cloud-to-Mesh (CtM) distance computation algorithm, which calculates the shortest distance of each point of the cloud from the nearest triangle of the mesh [93,94]. The calculated scalar value was represented by means of a color scale showing negative surface changes (loss of material) and positive surface changes (gain of material) in blue and red, respectively (Figure 4a).



The same process was used to compare the December 2019 and December 2020 UAV point clouds. To avoid misalignments of the second point cloud, due to insufficient GCPs and “doming deformations” generated from the SfM technique [104,105,106,107], the point clouds were segmented in more parts and each subset was registered by means of the ICP algorithm, setting the scaling option. This procedure independently aligns each sub-point cloud on the reference one, and “undeforms” the point cloud. A total RMSE of 79 mm was achieved during this step. The CtM algorithm was run using the mesh of the 2019 point cloud as a reference (Figure 4b).



For both datasets, positive and negative surface changes were compared with digital photographs acquired during the surveys to verify that they were caused by failures of the rock mass and not by vegetation changes or anthropogenic activities. Aiming at detecting source areas of probable rockfalls, greater attention was given to the negative values. The volume of material not detected during the successive acquisition was estimated by merging the reference and compared point clouds, thus isolating the missing rock blocks. At last, the volume was calculated on the mesh obtained by means of the Poisson Surface Reconstruction plugin.





4. Results and Discussion


4.1. Comparison of Point Clouds


As regards the comparison between the TLS and the Terrestrial Photogrammetry point clouds by means of Cloud-to-Cloud distance computation, high values (up to 186 cm) of the scalar field were detected in the southern part of the model (Figure 5). This anomaly was caused by a bad alignment of the compared point clouds, due to an insufficient number of Ground Control Points that could have solved the “doming deformations” generated from the SfM technique [104,105,106,107]. Therefore, the ICP algorithm was used to separately align couples of sub-point clouds to optimize the comparison. The mean absolute distance and standard deviation between compared and reference point clouds were 7 and 11 cm, respectively. Ninety percent of the difference values were smaller than 16 cm. Figure 6 shows the results of the CtC distance computation after the fine registration process, with values higher than 10 cm colored in red. Although some misalignment issues were solved, a small portion of the point cloud at the southern sector remained problematic. The red zones that were evenly distributed in the model were related to vegetation changes, human artifacts caused by people moving on the cliff for works during the TLS acquisition, and to TLS occlusions. In fact, the remaining 10% of the distances (with values in the range of 16–186 cm) were detected on elements that were not surveyed from the laser scanner, due to the scan position, located in the areas exposed to NNW and on horizontal surfaces at higher altitudes with respect to the laser scanner.



Although the UAV point cloud misalignments were not consistent, the fine registration was applied to detect the differences related only to the acquisition techniques. The mean and standard deviation values of the CtC differences between the TLS and UAV point clouds were 7 cm and 15 cm, respectively. Since the surveys were carried out at the same time, human activities did not interfere significantly in the differences. For the same reason, vegetation changes were not detected, except for some elements that moved with the wind. Ninety percent of the difference was below 16 cm, while the remaining 10% was up to 186 cm. As shown in Figure 7, the highest values of the differences were detected in areas that were not surveyed by the laser scanner, such as windows and balconies whose surfaces were acquired by the drone flying at higher altitudes with respect to the laser scanner position. Moreover, not all the sub-horizontal surfaces were acquired from the laser scanner, and in some sectors, the high incidence angle caused reflections on the windows located on the buildings in front of the scanner.



To isolate the differences between the point clouds from the reported factors, and to detect only surface changes that occurred due to the reconstruction technique, some cross sections were traced perpendicularly to the previously fitted planes, and the CtC algorithm was run successively. For instance, Figure 8 illustrates a section drawn perpendicularly to plane 6: the mean distance and standard deviations were 2.4 cm and 2.8 cm, while the highest value was 28 cm. Ninety percent of the data were below 5 cm, and higher values were recognized on indented surfaces not acquired by the laser scanner and on the vegetation whose surface was smoothed during the generation of the point cloud by means of the SfM technique.




4.2. Quality Assessment of the Point Clouds


The scalar values obtained in the distance computation between the sub-sets of the point clouds and the planes fitted on the facades of buildings showed a Gaussian distribution, with peaks on the mean distance (Figure 9). As concerns the Terrestrial Photogrammetry technique, the CtM scalar value in correspondence of plane 3 had a bi-modal distribution, suggesting that the points aligned along two surfaces rather than one. In addition, the measured dip/direction and dip of the six sub-sets of Terrestrial Photogrammetry, TLS, and UAV point clouds along the planes differed by up to one degree (Table 5), implicating that orientation measurements for geometrically simple surfaces (i.e., building facades or walls) are not influenced by the acquisition technique. Although the mean distances of the different types of point clouds along all planes were near to zero, the most significative parameter in terms of usefulness in quantitatively estimating the quality of the datasets was the standard deviation, which indicated the point clouds’ dispersion on flat surfaces. Despite similar accuracies of the three techniques being detected for plane 1 and 4, some differences were found for the other datasets. In detail, for each plane except no. 1, the smallest value of the standard deviation of the CtM distances was related to the laser scanning acquisition technique. Slightly higher values, but in the same order of magnitude (mm), were attributable to the UAV technique, while Terrestrial Photogrammetry showed values of up to 4 cm (plane 3). Based on the outcomes of the analysis, it can be deduced that the best quality was provided by the TLS and UAV techniques, followed by Terrestrial Photogrammetry, which might be inappropriate when dealing with complex natural surfaces, especially for in-depth geostructural analyses. However, it must be remarked that terrestrial SfM was performed using a common-low cost digital camera and that the results were quite promising, considering that the photos were taken from different distances because of the complex topography. As a matter of fact, the use of professional tools and longer lenses could have provided higher resolution photos and denser point clouds.




4.3. Extraction of Discontinuities from Point Clouds


In agreement with on-site investigations, two joint sets were detected on the Terrestrial Photogrammetry, the TLS and the UAV point clouds using Coltop3D. The best-fit great circles and poles of JS1 and JS2 were reported on equal-angle stereographic projections to determine their mean orientation (Figure 10). Table 6 reports the mean strike, dip, dispersion (Fisher’s K parameter) and weight of JS1 and JS2 extracted from the different point clouds, as well as the data collected during conventional geostructural and geomechanical field surveys. With regard to point clouds, the dip direction and dip of the two main joints sets were very similar, with a maximum difference of 4° for the JS2 dip direction measured on the TLS and the photogrammetry point cloud. The Fisher’s k parameter was similar for the three datasets, but slightly higher values were obtained from the Terrestrial Photogrammetry. This indicates a minor dispersion of the pole orientation, which might be related to the lower accuracy and density of the point cloud. Similar weight percentages for JS1 and JS2 were detected from the TLS point cloud (49% for JS1 and 51% for JS2, respectively), while the other datasets detected a major weight for JS1 (67% vs. 33% for the Terrestrial Photogrammetry point cloud, and 58% vs. 42% for the UAV point cloud). As stated in the previous section, an underestimation of the weight of JS2 from the laser scanner might have been caused by missing data corresponding to occlusions (due to the position of the laser scanner) along the surfaces exposed to NNW, and thus, with directions parallel to JS2. Field measurements were used to validate the results. The highest orientation difference was found for JS2: a difference of 8° between the field measurements and the Terrestrial Photogrammetry was detected. It is remarkable that the ratios between the weights of JS1 and JS2 for these datasets were inverted. The weight percentages of the joint sets detected on the field were also different from the data extracted from the TLS and UAV point clouds. This discrepancy was attributable to scarce accessibility on the field, which did not allow the sampling of a representative number of surfaces belonging to JS1, leading to its underestimation. However, many fractures belonging to JS2, detected from their traces in the field, were not extracted from the point clouds because of the poor exposition of planar surfaces. In addition, the Fisher’s k parameter determined from the field surveys showed a much lower dispersion of the data, probably related to a lower number of measurements, performed on small sectors of the discontinuities. As a matter of fact, field measurements taken by means of a compass-clinometer are representative of small areas and, therefore, they are less affected by undulation and discontinuity planes with respect to remote sensing techniques, which provide measurements of the entire length of the exposed surface.



