
Citation: Cirillo, D.; Zappa, M.;

Tangari, A.C.; Brozzetti, F.; Ietto, F.

Rockfall Analysis from UAV-Based

Photogrammetry and 3D Models of a

Cliff Area. Drones 2024, 8, 31.

https://doi.org/10.3390/

drones8010031

Academic Editor: Giordano Teza

Received: 20 December 2023

Revised: 17 January 2024

Accepted: 19 January 2024

Published: 22 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

drones

Article

Rockfall Analysis from UAV-Based Photogrammetry and 3D
Models of a Cliff Area
Daniele Cirillo 1,2,3,* , Michelangelo Zappa 4, Anna Chiara Tangari 2,5 , Francesco Brozzetti 1,2,3

and Fabio Ietto 6

1 Laboratorio di Geologia Strutturale Cartografia e Modellazione Geologica, DiSPuTer,
Università G. d’Annunzio, 66100 Chieti, Italy; f.brozzetti@unich.it

2 Dipartimento DiSPuTer, Università G. d’Annunzio, 66100 Chieti, Italy; a.tangari@unich.it
3 CRUST Centro InteRUniversitario per L’analisi Sismotettonica Tridimensionale, 66100 Chieti, Italy
4 Independent Researcher, 87030 Falconara Albanese, Italy; geologozappa@gmail.com
5 Dipartimento di Ingegneria Civile, Università della Calabria, 87036 Arcavacata di Rende, Italy
6 Department of Biology, Ecology and Earth Science, University of Calabria, 87036 Arcavacata di Rende, Italy;

fabio.ietto@unical.it
* Correspondence: daniele.cirillo@unich.it; Tel.: +39-0871-355-6389

Abstract: The application of Unmanned Aerial Vehicles (UAVs), commonly known as drones, in
geological, geomorphological, and geotechnical studies has gained significant attention due to their
versatility and capability to capture high-resolution data from challenging terrains. This research uses
drone-based high-resolution photogrammetry to assess the geomechanical properties and rockfall
potential of several rock scarps within a wide area of 50 ha. Traditional methods for evaluating
geomechanical parameters on rock scarps involve time-consuming field surveys and measurements,
which can be hazardous in steep and rugged environments. By contrast, drone photogrammetry
offers a safer and more efficient approach, allowing for the creation of detailed 3D models of a
cliff area. These models provide valuable insights into the topography, geological structures, and
potential failure mechanisms. This research processed the acquired drone imagery using advanced
geospatial software to generate accurate orthophotos and digital elevation models. These outputs
analysed the key factors contributing to rockfall triggering, including identifying discontinuities,
joint orientations, kinematic analysis of failures, and fracturing frequency. More than 8.9 × 107 facets,
representing discontinuity planes, were recognised and analysed for the kinematic failure modes,
showing that direct toppling is the most abundant rockfall type, followed by planar sliding and
flexural toppling. Three different fracturation grades were also identified based on the number of
planar facets recognised on rock surfaces. The approach used in this research contributes to the
ongoing development of fast, practical, low-cost, and non-invasive techniques for geomechanical
assessment on vertical rock scarps. In particular, the results show the effectiveness of drone-based
photogrammetry for rapidly collecting comprehensive geomechanical data valid to recognise the
prone areas to rockfalls in vast regions.

Keywords: UAV photogrammetric survey; post-processing kinematic (PPK) photogrammetry; rockfall
analysis; jointing frequency analysis; geomechanical analysis

1. Introduction

Rockfalls pose significant threats to human life and infrastructure, so these phenomena
have been the subject of extensive research and analysis in the last decades. Theoretical
and technological endeavours to safeguard the areas from rockfall risks are driven by
minimizing the potential loss of human life [1,2].

Several researchers highlighted the significance of comprehending the instability mech-
anisms impacting various rock formations [3–6]. They emphasize the necessity of gathering
accurate geological, geomorphological, geophysical, and geomechanical data to ensure a
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robust model of the instability phenomena, e.g., [7–9]. In assessing the risks associated with
rockfall events, it is essential to identify and comprehend the different types of rockfall sce-
narios [10], such as planar sliding, flexural toppling, or direct toppling [11,12]. Historically,
research in this field has primarily consisted of localised rockfall tests, e.g., [13,14] without
establishing comprehensive mechanisms for these events.

Discontinuities are a major predisposing factor for rockfalls. They represent structural
planes of mechanical weakness, typically resulting from tectonic stress, rock folding, and
fracturing within the rock mass [15]. The presence of one or more types of discontinuities,
such as joints, fragile bedding planes, weakness zones, and faults (sensu [16]), results in a
fragmented rock mass structure separated by planes of mechanical weakness.

Traditionally, geologists assess the rock masses’ geomechanical features by collecting
and recording information within specific in situ measurement stations. Rebound values,
roughness, aperture, presence and type of infilling material, and dip direction of various
fracture sets, affecting the rock masses planes, are usually collected in each station [17–19].
These measurements are usually estimated using the scanline survey method, e.g., [20],
where some instruments such as the Schmidt hammer, roughness measuring instrument,
and compass-clinometers are employed. This approach is still commonly used despite
having several limitations. In this regard, several authors, e.g., [9,21], asserted that data
gathered from infield surveys depend on visual examination and manual measurements,
often related to the experience and judgment of the surveyors. This subjective process
can lead to biased results, affecting the assessment of rock instability and the hazard
assessment. Furthermore, traditional methodologies have often relied on labour-intensive
field surveys, which can be resource-intensive, time-consuming, and subject to potential
risks for surveyors in hazardous environments.

Over the past five decades, remote sensing from satellite imagery has been used to
monitor and map landslides. Various space-borne platforms, including ENVISAT, ALOS,
Cosmo-SkyMed, and Sentinel, have been employed to observe huge to medium-scale
landslide movements in the microwave portion of the spectrum [22–27].