The DSE software identified two additional discontinuity sets with respect to the previous method, corresponding to the bedding and the ground surface. Since the aim of the analysis was to detect whether the acquisition technique could influence the detection of joint sets, bedding and topography were not considered in the comparison. The main differences between the discontinuity sets extracted using Coltop 3D and DSE are illustrated in Figure 11 and further discussed in Section 5. Table 7 and Table 8 summarize the data extracted for JS1 and JS2, respectively, as well as the differences between the pairs of point clouds. A maximum strike difference of approximately 5 degrees was found for JS1 and JS2 in all datasets, but the mean dip direction of JS1, estimated from the UAV point cloud, was opposite with respect to the dip direction extracted from the other point clouds. As regards the dip values, a considerable difference was obtained for JS1: while sub-vertical surfaces were detected from the UAV and TLS point clouds, the photogrammetric process provided less steep values, with a difference of about 16°. The ratios of weight percentages between JS1 and JS2 were similar for the TLS and UAV point clouds, while major differences were found in the dataset from Terrestrial Photogrammetry; however, all detected a greater weight of JS1. Acceptable differences were found for the persistence estimation for JS2, but not for JS1: the maximum persistence estimated from the Terrestrial Photogrammetry point cloud differed by about 3 m from the other datasets. A possible explanation for this difference is that more discontinuities were grouped together into a single cluster because of the lower resolution of the Terrestrial Photogrammetry point cloud, thus leading to an overestimation of the persistence (see blue discontinuities in Figure 11a).



With regard to spacing, considering both persistent and non-persistent joints as described by [54], the results of the UAV and TLS point clouds (which are similar) were much lower than those calculated from the Terrestrial Photogrammetry technique, which in some cases showed values that were 10 times higher.



Based on the outcomes of the two approaches to detect and characterize the discontinuity sets from point clouds, it was found that the most accurate results were detected from the UAV point cloud, which made it possible to overcome the limitations of the TLS technique (occlusions could not have been avoided because of scarce accessibility at the study site) and of the geostructural and geomechanical surveys. Instead, an inappropriate characterization resulted from the terrestrial photogrammetric survey. The mean orientations of the discontinuity sets extracted from the three point clouds by means of Coltop3D and DSE, together with the results of field surveys, are reported in Table 9.




4.4. Rockfall Detection by Means of Multi-Temporal Acquisitions


Positive and negative surface changes between pairs of point clouds acquired using the same technique in different periods were analyzed in detail.



All positive changes, both for the UAV and TLS pairs of point clouds, were related to the growth of vegetation after the first acquisition (Figure 12). It is specified that an initial attempt to semi-automatically filter the vegetation in both point clouds was made by means of the Canupo plugin [108]. However, shrubs and bushes grown in the fractures and cavities of the rock mass were not correctly identified because of their similarity in shape and color (with respect to the darker lithofacies) to the rocks. As consequence, not all the vegetation was segmented out of the point clouds and some areas of the rock slope were removed as well (especially in indented areas), causing several surface changes to be detected by the Cloud-to-Mesh distance computation. For this reason, the vegetation was kept during the point cloud comparison process and identified by means of visual inspection during the interpretation phase.



The negative surface changes in the TLS point clouds were more difficult to interpret: although some were clearly determined by human activity and changes in the vegetation cover (Figure 13a), the low resolution of the photos taken by the laser scanner during the acquisitions did not make it possible to distinguish whether the points missing in the successive point cloud were related to the loss of material or vegetation, which, in some cases, is very similar in color and shape to the darker lithofacies. On the contrary, interpretation of the negative deviations was much accurate for the UAV point clouds: loss of vegetation and of man-made elements could be detected by comparing the high-resolution photos (Figure 13b–d). However, the fine registration of the successive UAV point cloud to the reference one was not as precise as the one of the TLS point clouds because of the SfM limitations. In fact, due to the impossibility of acquiring photos during the second flight from the same position and perspective of the first flight, not all the points could be matched during the ICP registration. As a consequence, more surface changes were observed with respect to the laser scanner point clouds, and more time was necessary for the interpretation. In addition, the detection threshold (4 cm) for surface changes was higher than the TLS one (1.5 cm), meaning that only changes higher than 4 cm could be detected from the UAV point cloud. Only one probable rockfall was identified from the two datasets (Figure 14). The estimated volumes were 0.038 m3 and 0.066 m3 for the TLS and UAV point clouds, respectively. A Cloud (UAV) to Mesh (TLS) distance computation of the point clouds acquired on the same day in December 2019 from the drone and from the laser scanner allowed the detection of the main differences (Figure 15). The positive surface changes (red points in Figure 15a) were located on the indented surface of the rock block (which failed 6 months later) because of inaccurate reconstruction of the point cloud from the SfM technique. Smoother surfaces caused the generation of a larger mesh by means of Poisson Surface Reconstruction with consequent overestimation of the failed rock block volume (Figure 15b,c). Although an anthropogenic cause of the failure cannot be excluded, the applied method shows that the TLS data were more accurate in terms of the estimation of the rockfall volume.





5. Main Outcomes and Conclusions


Remote sensing techniques are of paramount importance to overcome the limitations of conventional field methods for rock slope investigations, especially when dealing with poorly accessible areas of large size and with unsafe conditions. Since several technologies have been introduced in recent decades, the question as to which method is more appropriate for a particular case study may arise. It is evident that the choice of technique depends on the geologic, morphological and environmental conditions of the target, as outlined by [109]. With this study, we performed a comparative analysis of point clouds obtained by means of TLS, terrestrial and UAV photogrammetry, after validation by means of conventional geostructural and geomechanical surveys, in order to evaluate the advantages and limitations of each technique for slope investigations in complex coastal areas, which are of high interest in terms of the tourist economy.



The TLS methods allowed the acquisition of detailed point clouds in a relatively short time at distances of up to hundreds of meters, depending on the laser scanner used. Conversely, the UAV techniques required a preliminary mission-planning phase to achieve the best coverage area with the most appropriate ground resolution. Furthermore, permission from the authorities may be mandatory in flight-restricted areas. Adverse weather conditions such as rain, wind or fog do not affect laser scanner acquisitions as much as terrestrial and UAV photogrammetric surveys, for which the quality of the photos might be seriously compromised, in addition to the risk of instrument damage. For photogrammetry, partially cloudy weather is preferred to sunny conditions [106] to avoid shadows and sea reflections, which can cause uneven textures and areas with low density or artifacts in the processed point cloud. However, UAV techniques require less effort in terms of costs and logistics, which can be an issue for TLS methods in poorly accessible and steep sites, due to difficulties in carrying the laser scanner and targets. TLS can be inadequate for vertical or sub-vertical slopes if the scan positions are limited by the site morphology. As a matter of fact, occlusions along the bedding and surfaces exposed to NNW in the case study were caused by the impossibility of higher positioning of the laser scanner, and occurred further north with respect to the scan position. However, as stated by several authors [73], TLS techniques are generally able to acquire data in vegetated areas, depending on the type of vegetation, which can be an issue for SfM surveys. Terrestrial Photogrammetry is not the best solution in poorly accessible areas as well; for instance, a sector of the Terrestrial Photogrammetry point cloud (right part of Figure 9) appeared distorted when compared to the TLS dataset because of the lack of good camera locations and the consequent misalignment during the SfM procedure. In addition, if the camera positions are constrained by terrain morphology, a change of the distance from the outcrop can cause differences in the ground resolutions in the 3D model.



As regards the processing phase, photogrammetry techniques are more time-consuming with respect to the TLS method, because more steps are necessary to carry out the SfM procedure, which can take some hours of work (from image inspection to software computation) depending on the number of photos to process and the desired resolution. In addition, a lack of sufficient Ground Control Points or a low GPS signal of the UAV system may cause deformations and incorrect georeferentiation, with unreliable results consequently being obtained in the geostructural analyses, especially if the sectors of the point clouds are mutually shifted.



Moreover, the cleaning phase of the photogrammetric technique requires greater efforts from the operator because of numerous unwanted objects such as the background and dynamic disturbances (i.e., sea waves) affecting the point cloud of the presented case study. It is remarkable that such elements had to be manually segmented out because the classification algorithms available in Agisoft Metashape and CloudCompare also removed points belonging to the rock mass in sectors with similar colors. On the other hand, the TLS point cloud appeared much less disturbed from reflections and scatter points, but in some cases, dynamic disturbances affected the quality of the point cloud. Specifically, the TLS point cloud was locally affected by noisy points caused by people moving on the study area; the same obstacles were easily removed when implementing the SfM technique by applying masks. Based on these considerations, we specify that, although SfM techniques can reduce the data collection times by about 80% [35], the same amount of time is spent in producing and cleaning the final point cloud. However, if the surveyed area is affected by dynamic disturbances, SfM techniques may provide a better solution in terms of accuracy and time.



As shown in Figure 9 and Table 5, the TLS and UAV techniques performed at short distance from the target provided point clouds with similar accuracies: for the less accurate zones (i.e., plane 1 for TLS and plane 2 for UAV), 1.3% of the points were at 3 and 4.5 cm from the reference plane (µ ± 3σ). In non-occluded areas, the TLS point cloud was able to provide details of very small features (i.e., building elements) and of zones below the vegetation, which were not observable from the UAV dataset. Conversely, for plane 3 of the Terrestrial Photogrammetry point cloud (Table 5), 1.3% of the points were at a distance of 12 cm from the reference plane (µ ± 3σ). Although the same plane orientations were estimated from the three datasets, the low quality of the Terrestrial Photogrammetry point cloud might represent a limitation when dealing with complex morphologies.



With regard to the geostructural analysis, it was found that the extracted main discontinuity sets had almost the same orientation and that only their weight was differently estimated because of occlusions specific to the analyzed dataset. The similarity of the results from geostructural characterization from TLS and Terrestrial Photogrammetry along rock cuts was reported in [63]. The discontinuities were sub-vertical; therefore, the estimated dip direction could be towards one direction or the opposite one. The variation of polarity for steep discontinuities, related to undulated patterns, was also outlined in [73]. In summary, the main differences of the geostructural analysis do not depend on the point cloud type, but on the approach used. Specifically, a difference of almost 20° was found for the J1 orientation from Coltop3D and DSE. Through a detailed analysis it was assessed that the DSE did not manage to separate JS1 from the ground surface; therefore, some points belonging to the mean orientation of the cliff (N–S) were merged with the DS and its mean strike was more oriented towards N–S with respect to the results of Coltop3D (JS1 was properly isolated in Coltop3D by means of the operator’s validation). In other words, some secondary structures generated from discontinuities of larger scale belonging to JS1 and JS2 were attributed to a third discontinuity set from the DSE, which was not accurately separated from JS1 (Figure 11 and Figure 16). Based on these observations, it is believed that automatic methods should be performed on UAV point clouds rather than on TLS point clouds in order to easily validate the results by means of visual inspection of more detailed textures or high-resolution photos.



The results of multi-temporal acquisitions obtained by means of the TLS and UAV techniques showed that major accuracy, in terms of monitoring, can be achieved from the first one, given the lower threshold limit to detect surface changes. Indeed, the TLS instrumental errors are small enough to ensure the detection of millimetric deformations when comparing consecutive point clouds [110]. Interpretation of the UAV results was more complex because of the presence of more anomalies, which were due to differences in shadow zones depending on the trajectory of the drone during the two acquisitions. However, the origin of the surface change was less uncertain with respect to the TLS method because the vegetation was easily recognizable from the high-resolution photos. In addition, UAV systems allow the monitoring of larger zones compared to the laser scanner, whose field of view can be limited in poorly accessible zones. The main issues involved in using UAV techniques for rockfall detection and cliff monitoring are related to the poor coverage of the SfM in the indented areas, which, in this study, caused an overestimation of the failed block volume. This limitation should be taken into account when planning protection measures such as nets.



Based on the main outcomes of the comparative analysis, Terrestrial Photogrammetry can be used to perform only preliminary slope investigations in complex environments. However, professional cameras with longer focal lengths could be used to obtain higher-resolution photos and larger ground resolution. More detailed geostructural analyses and monitoring can be obtained using both the TLS and UAV methods. Each technique has its own advantages and drawbacks, but the authors agree with the statements made in [109], where it was stated that accessibility is the first factor to consider in order to choose the most appropriate technique. If accessibility is ensured, the most suitable technique is TLS, in terms of both accuracy and time.



Being complementary to each other, both methods can be combined to fully characterize the examined area. Specifically, TLS surveys can be carried out to generate accurate and geo-referenced point clouds to use as references. Successive UAV acquisitions are recommended to increase the observation area with less effort, collect data in the occlusions of the TLS point clouds (if present) and detect large-scale surface changes. If surface changes are detected, specific TLS surveys can be applied to the instable area to correctly estimate the volume of the failed blocks.



Finally, we remark that remote sensing techniques are powerful tools for rock slope characterization and help to significantly reduce the time needed to carry out conventional surveys in safe conditions. However, field surveys remain irreplaceable in the collection of information on the mechanical behavior of rock masses and should be combined with the described technologies to achieve deep knowledge of the investigated area.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/rs13245045/s1, Figure S1: Cloud-to-Mesh distance computation on plane 1–6 for the estimation of the point cloud quality obtained from TLS, terrestrial and UAV photogrammetry. (μ and σ represent the mean and standard deviation of the distribution of the distances, respectively). Figure S2: Semi-automatic identification of the main joint sets from the point clouds in a representative area of the rock mass with Coltop 3D (a–c) and validation by means of field surveys (d), high lower-hemisphere Schmidt equal-angle stereographic projections.





Author Contributions


Conceptualization, L.L. and M.J.; Validation, G.F.A. and M.-H.D., Formal Analysis, L.L.; Investigation, L.L., G.F.A. and M.J.; Resources, M.P. and M.J.; Data Curation, L.L. and M.-H.D.; Writing—Original Draft Preparation, L.L.; Writing—Review and Editing, G.F.A., M.-H.D. and M.P.; Visualization, L.L. and M.-H.D.; Supervision, G.F.A., M.-H.D. and M.P.; Funding Acquisition, M.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


The datasets generated and analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


We thank Trimble Geospatial company (www.trimble-geospatial.it—accessed on 20 November 2021) for providing the TLS point cloud of July 2020 used to analyze multi-temporal acquisitions for rockfall detection. We also thank Antonella Marsico and Marco La Salandra from the University of Bari, respectively, for the 2019 TLS survey and for the UAV mission planning and surveys. A special thanks goes to the Reviewers who, with their observations, have made it possible to significantly improve this work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Martino, S.; Mazzanti, P. Integrating Geomechanical Surveys and Remote Sensing for Sea Cliff Slope Stability Analysis: The Mt. Pucci Case Study (Italy). Nat. Hazards Earth Syst. Sci. 2014, 14, 831–848. [Google Scholar] [CrossRef]

	



Castedo, R.; Murphy, W.; Lawrence, J.; Paredes, C. A New Process-Response Coastal Recession Model of Soft Rock Cliffs. Geomorphology 2012, 177–178, 128–143. [Google Scholar] [CrossRef]

	



Pilkey, O.; Davis, T. An Analysis of Coastal Recession Models: North Carolina Coast. Available online: https://pubs.geoscienceworld.org/sepm/books/book/1045/chapter/10534623/An-Analysis-of-Coastal-Recession-ModelsNorth (accessed on 7 December 2021).

	



Sunamura, T. Rocky Coast Processes: With Special Reference to the Recession of Soft Rock Cliffs. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2015, 91, 481–500. [Google Scholar] [CrossRef]

	



Sunamura, T. The Geomorphology of Rocky Coasts; Wiley: Chichester, UK, 1992. [Google Scholar]

	



Walkden, M.; Dickson, M. Equilibrium Erosion of Soft Rock Shores with a Shallow or Absent Beach under Increased Sea Level Rise. Mar. Geol. 2008, 251, 75–84. [Google Scholar] [CrossRef]

	



Trenhaile, A.S. The Geomorphology of Rock Coasts; Oxford Research Studies in Geography; Clarendon Press: Oxford, UK, 1987; ISBN 9780198232797. [Google Scholar]

	



Bernatchez, P.; Dubois, J.-M.M. Seasonal Quantification of Coastal Processes and Cliff Erosion on Fine Sediment Shorelines in a Cold Temperate Climate, North Shore of the St. Lawrence Maritime Estuary, Québec. J. Coast. Res. 2008, 24, 169–180. [Google Scholar] [CrossRef]

	



Rosen, P.S. Erosion Susceptibility of the Virginia Chesapeake Bay Shoreline. Mar. Geol. 1980, 34, 45–59. [Google Scholar] [CrossRef]

	



Trenhaile, A.S. Modeling Cohesive Clay Coast Evolution and Response to Climate Change. Mar. Geol. 2010, 277, 11–20. [Google Scholar] [CrossRef]

	



Bieniawski, Z.T. The Geomechanics Classification in Rock Engineering Applications; ISRM Congress: Montreux, Switzerland, 1979. [Google Scholar]

	



Bieniawski, Z.T. Engineering Rock Mass Classifications; John Wiley and Sons: Chichester, UK, 1989; ISBN 978-0-471-60172-2. [Google Scholar]

	



Bieniawski, Z.T. Classification of Rock Masses for Engineering: The RMR System and Future Trends. Compr. Rock Eng. 1993, 3, 553–573. [Google Scholar] [CrossRef]

	



Marinos, P.; Hoek, E. GSI-A Geologically Friendly Tool for Rock Mass Strength Estimation. In Proceedings of the International Conference on Geotechnical and Geological Engineering (GeoEng2000), Melbourne, Australia, 19–24 November 2000; pp. 1422–1446. [Google Scholar]

	



Barton, N.; Lien, R.; Lunde, J. Engineering Classification of Rock Masses for the Design of Tunnel Support. Rock Mech. Felsmech. Mécanique Des Roches 1974, 6, 189–236. [Google Scholar] [CrossRef]