In addition to satellite imagery, in recent decades, considerable attention has been
given to using terrestrial laser scanning (TLS), airborne laser scanner (ALS) LiDAR, and
close-range photogrammetry techniques in rock slope investigations. These technologies
precisely identify location-dependent rock structures by analysing point clouds. Numerous
studies have highlighted the benefits and constraints of employing remote sensing ASL
and TSL techniques to identify, characterise, and monitor rockfall sources at different
scales [28–33].

In recent years, geological survey techniques have undergone a notable transfor-
mation, integrating traditional methods with cutting-edge technologies such as utilizing
Unmanned Aerial Vehicles (UAVs) for remotely capturing high-resolution imagery [34–44].
This technological advancement also found significant employment in geostructural and
geomechanical surveys on rock scarps, contributing to managing natural hazards in
human-inaccessible areas [45–49]. This new approach was employed in several stud-
ies [9,34,38,46,49–57] that have demonstrated the efficacy of photogrammetric process-
ing in generating high-resolution Digital Terrain Models (DTM) and Digital Outcrop
Models (DOM). The process involves the conversion of aerial photographs into georef-
erenced digital models with exceptional levels of detail in both imagery and topogra-
phy. Several software tools are available for the processing of aerial photogrammetric
data, such as the well-known applications of Agisoft Metashape Professional version 1.8.5
[https://www.agisoft.com/ (accessed on 17 January 2024)], CloudCompare version 2.13
[https://www.danielgm.net/cc/ (accessed on 17 January 2024)], and Esri ArcMap 10.8/Ar-
cGIS Pro [https://www.esri.com/en-us/home (accessed on 17 January 2024)]. These
platforms are pivotal in transforming raw drone imagery into precise geological insights.

The use of UAVs compared to TLS or ALS offers significant advantages. In the first
scenario, in coastal areas with very high cliffs directly overlooking the sea, TLS encounters
difficulty positioning the acquisition instrument on a stable surface to gather data. In the
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second case, the use of ALS instruments, which are larger and must have a significant
load capacity to support a LIDAR, complicates transportation operations due to their bulky
dimensions. Disadvantages of using a UAV may include the lack of direct acquisition of dense
point clouds and the difficulty of immediate vegetation removal. However, these drawbacks
can be mitigated using advanced software that allows for more accurate vegetation removal
during processing phases.

Comparing the use of UAVs with satellite image acquisition, the main advantage is
economic. Obtaining high-resolution images through satellites would be expensive, and to
generate a minimum DTM, purchasing a pair of images would be necessary. However, this
would not address the issues in cliff areas with steep slopes, resulting in the loss of crucial
elements for rockfall analyses. Lastly, the resolution obtained with the UAV is much higher
than the previous one.

The present research focuses on UAV capabilities to overcome in-situ survey limita-
tions, showing a fast and precise approach to surveying and managing geomechanical
data for rockfall assessment. Moreover, the approach that we propose is combining the
information analysis between different software with an accurate statistical analysis made
with GIS software, which consents to establish the areas that were able to withstand the
rockfalls and mitigate the impact on the loss of humans. In our methodological approach,
we conducted tests to define areas with a high susceptibility to rockfalls. This was achieved
through statistical analyses considering the frequency of the degree of jointing on steep
rock walls. Indeed, the confirmation of our approach was testified by an event in an area of
our study. After some heavy rainfall, a rockfall occurred in the zone we had previously
identified and mapped as very high-risk. The study area is located on the Tyrrhenian side
(Figure 1a,b) of northern Calabria (southern Italy), dominated by several vertical rock scarps
exposed directly to sea wave energy and characterised by complex geological formations
and challenging topography. The approach used in this study can also be extended to other
similar geological contexts worldwide to analyse the geomechanical conditions of vertical
rock scarps.

1.1. Study Area

The study area is located in the southern Apennines of Italy, along the Tyrrhenian
coast of northern Calabria (Figure 1); it extends on a surface of 50 ha and spans from
15◦47′00′′ E to 15◦48′00′′ E longitudes and from 39◦51′00′′ N to 39◦51′40′′ N of latitudes.
The area is a rocky promontory surrounded by the Tyrrhenian Sea and located near San
Nicola Arcella village (Figure 1c) in Cosenza Province. This stretch of the coast is among
the most important tourist destinations of the Tyrrhenian Calabria because of its wonderful
landscape and beaches, including the Arcomagno locality (Figure 1d). The area is charac-
terised by several vertical scarps directly exposed to the sea-wave activity at the foot of the
slopes. Several rockfall phenomena have been triggered along the rock scarps in the last
decades, posing a high threat to human safety. Different orientations characterise the slope
faces of the vertical scarps, and the altitude ranges from 20 m to 100 m a.s.l. The area falls
within the Catena Costiera Calabra, close to the southernmost portion of the Pollino Massif
(Figure 1b). This Massif represents a high morpho-structural landform, reaching over
2000 m and strongly influencing local climate conditions [58]. The latter is characterised by
a Mediterranean climate with mild and wet winters and hot, dry summers [59]. The rainiest
months are generally November and December when frequent thunderstorm-like rains
occur due to the clash between warm and cooler air masses from the northern quadrants.
These phenomena often lead to flooding and landslides throughout the surrounding area,
e.g., [60–62]. The period between June and August is the driest period of the year, with only
a few intense and short downpours. Additionally, the high and low topographic elevations
and the presence of the sea have contrasting thermal properties that impact the local climate
conditions, accentuating and affecting precipitation patterns through orographic altitude
([63] and references therein). This climate regime is mainly influenced by the Mediterranean
Sea’s proximity, which is a significant moderating factor for temperature fluctuations.
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1.2. Geological Settings

The Calabria–Peloritani Arc (CPA) [64,65], in southern Italy (Figure 1a), is a part of
the central Mediterranean orogen extruded towards the oceanic crust of the Ionian Basin
during the final stage of Africa–Europe collision [66–68]. In particular, the CPA is a stack
of crystalline basement nappes, locally covered by Meso-Cenozoic sedimentary deposits.
The CPA is split into two main sectors: the northern and the southern sectors, separated
by the Catanzaro Trough [69–72]. The study area (Figure 1b) falls in the northern sector of
CPA and is characterised by Meso-Cenozoic carbonates of the Verbicaro Unit affected by
an HP-LT metamorphism [73–76]. In particular, the local lithology consists mainly of Late
Triassic metadolostones, Giurassic metalimestone, and metapelites and metarenites of Early
Cretaceous age [77,78]. Several studies [69,79–82] agree in referring this Unit to the Western
Tethys oceanic paleodomain. The Verbicaro Unit is tectonically overlapped onto the Pollino
Unit, e.g., [83–85], consisting of platform carbonates, Triassic–Early Miocene in age, locally
intruded by basaltic rocks [69,74,76,79,80,86,87]. The ophiolitic Ligurian Unit, constituted
by ophiolites and deep-sea sedimentary deposits, originated during the Late Jurassic–
Early Cretaceous period and subsequently overthrusted both the previous Units [80,82,88]
(Figure 1b). The Calabride Unit (sensu [79]), the uppermost of the tectonostratigraphic pile,
consists of medium- to high-grade metamorphic rocks (Variscan metamorphism) [80,89–91].
It represents a continental crustal section including small volumes of the subcontinental
mantle rocks that preserved the records of the late Variscan orogenic deformations [90,91].

Scattered outcrops of Carbonatoclastic and siliciclastic Miocene deposits [92,93] uncon-
formably lie above the previous units of the tectonic prism. Finally, marine and continental
Quaternary deposits fill the basins originating from the recent extensional tectonic activity
and the present valleys of the main rivers [94–99].

An intensive weathering process affects all the crystalline rocks of the Calabride
Unit [59,100], causing widespread slope instability phenomena [7,101,102]. Due to marine
aerosols, the weathering processes also affected the sedimentary deposits, mainly in coastal
areas, e.g., [102]. Moreover, the basaltic rocks, affected by primary hydrothermal alteration
processes, are subsequently involved in weathering processes that produce volcanoclastic
sediments [87]. The latter serves as a source of sediment production within the Quaternary
basins, alluvial plains, and coastal marine areas.

The stratification of the Verbicaro Unit carbonates is poorly preserved due to various
tectonic phases over geological time [103,104]. Indeed, in the study area, cataclastic fault
zones of varying sizes isolate portions of disconnected stratigraphic beds, which do not
continuously connect with adjacent layers. In Calabria, the neotectonic pattern is dominated
by extensional fault systems-oriented NW-SE, NE-SW, and N-S, e.g., [94,103–105]. These
tectonic lineaments gave a strong morphostructural imprint to the region, at least since the
Late Pliocene, and are the local expression of the active extensional belt developed along the
Apennine axial zone (Figure 1a) [106–112] controlling the distribution of significant seismic
activity and the uplifting process at the regional scale, e.g., [70,94,95,113–115]. In the study
area, the neotectonic framework is mainly characterised by an NW-SE fault system with a
dip direction to SW (Figure 1b).
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Figure 1. (a) Location map and major tectonic domains in the Italian peninsula; black rectangle
indicates the panel b location; Blue strip indicates the active extensional domain (modified after [110]);
Red strip indicates the active compressional domain (modified after [110]); in Orange, the Calabria
region. (b) Geological-Structural map of the studied area (c) Orthophoto of the study area; the square
shows the study area. (d) View of the Arcomagno locality.

2. Materials and Methods

The methodology employed in this study was designed to achieve high-resolution
mapping of the geomechanical features characterising rock scarps in the Arcomagno locality.
In this regard, a comprehensive approach was used, combining remote sensing techniques,
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aero-photogrammetric field surveys, and advanced software tools to analyse the collected
data. Figure 2 presents the workflow, illustrating all the phases involved in the methods,
from identifying the location from satellite images to generating DOMs to the geostatistical,
geostructural, and kinematic rockfall analysis in the cliffs.

Figure 2. Workflow diagram illustrating the methods applied in this study.
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The initial phase consisted of a comprehensive review of satellite imagery, utilising
sources such as ESRI world imagery to identify the study area better. ESRI World Imagery
was a key resource, offering one-meter or superior satellite and aerial imagery in various
global regions. The Maxar imagery was also incorporated with a worldwide 1 m resolu-
tion. The World Imagery map contains high-resolution satellite images for the GIS User
Community. The collected images were used to identify the study area and its tectonic
framework with high accuracy. Field surveys were carried out to ground-truth the infor-
mation previously obtained from images. An Unmanned Aerial Vehicle (UAV) equipped
with a high-resolution camera was subsequently deployed to capture detailed, high-quality
images of the rock surfaces from various angles and altitudes. The collected images were
processed using specialised photogrammetry software (Agisoft Metashape Pro v. 1.8.5)
to create accurate Digital Outcrop Models (DOMs). The detailed aero-photogrammetric
investigation was performed using the UAV technique, and the data were employed in
advanced geospatial software and analytical methods to create accurate 3D models. For
precise georeferencing of digital images, we employed the Post-Processing Kinematic (PPK)
method using the Topodrone PPK Post-Processing version 1.0.10.0 software, accessible
at [https://topodrone.com/ (accessed on 17 January 2024)] [116–118]. The work method
was based on the following steps: (a) utilisation of a drone for capturing high-resolution
images; (b) construction of a high-resolution DOM showing the detailed geomechanical
characteristics; (c) identification of jointing features and fracturing frequency grade on
rock scarp surfaces; (d) recognition of the possible kinematic failure modes on the rock
scarps. CloudCompare version 2.13 software was hence employed for the semi-automatic
extraction of geomechanical data from the DOMs. These data were processed in a stere-
ographic analysis through Rocscience Dips 7.0 Software to assess the possible rockfall
kinematic types that could trigger on rock slopes. Finally, a joint frequency analysis was
conducted using the data obtained from CloudCompare v. 2.13 and processed by ESRI
ArcMap 10.8/ArcGIS Pro software. The collected results gave valuable information about
recognising the possible rockfall-prone areas that could trigger new possible fall events in
the future.