	



Fookes, P.G. Geology for Engineers: The Geological Model, Prediction and Performance. Q. J. Eng. Geol. 1997, 30, 293–424. [Google Scholar] [CrossRef]

	



Miroshnikova, L.S. Engineering-Geologic Models as an Effective Method of Schematization of Rock Masses for Purposes of Hydrotechnical Construction. Hydrotech. Constr. 1999, 33, 603–612. [Google Scholar] [CrossRef]

	



Stavropoulou, M.; Exadaktylos, G.; Saratsis, G. A Combined Three-Dimensional Geological-Geostatistical-Numerical Model of Underground Excavations in Rock. Rock Mech. Rock Eng. 2007, 40, 213–243. [Google Scholar] [CrossRef]

	



Hudson, J.; Harrison, J. Engineering Rock Mechanics: An Introduction to the Principles; Elsevier: Amsterdam, The Netherlands, 2000. [Google Scholar]

	



Hoek, E.; Bray, J. Rock Slope Engineering; CRC Press: Boca Raton, FL, USA, 1981. [Google Scholar]

	



Goodman, R.E. Methods of Geological Engineering in Discontinuous Rocks; West Pub. Co.: St. Paul, MN, USA, 1976; ISBN 0829900667. [Google Scholar]

	



Priest, S.D. Discontinuity Analysis for Rock Engineering; Chapman & Hall: London, UK, 1993. [Google Scholar]

	



Jing, L. A Review of Techniques, Advances and Outstanding Issues in Numerical Modelling for Rock Mechanics and Rock Engineering. Int. J. Rock Mech. Min. Sci. 2003, 40, 283–353. [Google Scholar] [CrossRef]

	



Jing, L.; Hudson, J.A. Numerical Methods in Rock Mechanics. Int. J. Rock Mech. Min. Sci. 2002, 39, 409–427. [Google Scholar] [CrossRef]

	



Barla, G.; Barla, M. Continuum and Discontinuum Modelling in Tunnel Engineering. Rud. Geol. Naft. Zb. 2000, 12, 45–57. [Google Scholar]

	



Lisjak, A.; Grasselli, G. A Review of Discrete Modeling Techniques for Fracturing Processes in Discontinuous Rock Masses. J. Rock Mech. Geotech. Eng. 2014, 6, 301–314. [Google Scholar] [CrossRef]

	



Franklin, J.A.; Maerz, N.H.; Bennett, C.P. Rock Mass Characterization Using Photoanalysis. Int. J. Min. Geol. Eng. 1988, 6, 97–112. [Google Scholar] [CrossRef]

	



Slob, S.; van Knapen, B.; Hack, R.; Turner, K.; Kemeny, J. Method for Automated Discontinuity Analysis of Rock Slopes with Three-Dimensional Laser Scanning. Transp. Res. Rec. J. Transp. Res. Board 2005, 1913, 187–194. [Google Scholar] [CrossRef]

	



Pollyea, R.M.; Fairley, J.P. Estimating Surface Roughness of Terrestrial Laser Scan Data Using Orthogonal Distance Regression. Geology 2011, 39, 623–626. [Google Scholar] [CrossRef]

	



Fardin, N.; Feng, Q.; Stephansson, O. Application of a New in Situ 3D Laser Scanner to Study the Scale Effect on the Rock Joint Surface Roughness. Int. J. Rock Mech. Min. Sci. 2004, 41, 329–335. [Google Scholar] [CrossRef]

	



Teza, G.; Galgaro, A.; Zaltron, N.; Genevois, R. Terrestrial Laser Scanner to detect landslide displacement fields: A new approach. Int. J. Remote Sens. 2007, 28, 3425–3446. [Google Scholar] [CrossRef]

	



Viero, A.; Teza, G.; Massironi, M.; Jaboyedoff, M.; Galgaro, A. Laser Scanning-Based Recognition of Rotational Movements on a Deep Seated Gravitational Instability: The Cinque Torri Case (North-Eastern Italian Alps). Geomorphology 2010, 122, 191–204. [Google Scholar] [CrossRef]

	



Mavrouli, O.; Corominas, J.; Jaboyedoff, M. Size Distribution for Potentially Unstable Rock Masses and In Situ Rock Blocks Using LIDAR-Generated Digital Elevation Models. Rock Mech. Rock Eng. 2015, 48, 1589–1604. [Google Scholar] [CrossRef]

	



Rosser, N.J.; Petley, D.N.; Lim, M.; Dunning, S.A.; Allison, R.J. Terrestrial Laser Scanning for Monitoring the Process of Hard Rock Coastal Cliff Erosion. Q. J. Eng. Geol. Hydrogeol. 2005, 38, 363–375. [Google Scholar] [CrossRef]

	



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]

	



Slob, S.; Hack, R. 3D Terrestrial Laser Scanning as a New Field Measurement and Monitoring Technique. In Engineering Geology for Infrastructure Planning in Europe; Hack, R., Azzam, R., Charlier, R., Eds.; Lecture Notes in Earth Sciences; Springer: Berlin/Heidelberg, Germany, 2004; Volume 104. [Google Scholar] [CrossRef]

	



Westoby, M.J.; Brasington, J.; Glasser, N.F.; Hambrey, M.J.; Reynolds, J.M. “Structure-from-Motion” Photogrammetry: A Low-Cost, Effective Tool for Geoscience Applications. Geomorphology 2012, 179, 300–314. [Google Scholar] [CrossRef]

	



Tofani, V.; Segoni, S.; Agostini, A.; Catani, F.; Casagli, N. Technical Note: Use of Remote Sensing for Landslide Studies in Europe. Nat. Hazards Earth Syst. Sci. 2013, 13, 299–309. [Google Scholar] [CrossRef]

	



Abellán, A.; Oppikofer, T.; Jaboyedoff, M.; Rosser, N.J.; Lim, M.; Lato, M.J. Terrestrial Laser Scanning of Rock Slope Instabilities. Earth Surf. Process. Landf. 2014, 39, 80–97. [Google Scholar] [CrossRef]

	



Abellan, A.; Derron, M.H.; Jaboyedoff, M. Use of 3D Point Clouds in Geohazards. Special Issue: Current Challenges and Future Trends. Remote Sens. 2016, 8, 130. [Google Scholar] [CrossRef]

	



Slob, S.; Hack, H.R.G.K.; Feng, Q.; Roshoff, K.; Turner, A.K. Fracture Mapping Using 3D Laser Scanning Techniques. In Proceedings of the 11th ISRM Congress, Lisbon, Portugal, 9 July 2007. [Google Scholar]

	



Jaboyedoff, M.; Metzger, R.; Oppikofer, T.; Couture, R.; Derron, M.; Locat, J.; Turmel, D. New Insight Techniques to Analyze Rock-Slope Relief Using DEM and 3D-Imaging Cloud Points. In Rock Mechanics: Meeting Society’s Challenges and Demands; Taylor & Francis: London, UK, 2007; pp. 61–68. [Google Scholar]

	



Olariu, M.I.; Ferguson, J.F.; Aiken, C.L.V.; Xu, X. Outcrop Fracture Characterization Using Terrestrial Laser Scanners: Deep-Water Jackfork Sandstone at Big Rock Quarry, Arkansas. Geosphere 2008, 4, 247–259. [Google Scholar] [CrossRef]

	



Gigli, G.; Casagli, N. Semi-Automatic Extraction of Rock Mass Structural Data from High Resolution LIDAR Point Clouds. Int. J. Rock Mech. Min. Sci. 2011, 48, 187–198. [Google Scholar] [CrossRef]

	



García-Sellés, D.; Falivene, O.; Arbués, P.; Gratacos, O.; Tavani, S.; Muñoz, J.A. Supervised Identification and Reconstruction of Near-Planar Geological Surfaces from Terrestrial Laser Scanning. Comput. Geosci. 2011, 37, 1584–1594. [Google Scholar] [CrossRef]

	



Riquelme, A.J.; Abellán, A.; Tomás, R.; Jaboyedoff, M. A New Approach for Semi-Automatic Rock Mass Joints Recognition from 3D Point Clouds. Comput. Geosci. 2014, 68, 38–52. [Google Scholar] [CrossRef]

	



Buyer, A.; Schubert, W. Extraction of Discontinuity Orientations in Point Clouds. In Proceedings of the ISRM International Symposium—EUROCK 2016, International Society for Rock Mechanics. Ürgüp, Turkey, 29 August 2016; pp. 1133–1137. [Google Scholar]

	



Palma, B.; Parise, M.; Ruocco, A. Geo-Mechanical Characterization of Carbonate Rock Masses by Means of Laser Scanner Technique. IOP Conf. Ser. Earth Environ. Sci. 2017, 95, 062007. [Google Scholar] [CrossRef]