The methodologies employed in the manuscript are carefully described below.

2.1. UAV Photogrammetric Survey Data

Several studies investigated the application of UAV photogrammetry with integrated
GNSS RTK/PPK [116–122]. Incorporating GNSS RTK/PPK modules on UAVs enables the
creation of highly detailed Digital Terrain Models (DTMs) without requiring an extensive
deployment of Ground Control Points (GCPs) or checkpoints [118,123,124]. This research
used the aero-photogrammetric survey methodology to create a georeferenced DOM. Post-
Processing Kinematics (PPK), an alternative technique to the classical photogrammetric
survey, was applied in this research. The PPK technique allows accurate positioning of
the photos, permitting the DOM construction with a centimetric resolution and avoiding
GCPs position [118]. The used instrumentations are a base station (Emlid Reach RS2
GNSS/RTK L1, L2, L5 system) positioned on the ground surface and an antenna rover
(L1/L2 RTK/PPK) equipped on the drone (Figure 3a–e) that records raw GNSS logs. The
latter are then processed to obtain an accurate positioning track of the pre-established
flight path.

DJI Mavic 2 Pro UAV, equipped with a camera sensor of 1′′ CMOS, 20 MegaPixel, lens
FOV of 77◦ 28 mm (35 mm format equivalent), and image size of 5472 × 3648, was used to
acquire the images.

Flight paths were carefully designed (Figure 4a,b) to cover the entire study area and
capture overlapping aerial imagery from various angles and positions, as recommended by
Lucieer et al. [125] and James and Robson [51] (Figure 4c–e). Two missions were carried out
using the Pix4D application in automatic flight mode, maintaining an altitude of 100 m a.g.l.
(Table 1). The length and the flight paths of the UAV for the two automatic missions varied.
The “Double Grid” mission, which followed N-S and E-W flight paths, covered 5695 m.

https://topodrone.com/
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On the other hand, the “Single Grid” mission, which was oriented exclusively along the
N-S flight path, spanned 6103 m. The distance between consecutive images was set at 45 m
for the ‘Double grid’ mission and 40 m for the ‘Single grid’ mission, ensuring good data
accuracy and effective image overlap (Figure 4c–e and Table 2). Keeping sufficient overlap
and sidelap percentages among the collected images is a fundamental condition, e.g., [125].
So, in this research, for optimal image coverage, the ‘Double grid’ mission was configured
with a 60% for both overlap and sidelap; instead, the ‘Single grid’ mission had a 70% for
overlap and sidelap. The gimbal angle, which determines the camera’s orientation during
the flight, was set at 70 degrees for the ‘Double grid’ mission and a steeper 90 degrees for
the ‘Single grid’ mission.

Figure 3. Base station system utilised for satellite data acquisition in Rinex format, positioned at the
following coordinate: (a) X: 15.79284401; Y: 39.85614727; Z: 97.884 m; (b) X: 15.7910236; Y: 39.85356206;
Z: 5.454 m; (c) X: 15.79053023; Y: 39.85380427; Z: 1.25 m; (d) X: 15.79162917; Y: 39.85499262; Z: 22.61 m;
(e) Location of GNSS Base station acquisition and positioning of GCPs/CheckPoints. The positions of
the Base Station and Ground Control Points (GCPs)/Checkpoints in panels (a–d) have been integrated
into panel (e).
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Figure 4. (a) Map of Image Capture Points Acquired During Mission 1 and (b) Mission 2. The yellow
points indicate the capture points. The base images are derived from World Imagery ESRI ArcMap
10.8/ArcGIS Pro. (c,d) density map showing the number of overlapping photos acquired by drone
investigation based on the scheme shown in (a,b), respectively; (e) overlapping of all images acquired
during the two automatic flights. In white is the coastline area of the investigated cliffs. The image
source for panels (c–e) was extracted from the Agisoft Metashape Professional v. 1.8.5 report.

Table 1. Summary data of the seven flight missions.

Mission

UBX GNSS Emlid
Reach RS2

YYYY-MM-DD-
hh:mm:ss

GNSS Emlid
Reach RS2

Coordinate Long

GNSS Emlid
Reach RS2

Coordinate Lat

GNSS Emlid
Reach RS2
Elevation Z

UBX GNSS
Drone

(UTC-Time)

Time
Start

Time
End

N◦ of
Image

Type
Flyght

1 2022-10-28-09:28:00 15.79284401 39.85614727 97.884 09-38-40 11:42 11:53 175 Aut.
2 // 15.79284401 39.85614727 97.884 10-03-43 12:05 12:16 173 Aut.
3 2022-10-28-10:54:05 15.7910236 39.85356206 5.454 10-55-30 12:58 13:17 253 Man.
4 2022-10-28-12:06:54 15.79162917 39.85499262 22.611 12-09-53 14:11 14:29 199 Man.
5 // 15.79162917 39.85499262 22.611 12-33-23 14:34 14:55 333 Man.
6 // 15.79162917 39.85499262 22.611 12-57-14 14:58 15:05 79 Man.
7 2022-10-28-13:41:25 15.79053023 39.85380427 1.25 13-42-25 15:44 15:56 160 Man.

Table 2. Features of Automatic Flight Missions.

Mission Type Length (m) Height (m) GSD
(cm/px) Gimbal (◦) Overlap (%) Sidelap (%) Distance

Image (m)

1 Double grid 5695 100 2.3 70 60 60 45
2 Single grid 6103 100 2.3 90 70 70 40
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Furthermore, the DJI_GS and Pix4D command applications were employed to realise
a planimetric-altimetric model. These flights were performed to collect images to construct
a high-resolution DOM of the studied area. Additionally, five missions in manual flight
mode were executed (Figure 5 and Table 1) to survey carefully the vertical rock surfaces
and to create an ultra-high resolution of each rock scarp. However, we utilised five manual
flight modes to survey areas with counter-sloping cliff features that were not visible in the
previous flights. The sole use of automatic flight with a camera oriented predominantly
perpendicular to the ground proved inadequate for capturing information in concealed
areas that were not directly visible. For this reason, different aerial strips at various heights
were carried out on the vertical walls, keeping the camera gimbal perpendicular to the steep
slopes. In alternative to the first software used for automatic flight, the DJI_GO4 software
was used for manual flights, and the height was variable from 2–5 m to 30–50 m from the
ground surface. The software and applications utilised for the flights were installed on
the Apple iPad Air 2 device. Considering the UAV battery lifetime, seven takeoffs and
landings were performed for the complete aerial photogrammetric acquisitions, resulting
in 1372 images. The overall flight duration for all acquisitions was approximately 04:30
(hh:mm) (Table 1). Table 1 summarises the main characteristics of each UAV flight; Table 2
shows the main features of Automatic Flight Missions. The images captured during the five
missions in manual flight mode, aided by the PPK process ensuring centimetric precision
in image positioning, were integrated into the software along with the images acquired in
planimetric flights using automatic flight mode. Subsequently, all images from both manual
and automatic flights were analysed using the Agisoft Metashape Pro v. 1.8.5 software. By
incorporating all images, the software automatically recognised and aligned all photos,
resulting in a single DOM on which all subsequent analyses were conducted.

Figure 5. 3D Digital Outcrop Model generated from drone-captured images and subsequent dense
point cloud creation (for the area’s location, see Figure 1c,d). The blue areas represent the image
acquisition points taken during the flight missions in the Arcomagno area.

2.2. Photogrammetric Data Processing

Photogrammetric processing was performed using a Desktop-PC at the University of
Chieti Structural Geological, Cartography, and Geological Modeling Laboratory with the
following characteristics: Intel Core i9-9940X CPU 3.3 GHz (Turbo Boost Max 4.50 GHz,
19.25 MB Intel Smart Cache, 14 cores, 28 threads), 128 GB RAM (8× 16 GB DDR4-3000 MHz),
GPU Zotac RTX 2080 super (8 GB GDDR6), and Samsung SSD 860 QVO 4 TB, running
Agisoft Metashape Professional v. 1.8.5 Software. The processing with Agisoft Metashape
v. 1.8.5 Professional software was necessary to obtain a high spatial resolution for the
DOM. The latter was gained through ultra-high-quality processing of 348 aligned images
obtained from the 1 and 2 paths of automatic flights (Tables 1 and 2). So, the DOM
consists of 230,528 sparse point clouds, 308,066,829 dense point clouds, meshes and textures,
89,207,972 faces of 3D models, and tiled models. Subsequently, several Digital Terrain
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Models (DTMs) showing elevation, slope degree, and slope exposure were constructed.
The images acquired during missions 1 and 2 allowed the construction of an orthomosaic
imagery model with a resolution of 3.71 cm/px (Figure 6) of the studied area, where
10 vertical rock scarps were identified for the geomechanical analysis. The scarps were
chosen based on the following features: unvegetated areas, variable geographic orientations
of the front scarps, areas potentially prone to or involved in previous rockfall events, and
areas crowded by numerous tourists during the summer season. Finally, a Digital Outcrop
Model (DOM) was generated for each rock scarp using Agisoft Metashape Professional v.
1.8.5 software, relying on UAV-PPK photogrammetry data (Figure 7).

Figure 6. Orthomosaic of the Arcomagno locality, close to San Nicola Arcella village. The polygons
with different colours show the areas analysed in this research. Yellow stars show the location of
in-situ measurement stations for controlling of in-situ measurement stations for controlling of digital
data. The ten analysed areas are denoted by the letter ‘A’, signifying “area”, followed by a numerical
designation ranging from 1 to 10, indicating the respective position of each analysed area.
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Figure 7. Digital Outcrop Models of the 10 surveyed areas. The 10 analysed areas are labeled from
(a–i). For the specific location of each area, refer to Figure 6.
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In agreement with previous studies [120,121,126–128], for the construction of the
DOM, only four GCPs/checkpoints were employed to reach centimetric accuracy. Based on
standard deviations in X, Y, and Z coordinates, accuracy assessment aligns with the expected
method of PPK measurement accuracies, falling within 3 to 6 cm for each measured
GCP/checkpoint. Image positioning errors were 1.36 cm in X, 2.36 cm in Y, and 6.15 cm in
Z, with a combined error of 2.73 cm in XY and a total error of 6.73 cm.

2.3. Fracturing Data Extraction

The dense point clouds, orthomosaics, and DTM were analysed through image in-
terpretation techniques to identify the geomechanical features, such as joints, faults, and
bedding planes. These features are crucial in determining the potential pathways for
rockfall events. The open-access software CloudCompare v. 2.13 was utilised to identify
geomechanical features from the DOM (Figure 8), employing the Facet/Fracture detection
tool [129]. Several authors [9,21,129–131] asserted that CloudCompare v. 2.13 software
is a reliable and valuable methodology for extracting jointing sets, avoiding in-field sur-
veys in inaccessible human areas. Indeed, the confidence in the extraction data is notably
high [9,38,118] due to the well-established georeferencing and spatial orientation of the
DOMs. So, on the surface of each rock scarp, the discontinuities were recognised based
on dip direction and dip angle. In particular, the dense cloud points generated from the
photogrammetry process were the input files to the CloudCompare v. 2.13 software. The
Facet/Fracture plugin was used to divide the point cloud into sub-cells and to identify
elementary planar objects (e.g., fracture planes). The latter were aggregated progressively
into polygons according to a planeity threshold. Details of the principles, functions, and
capabilities of the Facet/Fracture plugin can be found in Dewez et al. [129]. Finally, the
data obtained by digital methodology on vertical rock scarps were compared with data
collected in situ through the scanline method performed in three measurement stations
located in human-accessible areas (Figure 6). The in-situ data were collected through tra-
ditional survey methodologies using analogical compass-clinometers and modern digital
survey methods by the Fieldmove geological survey app, already widely tested in previous
research [38,118,132–138].