	



Lato, M.J.; Vöge, M. Automated Mapping of Rock Discontinuities in 3D Lidar and Photogrammetry Models. Int. J. Rock Mech. Min. Sci. 2012, 54, 150–158. [Google Scholar] [CrossRef]

	



Vöge, M.; Lato, M.J.; Diederichs, M.S. Automated Rockmass Discontinuity Mapping from 3-Dimensional Surface Data. Eng. Geol. 2013, 164, 155–162. [Google Scholar] [CrossRef]

	



Li, X.; Chen, J.; Zhu, H. A New Method for Automated Discontinuity Trace Mapping on Rock Mass 3D Surface Model. Comput. Geosci. 2016, 89, 118–131. [Google Scholar] [CrossRef]

	



Riquelme, A.J.; Tomás, R.; Abellán, A. Characterization of Rock Slopes through Slope Mass Rating Using 3D Point Clouds. Int. J. Rock Mech. Min. Sci. 2016, 84, 165–176. [Google Scholar] [CrossRef]

	



Sturzenegger, M.; Stead, D.; Elmo, D. Terrestrial Remote Sensing-Based Estimation of Mean Trace Length, Trace Intensity and Block Size/Shape. Eng. Geol. 2011, 119, 96–111. [Google Scholar] [CrossRef]

	



Riquelme, A.J.; Abellán, A.; Tomás, R. Discontinuity Spacing Analysis in Rock Masses Using 3D Point Clouds. Eng. Geol. 2015, 195, 185–195. [Google Scholar] [CrossRef]

	



Riquelme, A.; Tomás, R.; Cano, M.; Pastor, J.L.; Abellán, A. Automatic Mapping of Discontinuity Persistence on Rock Masses Using 3D Point Clouds. Rock Mech. Rock Eng. 2018, 51, 3005–3028. [Google Scholar] [CrossRef]

	



Buyer, A.; Schubert, W. Calculation the Spacing of Discontinuities from 3D Point Clouds. In Proceedings of the ISRM European Rock Mechanics Symposium—EUROCK 2017, Ostrava, Czech Republic, 20 June 2017. [Google Scholar]

	



Buyer, A.; Schubert, W. Joint Trace Detection in Digital Images. In Proceedings of the 10th Asian Rock Mechanics Symposium, Singapore, 29 October 2018. [Google Scholar]

	



Kong, D.; Wu, F.; Saroglou, C. Automatic Identification and Characterization of Discontinuities in Rock Masses from 3D Point Clouds. Eng. Geol. 2020, 265, 105442. [Google Scholar] [CrossRef]

	



Kong, D.; Saroglou, C.; Wu, F.; Sha, P.; Li, B. Development and Application of UAV-SfM Photogrammetry for Quantitative Characterization of Rock Mass Discontinuities. Int. J. Rock Mech. Min. Sci. 2021, 141, 104729. [Google Scholar] [CrossRef]

	



Oppikofer, T.; Jaboyedoff, M.; Pedrazzini, A.; Derron, M.H.; Blikra, L.H. Detailed DEM Analysis of a Rockslide Scar to Characterize the Basal Sliding Surface of Active Rockslides. J. Geophys. Res. Earth Surf. 2011, 116, 2016. [Google Scholar] [CrossRef]

	



Battulwar, R.; Zare-Naghadehi, M.; Emami, E.; Sattarvand, J. A State-of-the-Art Review of Automated Extraction of Rock Mass Discontinuity Characteristics Using Three-Dimensional Surface Models. J. Rock Mech. Geotech. Eng. 2021, 13, 920–936. [Google Scholar] [CrossRef]

	



Haneberg, W.; Findley, D. Digital Outcrop Characterization for 3-D Structural Mapping and Rock Slope Design Along Interstate 90 Near Snoqualmie Pass. In Proceedings of the 57th Annual Highway Geology Symposium, Breckenridge, CO, USA, 27–29 September 2006. [Google Scholar]

	



Feng, Q.H.; Röshoff, K. In-Situ Mapping and Documentation of Rock Faces Using a Full-Coverage 3d Laser Scanning Technique. Int. J. Rock Mech. Min. Sci. 2004, 41, 139–144. [Google Scholar] [CrossRef]

	



Jaboyedoff, M.; Oppikofer, T.; Minoia, R.; Locat, J.; Turmel, D. Terrestrial Lidar Investigation of the 2004 Rockslide along Petit Champlain Street, Québec City (Quebec, Canada). Available online: https://www.researchgate.net/publication/265650529_Terrestrial_Lidar_investigation_of_the_2004_rockslide_along_Petit_Champlain_Street_Quebec_City_Quebec_Canada (accessed on 7 December 2021).

	



Sturzenegger, M.; Stead, D. Close-Range Terrestrial Digital Photogrammetry and Terrestrial Laser Scanning for Discontinuity Characterization on Rock Cuts. Eng. Geol. 2009, 106, 163–182. [Google Scholar] [CrossRef]

	



Ford, D.; Williams, P. Karst Hydrogeology and Geomorphology. Karst Hydrogeol. Geomorphol. 2013, 1–562. [Google Scholar] [CrossRef]

	



Steidtmann, E. The Evolution of Limestone and Dolomite. I. J. Geol. 1911, 19, 323–345. [Google Scholar] [CrossRef]

	



Palmer, A.N. Cave geology and speleogenesis over the past 65 years: Role of the National Speleological Society in advancing the science. J. Cave Karst Stud. 2017, 69, 3–12. [Google Scholar]

	



Andriani, G.; Parise, M.; Diprizio, G. Uncertainties in the Application of Rock Mass Classification and Geomechanical Models for Engineering Design in Carbonate Rocks. In Engineering Geology for Society and Territory, 5. Urban Geology, Sustainable Planning and Landscape Exploitation; Lollino, G., Manconi, A., Guzzetti, F., Culshaw, M., Bobrowsky, P., Luino, F., Eds.; Springer: Berlin, Germany, 2015; pp. 545–548. ISBN 978-3-319-09048-1. [Google Scholar]

	



Parise, M.; Closson, D.; Gutiérrez, F.; Stevanović, Z. Anticipating and Managing Engineering Problems in the Complex Karst Environment. Environ. Earth Sci. 2015, 74, 7823–7835. [Google Scholar] [CrossRef]

	



Waltham, T. The Engineering Classification of Karst with Respect to the Role and Influence of Caves. Int. J. Speleol. 2002, 31, 19–35. [Google Scholar] [CrossRef]

	



Andriani, G.F.; Parise, M. Applying Rock Mass Classifications to Carbonate Rocks for Engineering Purposes with a New Approach Using the Rock Engineering System. J. Rock Mech. Geotech. Eng. 2017, 9, 364–369. [Google Scholar] [CrossRef]

	



Andriani, G.F.; Parise, M. On the Applicability of Geomechanical Models for Carbonate Rock Masses Interested by Karst Processes. Environ. Earth Sci. 2015, 74, 7813–7821. [Google Scholar] [CrossRef]

	



Milanovic, P. The Environmental Impacts of Human Activities and Engineering Constructions in Karst Regions. Episodes 2002, 25, 13–21. [Google Scholar] [CrossRef]

	



Pagano, M.; Palma, B.; Ruocco, A.; Parise, M. Discontinuity Characterization of Rock Masses through Terrestrial Laser Scanner and Unmanned Aerial Vehicle Techniques Aimed at Slope Stability Assessment. Appl. Sci. 2020, 10, 2960. [Google Scholar] [CrossRef]

	



Terranum, Coltop3D. 2020. Software. Available online: https://www.terranum.ch (accessed on 20 November 2021).

	



Discontinuity Set Extractor. 2020. Software. Available online: https://sourceforge.net/projects/discontinuity-set-extractor/ (accessed on 12 August 2021).