2.4. Kinematic Analysis

Discontinuity orientation data, extracted from the Digital Outcrop Models (DOMs),
were utilised for kinematic analysis of rock scarps by a stereographic representation. This
methodology shows clear and intuitive data visualization, facilitating the transmission of
information on rock slope instability to competent authorities and stakeholders. The analy-
sis was performed by the “Computes and Displays Stereograms” tool of CloudCompare
v. 2.13 software, which assessed the kinematic analysis of rock slopes through a representa-
tion of the dip directions of the detected rock facets [129]. Hence, based on the intersection
between the slope and discontinuity directions, the most probable failure mechanism
among the rockfall types was identified on each rock scarp. The stereographic representa-
tion was also helpful in recognizing patterns of polymodality in the dip directions of the
facets, where multiple failure directions can coexist.

The analysis of the kinematic failure mode was performed using a basic friction angle
of 30◦, estimated through a direct shear test according to I.S.R.M. suggested methods [139].
Other data inputs employed for the analysis were a Slope Dip of 85◦ and a Lateral Limit of
40◦. Furthermore, the main plot characteristics were Contour data: Pole Vectors; Contour
Distribution: Fisher; Counting Circle Size: 1.0%; Plot Mode: Pole Vectors; Hemisphere:
Lower; Projection: Equal Angle. Instability mechanisms investigated by the used method-
ology are planar sliding [9], flexural, and direct toppling [140,141]. Finally, it is noteworthy
that the used analysis only considers the discontinuities extracted from the dense Points
Cloud through CloudCompare v. 2.13 software and the Facet/Fracture plugin, so it does
not feel the possible presence of minor or irregular fractures not recognised by the software.
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In this aspect, this approach could underestimate the probability of instabilities in the
studied areas.

Figure 8. Facets/Fracture detection within the 10 identified rock scarps. The 10 analysed areas are
labeled from (a–i). For the specific location of each area, refer to Figure 6.
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2.5. Jointing Frequency Analysis

Jointing frequency assessment is critical for identifying the rockfall-prone areas on
vertical rock scarps. In this study, we conducted a detailed analysis to recognise the
jointing frequency starting from the number of planar facets gathered from CloudCompare
v. 2.13 processing. The analysis allowed us to identify three different fracturation classes:
moderate, high, and very high.

The methodological approach used in this study to recognise the fracturation state
on rock scarp surfaces was based on the following steps: Firstly, vegetation was removed
to obtain a clear view, allowing only the rock walls to be analysed. Subsequently, after
obtaining the Facets, a central point from the mesh of each Facet georeferenced in space was
extracted. Using these georeferenced points, a raster graphically representing the density
of these points was constructed.

The kernel density points tool of ESRI ArcMap 10.8/ArcGIS Pro allowed the generation
of a point density map reflecting the distribution of the extracted points. This approach
allowed the identification of thirty classes within the density map using the “geometric
interval method” [142]. The number of facets in each area determined the categorisation into
three classes. Consequently, the “Very High” class includes an order of fractures exceeding
50 per square meter, the “High” class encompasses a number of fractures ranging from 5 to
50 per square meter, and the “Moderate” class pertains to areas with fewer than 5 fractures
per square meter. This approach aims to identify areas with a variable number of facets,
reflecting the discontinuity frequency. Therefore, areas with fewer facets or points indicate
less fractured rock masses, while a higher facet or point density denotes a more significant
presence of closely spaced discontinuities. The latter, consequently, represent the more
prone areas to rockfall events.

3. Results
3.1. High-Resolution DTM Analysis

Through the aero-photogrammetric analysis, one of the significant outcomes of this
research was the generation of a high-resolution Digital Terrain Model (DTM) with a detail
of 3.71 centimetres per pixel. This DTM represented a valuable data source, enabling
the acquisition of a wide range of topographic and geospatial information. Indeed, four
detailed maps were extracted by using the DTM, as follows:

(i) Shaded Relief (Figure 9a): This map was crucial in identifying several geomorpho-
logical elements essential for determining and delineating the 10 investigated areas.
Indeed, the map shows the presence of various beach zones, variable in size, situated
at the foot of some cliffs. The topographic differences are also evident in this DTM, and
the pathways accessing different coves and pocket beaches are evident. Furthermore,
on the map, a large parking area is observable at the base of the steeper cliff in Area 1
(Figure 6). Additionally, a clearly defined incised valley is noticeable in the central
area, flowing directly into Arcomagno Beach, one of the most renowned beaches in
the studied area.

(ii) Digital Terrain Model (Figure 9b): This DTM analysis provided information on the
elevation of each point of the studied area from sea level. Therefore, the maximum
ground elevation within the study area was 120 m above sea level; instead, the
analysed rock scarps reached elevations ranging between 20 and 120 m a.s.l. In
particular, referring to Figure 6, Areas 1 and 3, with the cliff face strike oriented in the
NW-SE direction, feature the highest rock faces, reaching heights exceeding 100 m.
Areas 9 and 10, oriented NW-SE and E-W, respectively, have rock faces that reach
heights of around 80 m. Conversely, areas 2, 4, 5, 6, 7, and 8 have shorter rock faces,
with heights ranging from 20 to 60 m and slope orientations varying from N-S to E-W.

(iii) Slope Degree (Figure 9c): This DTM allowed slope degree representation by measuring
the angle between the ground surface and the horizontal plane. The highlights
obtained by this DTM show that most of the analysed rock scarps fall in areas facing
the sea and are characterised by slope degree values ranging between 70◦ and 90◦. All
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studied areas were selected because they exhibit slopes with inclinations exceeding
40 degrees, and in most cases, these slopes surpass 70–80 degrees, forming vertical or
overhanging rock faces (Figure 9c).

(iv) Slope Exposure (Figure 9d): The analysis revealed the slope direction concerning the
cardinal points (north, south, east, and west), showing that the examined surfaces
predominantly orient towards the northern quadrants, followed by slopes facing the
southern quadrants.

Figure 9. Maps obtained by Agisoft Metashape Professional v. 1.8.5 software and ESRI ArcMap
10.8/ArcGIS Pro analyses: (a) Shaded Relief; (b) DTM and contour lines; (c) Slope degree; (d) Slope
exposure map of the studied area.

3.2. Analyses of Planar Facets

The geological discontinuities were recognised for each of the 10 areas in the Arco-
magno locality (Figures 7 and 8). Recognising 10 sectors within the studied area allowed for
the identification of all discontinuities on each rock face and facilitated data elaborations.
The number of facets in each of the 10 rock scarps (Figures 6–8) shows a notable difference,
mainly due to the diverse surface extension of the analysed areas. Indeed, the count of
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identified facets per area ranges from 18,000 within the smaller areas to a maximum of
43,000 within the larger areas. Different colours represent the facet orientations, accord-
ing to their dip/dip direction, detected through CloudCompare v. 2.13 software and the
Facet/Fracture plugin on each rock scarp surface (Figure 8). Rocscience Dip’s software
was employed subsequently to analyse the possible kinematic failure modes (Figure 10)
based on the discontinuity planes recognised in each of the 10 rock scarps. The results are
summarised in Table 3 and graphically represented in Figures 8 and 10.

Figure 10. Rock stability analyses of the 10 areas.

Table 3. Resumptive numeric data of Rock stability analyses of the 10 areas (see Stereographic
Analyses of Figure 10).

Area Max Density % Kinematic Analyses Slope Dip
Direction/Dip

Number of
Critical Facets Number of Total Facets %

Planar sliding 10,209 34.84
1 4.4 Direct toppling N190◦/85◦ 12,573 29,302 42.91

Flexural toppling 4767 16.27

Planar sliding 4357 23.75
2 2.42 Direct toppling N200◦/85◦ 5321 18,345 29.01

Flexural toppling 4483 24.44

Planar sliding 9187 29.01
3 3.44 Direct toppling N215◦/85◦ 13,378 31,671 42.24

Flexural toppling 3231 10.2

Planar sliding 7989 34.85
4 3.8 Direct toppling N345◦/85◦ 9621 22,921 41.97

Flexural toppling 4785 20.88

Planar sliding 5233 26.05
5 2.52 Direct toppling N350◦/85◦ 6344 20,089 31.58

Flexural toppling 3804 18.94

Planar sliding 3218 14.4
6 2.77 Direct toppling N010◦/85◦ 4407 22,343 19.72

Flexural toppling 5227 23.39

Planar sliding 4057 21.08
7 2.78 Direct toppling N355◦/85◦ 5734 19,250 29.79

Flexural toppling 3065 15.92
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Table 3. Cont.

Area Max Density % Kinematic Analyses Slope Dip
Direction/Dip

Number of
Critical Facets Number of Total Facets %

Planar sliding 7111 31.78
8 3.06 Direct toppling N185◦/85◦ 9032 22,378 40.36

Flexural toppling 4154 18.56

Planar sliding 9520 32.11
9 3.65 Direct toppling N245◦/85◦ 12,269 29,645 41.39

Flexural toppling 4652 15.69

Planar sliding 11,790 27.06
10 2.88 Direct toppling N350◦/85◦ 14,206 43,571 32.6

Flexural toppling 10,821 24.84

Area 1, located in the southeastern part of the analysed area (Figure 6), shows a slope
face oriented on average at N100◦, with a dip slope up to 85◦. The scarp has a length
of 140 m, 90 m in height, and a total area of 1.32 Ha, where 29,302 facets were identified
(Figure 8), mainly dipping between N190◦ ± 10◦ and N270◦ ± 10◦, with a lesser presence
of Facets dipping between N355◦ ± 10◦ and N030◦ ± 10◦ (see Rose Diagram in Figure 8a).
The kinematic failure analysis (Figure 10) reveals that the dominant fall mechanism in
this area is represented by “direct toppling”, involving 12,573 facets dipping towards
N010◦ ± 10◦, representing 42.92% of the total fractures (Table 3). The second mechanism,
“planar sliding”, represented by 34.84%, involves 10,209 Facets. Finally, “flexural toppling”,
with 16.27% and 4767 critical Facets dipping to N185◦ ± 10◦, is the lesser mechanism
(Table 3).

Area 2: the slope face, located in continuity with the previous one, shows a direction
of N110◦, with a slope of 85◦. The morphology scarp is characterised by a length of 30 m,
a height of 32 m, and an area of 0.07 Ha. The digital survey highlighted the presence of
18,345 facets (Figure 8), dipping both towards NE with a dispersion between N015◦ ± 10◦

and N075◦ ± 10◦ and towards SW with values between N190◦ ± 10◦ and N270◦ ± 10◦

(see Rose Diagram in Figure 8b). The failure analysis does not reveal evident predominant
kinematics; indeed, “direct toppling” involves 5321 facets (equal to 29.01%) dipping be-
tween N005◦ ± 10◦ and N040◦ ± 10◦. “Flexural toppling”, represented by 24.44%, involves
4483 facets dipping between N180◦ ± 10◦ and N230◦ ± 10◦. Finally, “planar sliding”, with
23.75% corresponding to 4357 critical facets, is also well-represented.

Area 3 is represented by a slope face that is N125◦ oriented and a slope degree
of 85◦. The scarp shows a length of 110 m, a height of 70 m, and an area of 0.56 Ha.
31,671 facets (Figure 8), mostly dipping between N180◦ ± 10◦ and N270◦ ± 10◦ (see Rose
Diagram in Figure 8c), were recognised. “Direct toppling” is the prevailing kinematic,
affecting 13,378 planar facets (frequency percentage of 42.24%), mostly with dipping at
N010◦. “Planar sliding” shows a frequency percentage of 29.01% and involves 9187 facets.
“Flexural toppling” is less represented, with 10.2% and 3231 facets.