	



Ferrero, A.M.; Forlani, G.; Roncella, R.; Voyat, H.I. Advanced Geostructural Survey Methods Applied to Rock Mass Characterization. Rock. Mech. Rock. Eng. 2009, 42, 631–665. [Google Scholar] [CrossRef]

	



Parise, M. Surface and subsurface karst geomorphology in the Murge (Apulia, southern Italy). Acta Carsolog. 2011, 40, 79–93. [Google Scholar] [CrossRef]

	



Ciaranfi, N.; Pieri, P.; Ricchetti, G. Note Alla Carta Geologica Delle Murge e Del Salento (Puglia Centromeridionale). Mem. Della Soc. Geol. Ital. 1988, 41, 449–460. [Google Scholar]

	



Doglioni, C.; Mongelli, F.; Pieri, P. The Puglia Uplift (SE Italy): An Anomaly in the Foreland of the Apenninic Subduction Due to Buckling of a Thick Continental Lithosphere. Tectonics 1994, 13, 1309–1321. [Google Scholar] [CrossRef]

	



Parise, M. Geomorphology of the Canale Di Pirro Karst Polje (Apulia, Southern Italy). Z. Fur Geomorphol. 2006, 147, 143–158. [Google Scholar]

	



Mastronuzzi, G.; Sansò, P. Pleistocene Sea-Level Changes, Sapping Processes and Development of Valley Networks in the Apulia Region (Southern Italy). Geomorphology 2002, 46, 19–34. [Google Scholar] [CrossRef]

	



Bruno, G.; del Gaudio, V.; Mascia, U.; Ruina, G. Numerical Analysis of Morphology in Relation to Coastline Variations and Karstic Phenomena in the Southeastern Murge (Apulia, Italy). Geomorphology 1995, 12, 313–322. [Google Scholar] [CrossRef]

	



Parise, M.; Federico, A.; Delle Rose, M.; Sammarco, M. Karst Terminology from Apulia (Southern Italy). Acta Carsolog. 2016, 32. [Google Scholar] [CrossRef]

	



Parise, M. Flood History in the Karst Environment of Castellana-Grotte (Apulia, Southern Italy). Nat. Hazards Earth Syst. Sci. 2003, 3, 593–604. [Google Scholar] [CrossRef]

	



Parise, M.; Ravbar, N.N.; Živanović, V.; Mikszewski, A.; Kresic, N.; Mádl-Szőnyi, J.; Kukuric, N.; Kukurić, N. Hazards in Karst and Managing Water Resources Quality. In Karst Aquifers—Characterization and Engineering; Professional Practice in Earth Sciences; Stevanović, Z., Ed.; Springer: Cham, Switzerland, 2015. [Google Scholar]

	



Martinotti, M.E.; Pisano, L.; Marchesini, I.; Rossi, M.; Peruccacci, S.; Brunetti, M.T.; Melillo, M.; Amoruso, G.; Loiacono, P.; Vennari, C.; et al. Landslides, Floods and Sinkholes in a Karst Environment: The 1-6 September 2014 Gargano Event, Southern Italy. Nat. Hazards Earth Syst. Sci. 2017, 17, 467–480. [Google Scholar] [CrossRef]

	



Sauro, U. A Polygonal Karst in Alte Murge (Puglia, Southern Italy). Z. Fur Geomorphol. 1991, 35, 207–223. [Google Scholar] [CrossRef]

	



Rudnicki, J. Origin of the Collapse-Solution Breccia and Its Importance in Phreatic System of Karst Circulation. Bull. Acad. Polon. Sci. 1973, 21, 225–232. [Google Scholar]

	



Andriani, G.; Pellegrini, V. Qualitative Assessment of the Cliff Instability Susceptibility at a given Scale with a New Multidirectional Method. Int. J. Geol. 2014, 8, 73–80. [Google Scholar]

	



Lollino, P.; Martimucci, V.; Parise, M. Geological Survey and Numerical Modeling of the Potential Failure Mechanisms of Underground Caves. Geosyst. Eng. 2013, 16, 100–112. [Google Scholar] [CrossRef]

	



RIEGL. RIEGLVZ-400 Terrestrial Laser Scanner, Summary Specification Sheets. 2017. Available online: Http://Www.Riegl.Com/Uploads/Tx_pxpriegldownloads/10_DataSheet_VZ-400_2017-06-14.Pdf_2017 (accessed on 11 April 2021).

	



Agisoft. General Image Capture Tips. 2020. Available online: Https://Agisoft.Freshdesk.Com/Support/Solutions/Articles/31000149337-General-Image-Capture-Tips (accessed on 11 October 2021).

	



Agisoft Agisoft Metashape. User Manual: Professional Edition, Version 1.6 2020, 160. Available online: https://www.agisoft.com/downloads/user-manuals/ (accessed on 12 October 2021).

	



Snavely, N.; Seitz, S.M.; Szeliski, R. Modeling the World from Internet Photo Collections. Int. J. Comput. Vis. 2008, 80, 189–210. [Google Scholar] [CrossRef]

	



Loiotine, L.; Wolff, C.; Wyser, E.; Andriani, G.F.; Derron, M.-H.; Jaboyedoff, M.; Parise, M. QDC-2D: A Semi-Automatic Tool for 2D Analysis of Discontinuities for Rock Mass Characterization. Remote Sens. Spec. Issue 3d Point Clouds Rock Mech. Appl. 2021. accepted. [Google Scholar]

	



Andriani, G.F.; Walsh, N. Rocky Coast Geomorphology and Erosional Processes: A Case Study along the Murgia Coastline South of Bari, Apulia—SE Italy. Geomorphology 2007, 87, 224–238. [Google Scholar] [CrossRef]

	



Ester, M.; Kriegel, H.-P.; Sander, J.; Xu, X. A Density-Based Algorithm for Discovering Clusters in Large Spatial Databases with Noise. In Proceedings of the Second International Conference on Knowledge Discovery and Data Mining, Portland, OR, USA, 2 August 1996; Volume 96, pp. 226–231. [Google Scholar]

	



Guerin, A.; Abellán, A.; Matasci, B.; Jaboyedoff, M.; Derron, M.H.; Ravanel, L. Brief Communication: 3-D Reconstruction of a Collapsed Rock Pillar from Web-Retrieved Images and Terrestrial Lidar Data-the 2005 Event of the West Face of the Drus (Mont Blanc Massif). Nat. Hazards Earth Syst. Sci. 2017, 17, 1207–1220. [Google Scholar] [CrossRef]

	



Guerin, A.; Stock, G.M.; Radue, M.J.; Jaboyedoff, M.; Collins, B.D.; Matasci, B.; Avdievitch, N.; Derron, M.H. Quantifying 40 years of Rockfall Activity in Yosemite Valley with Historical Structure-from-Motion Photogrammetry and Terrestrial Laser Scanning. Geomorphology 2020, 356, 107069. [Google Scholar] [CrossRef]

	



Besl, P.J.; McKay, N.D. A Method for Registration of 3-D Shapes. IEEE Trans. Pattern Anal. Mach. Intell. 1992, 14, 239–256. [Google Scholar] [CrossRef]

	



Kazhdan, M.; Hoppe, H. Screened Poisson Surface Reconstruction. ACM Trans. Graph. 2013, 32, 1–13. [Google Scholar] [CrossRef]

	



Rosnell, T.; Honkavaara, E. Point Cloud Generation from Aerial Image Data Acquired by a Quadrocopter Type Micro Unmanned Aerial Vehicle and a Digital Still Camera. Sensors 2012, 12, 453–480. [Google Scholar] [CrossRef] [PubMed]

	



James, M.R.; Robson, S. Mitigating Systematic Error in Topographic Models Derived from UAV and Ground-Based Image Networks. Earth Surf. Process. Landf. 2014, 39, 1413–1420. [Google Scholar] [CrossRef]

	



Javernick, L.; Brasington, J.; Caruso, B. Modeling the Topography of Shallow Braided Rivers Using Structure-from-Motion Photogrammetry. Geomorphology 2014, 213, 166–182. [Google Scholar] [CrossRef]

	



Ruggles, S.; Clark, J.; Franke, K.W.; Wolfe, D.; Reimschiissel, B.; Martin, R.A.; Okeson, T.J.; Hedengren, J.D. Comparison of Sfm Computer Vision Point Clouds of a Landslide Derived from Multiple Small Uav Platforms and Sensors to a Tls-Based Model. J. Unmanned Veh. Syst. 2016, 4, 246–265. [Google Scholar] [CrossRef]

	



Brodu, N.; Lague, D. 3D Terrestrial Lidar Data Classification of Complex Natural Scenes Using a Multi-Scale Dimensionality Criterion: Applications in Geomorphology. ISPRS J. Photogramm. Remote Sens. 2012, 68, 121–134. [Google Scholar] [CrossRef]

	



Stead, D.; Donati, D.; Wolter, A.; Sturzenegger, M. Application of Remote Sensing to the Investigation of Rock Slopes: Experience Gained and Lessons Learned. ISPRS Int. J. Geo-Inf. 2019, 8, 296. [Google Scholar] [CrossRef]

	



Abellán, A.; Jaboyedoff, M.; Oppikofer, T.; Vilaplana, J.M. Detection of Millimetric Deformation Using a Terrestrial Laser Scanner: Experiment and Application to a Rockfall Event. Nat. Hazards Earth Syst. Sci. 2009, 9, 365–372. [Google Scholar] [CrossRef]








[image: Remotesensing 13 05045 g001 550] 





Figure 1. Geographic location of the study area (base map retrieved from Google Satellite). The compared area (Figure 2) is highlighted in red. 
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Figure 2. Final point clouds acquired by means of remote sensing techniques: (a) Terrestrial Laser Scanning point cloud (24,196,954 points and 6852 points/m2 density); (b) Terrestrial Photogrammetry point cloud (6,701,071 points and 1507 points/m2 density); (c) UAV point cloud (21,849,920 points and 5244 points/m2 density). 
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Figure 3. Segmentation of 6 rectangles (numbers 1–6) on the facades (photos above) of the buildings for estimating the quality of the three point clouds obtained by means of TLS, terrestrial and UAV photogrammetry. 
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Figure 4. Positive and negative surface changes calculated by means of the Cloud-to-Mesh algorithm in consecutive point clouds acquired by different remote sensing techniques. Positive and negative surface changes are colored in red and blue, respectively. (a) Differences (in meters) between the December 2019 and July 2020 TLS point clouds; (b) differences between the December 2019 and December 2020 UAV point clouds. 
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Figure 5. Comparison between the point clouds from Terrestrial Photogrammetry (compared) and TLS (reference): Cloud-to-Cloud distance computation in CloudCompare. The greater distances are located in the right part, corresponding to a non-optimal alignment of the compared point cloud due to dome-shaped bias. 
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Figure 6. Cloud-to-Cloud distance computation between the point clouds from Terrestrial Photogrammetry and TLS (reference) after the fine registration of the first point cloud by means of the Iterative Closest Point (ICP) algorithm. A small part (on the right) of the point cloud obtained by means of photogrammetry was not optimally aligned. Differences higher than 20 cm, corresponding to occlusions, vegetation and human artifacts, are colored in red. 
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Figure 7. Cloud-to-Cloud distance computation between the point clouds from UAV photogrammetry and TLS (reference). The differences higher than 10 cm (red points) were related to occlusions of the TLS technique. The details along the cross section (black segments) are illustrated in Figure 8. 
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Figure 8. (a) Cross sections (see Figure 8) of the TLS (reference, in red) and UAV (compared, in blue) point clouds along plane 4. (b) A mean distance of 2.4 cm and a standard deviation of 2.8 cm between the two point clouds were detected. 
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Figure 9. Cloud-to-Mesh distance computation on the 6 planar surfaces for the estimation of the point cloud quality obtained from TLS, terrestrial and UAV photogrammetry. μ and σ represent the mean and standard deviation of the distribution of the distances, respectively. High resolution figures are reported in the Supplementary Materials. 
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Figure 10. Semi-automatic identification of the main joint sets from the point clouds in a representative area of the rock mass with Coltop 3D (a–c) and validation by means of field surveys (d). (a) Point cloud and stereonet from Terrestrial Photogrammetry; (b) point cloud and stereonet from Unmanned Aerial Vehicle photogrammetry; (c) point cloud and stereonet from Terrestrial Laser Scanning; (d) photo and stereonet from field surveys. The stereonets show the best-fit great circles and poles of the main joint sets, and high lower-hemisphere Schmidt equal-angle stereographic projections (Figure S2). 
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Figure 11. JS1 extracted from Coltop (a) and DSE (b). (c) Some points of the topography (in yellow) were not separated from JS1 (blue) by DSE and interfered with the estimation of the JS1 dip direction. (d) Differences in J1 between the point clouds from Coltop and DSE: red areas correspond to points belonging to the topography that were considered by the DSE for the extraction of JS1. 
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Figure 12. Comparison between the point clouds obtained by means of the TLS technique in December 2019 and July 2020: the positive deviations correspond to the growth of vegetation after the first acquisition. 
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Figure 13. Negative surface changes detected in the TLS and the UAV point clouds. (a) The negative deviations of the TLS point clouds were mostly related to the loss of vegetation and removal of human artifacts (i.e., ropes) after the first acquisition. (b–d) The negative deviations of the UAV point clouds were identified directly on the high-resolution photos acquired by the drone and correlated to the loss of vegetation, whose color and shape could be easily confused with portions of the rock mass in the point clouds. 
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Figure 14. Rockfall occurred between the 2019 (a) and the 2020 (b) acquisitions, detected in the form of negative deviation from the TLS (c) and UAV (d) point clouds. 
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Figure 15. Details of the rockfall detected in the point clouds from the UAV and TLS acquisitions’ comparisons. (a) Cloud (UAV) to Mesh (TLS) distance computation of the point clouds acquired on the same day in December 2019, with the positive deviations highlighted in red; (b) mesh of the rockfall detected in the TLS point clouds; (c) comparison between the volumes of the meshes calculated using the TLS (green) and UAV (yellow) techniques. The higher volume of the rockfall, as detected from the UAV technique, was due to a limitation of the SfM technique, which was not able to produce a detailed reconstruction of the surface in the fissures of the rock mass. Therefore, the smoother surface led to an overestimation of the volume of the detected rockfall. 
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Figure 16. Large-scale orthogonal discontinuities (b) developed in the bedding (a) were eroded over time and led to the formation of sub-vertical discontinuities striking N–S (c) that were not correctly separated from the joint set JS1 by DSE software. For this reason, the mean dip direction of JS1, calculated by means of DSE, was about 20° closer to the North with respect to that calculated by means of Coltop3D software. 
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Table 1. Details of the UAV system, on-board camera and photogrammetric survey.
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UAV SYSTEM






	
UAV device

	
DJI Inspire 2




	
Maximum take-off weight (g)

	
4250 g




	
Maximum flight time (min)

	
27




	
Gimbal stabilization

	
3-axis (pitch, roll, yaw)




	
ON-BOARD CAMERA PARAMETERS AND SETTING




	
Camera model

	
Zenmuse X5S




	
Supported lens

	
DJI MFT 15 mm 1.7 ASPH




	
Sensor

	
CMOS, 4/3″

Effective Pixels: 20.8 MP




	
FOV

	
72°




	
Photo resolution (pix)

	
5280 × 3956




	
SURVEY DETAILS




	
Flight mode

	
manual




	
Ground Sampling distance (cm/pix)

	
0.41




	
Coverage area (km2)

	
0.00546




	
Frontal distance from the cliff (m)

	
18




	
Number of photos

	
130




	
Front overlap (%)

	
75




	
Side overlap (%)

	
85




	
Frame shooting interval (s)

	
1.5




	
Number of tie-points

	
311,321




	
Number of projections

	
2,290,325




	
Reprojection error (pix)

	
0.541




	
GCPs XY error (m)

	
0.097




	
GCPs Z error (m)

	
0.001




	
Total GCPs error (m)

	
0.010
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Table 2. Root Mean Square Errors (RMSE) of the Ground Control Points used to georeference the point cloud generated by means of Terrestrial Photogrammetry. The total error in the last row represents the population’s standard deviation.






Table 2. Root Mean Square Errors (RMSE) of the Ground Control Points used to georeference the point cloud generated by means of Terrestrial Photogrammetry. The total error in the last row represents the population’s standard deviation.





	
GCP ID

	
Number of Images

	
Horizontal Errors (cm)

	
Vertical Errors (cm)

	
Total

Error




	
X

	
Y

	
Z

	
cm

	
pix






	
GCPa

	
49

	
−0.41

	
1.26

	
−0.17

	
1.33

	
2.45




	
GCPb

	
55

	
0.27

	
−3.09

	
0.69

	
3.18

	
1.15




	
GCPc

	
48

	
0.14

	
1.84

	
−0.52

	
1.91

	
0.94




	
Total

	
0.29

	
2.20

	
0.51

	
2.28

	
1.64
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Table 3. Root Mean Square Errors (RMSE) of the Ground Control Points used to georeference the UAV point cloud.
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GCP ID

	
Number of Images

	
Horizontal Errors (cm)

	
Vertical Errors (cm)

	
Total

Error




	
X

	
Y

	
Z

	
cm

	
pix






	
GCP1

	
18

	
0.76

	
−0.96

	
0.15

	
0.12

	
1.27




	
GCP2

	
29

	
0.00

	
0.63

	
0.04

	
0.63

	
0.68




	
GCP3

	
57

	
0.04

	
0.10

	
0.03

	
0.11

	
0.40




	
GCP4

	
29

	
−0.44

	
0.63

	
0.15

	
0.79

	
0.24




	
GCP5

	
49

	
−0.35

	
0.70

	
−0.51

	
0.94

	
0.23




	
Total

	
0.42

	
0.80

	
0.29

	
0.95

	
0.56
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Table 4. Summary of the point clouds generated by means of Terrestrial Photogrammetry, TLS and UAV techniques.
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	Acquisition

Method
	Number of Scans
	Number of Aligned Photos
	Number of Targets/GCPs
	Image Pixel Size
	Total Reprojection Error of the GCPs
	Number of Points in the Point Cloud
	Surface Density of the Point Cloud
	Average Point Spacing
	Number of Points after Sub-Sampling and Cleaning





	Terrestrial

photogrammetry
	/
	109/109
	3
	1.41 cm/pix
	2.28 cm
	20,457,182
	1507 points/m2
	2.5 cm
	6,701,071



	TLS
	1
	/
	5
	/
	/
	62,861,985
	6852 points/m2
	1.2 cm
	24,196,954



	UAV
	/
	125/125
	5
	0.95 cm/pix
	0.95 cm
	52,363,336
	5244 points/m2
	1.3 cm
	21,849,920
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Table 5. Measured dip direction/dip, mean and standard deviation of the calculated Cloud-to-Mesh distances on the 6 planar surfaces for the estimation of the quality of the point clouds. The mean distances of the subsets of the point clouds from the planar surfaces close to 0 show a good quality for the three datasets. However, higher values of the standard deviation of the cloud from Terrestrial Photogrammetry indicate major irregularity and noise with respect to the other datasets.
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PLANE 1




	
Type of Point Cloud

	
Measured

dip direction/dip

	
Mean CtM distance (m)

	
Mean st. dev. (m)




	
Terrestrial Photogrammetry

	
291/87

	
0.000

	
0.007




	
Terrestrial Laser Scanning

	
291/86

	
0.000

	
0.010




	
Unmanned Aerial Vehicle

	
291/86

	
0.000

	
0.009




	
PLANE 2




	
Type of Point Cloud

	
Measured

dip direction/dip

	
Mean CtM distance (m)

	
Mean st. dev. (m)




	
Terrestrial Photogrammetry

	
78/89

	
0.000

	
0.016




	
Terrestrial Laser Scanning

	
78/88

	
0.000

	
0.009




	
Unmanned Aerial Vehicle

	
78/88

	
0.000

	
0.015




	
PLANE 3




	
Type of Point Cloud

	
Measured

dip direction/dip

	
Mean CtM distance (m)

	
Mean st. dev. (m)




	
Terrestrial Photogrammetry

	
99/88

	
0.000

	
0.039




	
Terrestrial Laser Scanning

	
98/88

	
0.000

	
0.005




	
Unmanned Aerial Vehicle

	
97/87

	
0.000

	
0.011




	
PLANE 4




	
Type of Point Cloud

	
Measured

dip direction/dip

	
Mean CtM distance (m)

	
Mean st. dev. (m)




	
Terrestrial Photogrammetry

	
283/86

	
0.000

	
0.009




	
Terrestrial Laser Scanning

	
283/86

	
0.000

	
0.006




	
Unmanned Aerial Vehicle

	
284/86

	
0.000

	
0.009




	
PLANE 5




	
Type of Point Cloud

	
Measured

dip direction/dip

	
Mean CtM distance (m)

	
Mean st. dev. (m)




	
Terrestrial Photogrammetry

	
104/89

	
−0.000

	
0.012




	
Terrestrial Laser Scanning

	
104/88

	
−0.000

	
0.006




	
Unmanned Aerial Vehicle

	
104/87

	
−0.000

	
0.009




	
PLANE 6




	
Type of Point Cloud

	
Measured

dip direction/dip

	
Mean CtM distance (m)

	
Mean st. dev. (m)




	
Terrestrial Photogrammetry

	
307/84

	
−0.000

	
0.020




	
Terrestrial Laser Scanning

	
307/84

	
−0.000

	
0.002




	
Unmanned Aerial Vehicle

	
306/84

	
0.000

	
0.010
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Table 6. Main orientation, Fisher’s K parameter and weight of the main discontinuity sets detected from the Terrestrial Photogrammetry, TLS and UAV techniques by means of Coltop3D, and results of the field surveys.






Table 6. Main orientation, Fisher’s K parameter and weight of the main discontinuity sets detected from the Terrestrial Photogrammetry, TLS and UAV techniques by means of Coltop3D, and results of the field surveys.





	
Acquisition Technique

	
JS1

	
JS2




	
Dip

Direction

	
Dip

	
Fisher’s K

	
Weight %

	
Dip

Direction

	
Dip

	
Fisher’s K

	
Weight %






	
TLS (21,828 poles)

	
301

	
86

	
40

	
48.55

	
216

	
90

	
41

	
51.45




	
Photogrammetry (8690 poles)

	
300

	
85

	
42

	
66.60

	
40

	
89

	
48

	
33.40




	
UAV (16,697 poles)

	
302

	
86

	
37

	
57.62

	
217

	
90

	
44

	
42.38




	
Field measurements (216 poles)

	
301

	
90

	
59

	
33.93

	
212

	
90

	
216

	
66.07
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Table 7. Characterization of JS1 by means of Discontinuity Set Extractor (DSE) on point clouds acquired from Terrestrial Photogrammetry, TLS and UAV (top) and calculated differences (bottom).






Table 7. Characterization of JS1 by means of Discontinuity Set Extractor (DSE) on point clouds acquired from Terrestrial Photogrammetry, TLS and UAV (top) and calculated differences (bottom).





	
Data from geostructural analysis




	
Technique

	
Dip dir. °

	
Dip °

	
Density

	
%

	
Persistence (m)

	
Spacing (m)




	
mean

	
max

	
persistent

	
non-persistent




	
TLS (24,779 poles)

	
282.73

	
87.14

	
0.70

	
30.86

	
0.34

	
2.05

	
0.14

	
0.04




	
Photogrammetry (4784 poles)

	
283.28

	
70.69

	
1.79

	
39.87

	
0.68

	
5.37

	
0.62

	
0.40




	
UAV (17,123 poles)

	
108.17

	
86.84

	
0.37

	
26.59

	
0.42

	
2.61

	
0.19

	
0.06




	
Differences




	
Compared

dataset

	
Dip dir. °

	
Dip °

	
Density

	
%

	
Persistence (m)

	
Spacing (m)




	
mean

	
max

	
persistent

	
non-persistent




	
TLS-photogrammetry

	
0.55

	
16.45

	
1.09

	
9.01

	
0.35

	
3.32

	
0.48

	
0.36




	
TLS-UAV

	
174.56

	
0.30

	
0.34

	
4.27

	
0.08

	
0.56

	
0.05

	
0.02




	
UAV-photogrammetry

	
175.11

	
16.15

	
1.42

	
13.28

	
0.27

	
2.77

	
0.44

	
0.34
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Table 8. Characterization of JS2 by means of Discontinuity Set Extractor (DSE) on point clouds acquired from Terrestrial Photogrammetry, TLS and UAV (top) and calculated differences (bottom). The persistence and mean spacing are calculated over the area shown in Figure 10.






Table 8. Characterization of JS2 by means of Discontinuity Set Extractor (DSE) on point clouds acquired from Terrestrial Photogrammetry, TLS and UAV (top) and calculated differences (bottom). The persistence and mean spacing are calculated over the area shown in Figure 10.





	
Data from geostructural analysis




	
Technique

	
Dip dir. °

	
Dip °

	
Density

	
%

	
Persistence (m)

	
Mean spacing (m)




	
mean

	
max

	
persistent

	
non-persistent




	
TLS (16380 poles)

	
31.18

	
87.96

	
1.08

	
20.40

	
0.34

	
2.02

	
0.20

	
0.08




	
Photogrammetry (578 poles)

	
35.24

	
86.97

	
0.42

	
6.96

	
0.50

	
1.64

	
0.62

	
0.40




	
UAV (9325 poles)

	
29.35

	
90.00

	
0.48

	
14.48

	
0.40

	
1.92

	
0.27

	
0.13




	
Differences




	
Compared

dataset

	
Dip dir. °

	
Dip °

	
Density

	
%

	
Persistence (m)

	
Mean spacing (m)




	
mean

	
max

	
persistent

	
non-persistent




	
TLS-photogrammetry

	
4.06

	
0.99

	
0.66

	
13.44

	
0.16

	
0.38

	
0.42

	
0.32




	
TLS-UAV

	
1.83

	
2.04

	
0.60

	
5.92

	
0.06

	
0.10

	
0.07

	
0.05




	
UAV-photogrammetry

	
5.89

	
3.03

	
0.07

	
7.52

	
0.10

	
0.28

	
0.35

	
0.27
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Table 9. Orientation of the discontinuity sets extracted by means of Coltop3D and DSE on the three datasets.
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JS1

	
JS2




	

	
Dip direction

	
Dip

	
Dip direction

	
Dip




	
COLTOP3D

	
DSE

	
COLTOP3D

	
DSE

	
COLTOP3D

	
DSE

	
COLTOP3D

	
DSE






	
TLS

	
301

	
283

	
86

	
87

	
216

	
31

	
90

	
88




	
Photogrammetry

	
300

	
283

	
85

	
71

	
40

	
35

	
89

	
87




	
UAV

	
302

	
108

	
86

	
87

	
217

	
29

	
90

	
90




	
Field measurements

	
301

	
90

	
212

	
90
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