Area 4 shows a rock scarp oriented on average at N075◦ and inclined at 85◦. The scarp
is 170 m long, has an average height of 35 m, and has a total area of 0.66 Ha. 22,921 facets,
dipping at N350◦ ± 20◦ and towards N160◦ ± 10◦ (see Rose Diagram in Figure 8d), were
identified. “Direct toppling” is the most abundant failure type, with a percentage of 41.97%
represented by 9621 facets dipping at N175◦ ± 10◦. “Planar sliding” is kinematically
possible on 7989 facets, forming 34.85% of the total facets. Finally, “flexural toppling”,
observed on 4785 facets (frequency percentage of 20.88%) dipping at N350◦, is the least
prevalent mechanism.

Area 5 is characterised by a rock scarp oriented at N080◦, having a length of 45 m, a
height of 30 m, and a total area of 0.08 Ha. 20,089 facets were identified, showing a consid-
erable dispersion of dip slope data (see Rose Diagram in Figure 8e); however, a prevalence
of facets dipping at N350◦ ± 10◦ is observable. In this area, “direct toppling” is the pri-
mary fall type represented by 6344 critical facets (equal to 31.58%) dipping at N175◦ ± 10◦.
“Planar sliding” is the second possible kinematics event identified on 5233 planar facets
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(frequency percentage of 26.05%), mostly with dipping at N170◦ ± 10◦. Finally, “flexural
toppling”, recognised on 3804 planar facets (frequency percentage of 18.94%) dipping at
N355◦ ± 10◦, is the least represented kinematic type.

Area 6 is dominated by a rock scarp with an N100◦ direction and a dip slope of 85◦.
The scarp is 70 m in length, 40 m in height, and has an area of 0.22 Ha. CloudCompare
v. 2.13 software allowed the recognition of 22,343 planar facets (Figure 8f), which did not
reveal a prevalent dipping direction, but a significant dispersion of data was observed
(see Rose Diagram in Figure 8f). This dispersion is also reflected in the kinematics of
rockfall (Figure 10), where none fall type prevails over the others, and their percentages
are very similar (Table 3). Indeed, “flexural toppling” is possible on 5227 planar facets,
representing 23.39% and showing a dip at N355◦ ± 10◦. “Direct toppling” shows an
occurrence percentage of 19.72%, observed on 4407 planar facets. “Planar sliding” can
occur on 3218 planar facets (14.4%), having a preferential dip direction at N170◦ ± 10◦

(Table 3).
In area 7, the rock escarpment is oriented in an N085◦ direction and is characterised

by a length of 42 m, a height of 25 m, and an area of 0.08 Ha. The number of planar
facets collected was 19,250, which in the rose diagram in Figure 8g shows a considerable
dispersion of dipping orientations with a slight prevalence of facets dipping at N355◦.
The kinematic analysis in Figure 10 highlighted that in this area, the dominant fall type is
“direct toppling”, observed on 5734 facets dipping to N180◦, representing 29.79% of the
total facets (Table 3). The “planar sliding” is the second fall type, involving 4057 facets
(21.08%) dipping to N180◦ with a lesser dip angle than the previous ones. Finally, “flexural
toppling” is the least represented (15.92%) by 3065 planar facets having a dip orientation
of N358◦.

Area 8 shows a face slope oriented in the N085◦ direction and inclined at 85◦, with
some portions counter-sloping. The length of the rock scarp is 120 m, the height is 35 m,
and the total surface is 0.29 Ha. 22,378 planar facets were recognised on the rock surface
(Figure 8h), mostly dipping to N175◦ ± 20◦ and to a lesser extent towards N355◦ ± 10◦.
The prevailing fall kinematics (Figure 10) is “direct toppling”, with 9032 critical facets
representing 40.36% of the total facets, mostly dipping towards N355◦ ± 10◦. “Planar
sliding” is the second fall type recognised on 9520 critical facets (frequency percentage of
31.78%), and finally, “flexural toppling” is the less representative fall type with 10,821 critical
facets (frequency percentage of 24.84%) dipping towards N175◦ ± 10◦.

Area 9 is characterised by a rock escarpment oriented at N335◦, which has a length of
110 m, a height of 71 m, and an area of 0.64 Ha. This scarp is the only one arranged in a dip
direction entirely different from the previous ones. 29,645 planar facets were recognised
on the scarp surface, mostly dipping towards N270◦ ± 10◦ instead of N080◦ ± 10◦ is the
less representative dip direction (Figure 8j). “Direct toppling” is the most recurrent fall
kinematics (Table 3 and Figure 10), with 12,269 critical facets (41.39%), mostly dipping
towards N085◦ ± 10◦. “Planar sliding” was observed on 9520 critical facets (32.11%);
instead, “flexural toppling”, with 4652 critical facets (15.69%) dipping towards N270◦ ± 10◦,
is the less representative fall type.

The rock escarpment in Area 10 is oriented at N080◦ in direction and approximately
inclined at 85◦. The analysed rock scarp is 90 m long and 55 m high, with a total area of
0.34 Ha. The digital analysis allowed us to recognise 43,571 facets dipping in two main
directions, oriented at N350◦ ± 20◦ and N 170◦ ± 20◦ (see Rose Diagram in Figure 8i).
The kinematic analysis (Figure 10) revealed that the “direct toppling” type could trig-
ger 14,206 critical facets dipping at N180◦ ± 10◦ and is the prevalent fall kinematic with
a frequency percentage of 32.6%. “Planar sliding” and “flexural toppling” are less fre-
quent and were respectively recognised on 11,790 (frequency percentage of 27.06%) and
10,821 (frequency percentage of 24.84%) critical facets dipping towards N355◦ ± 10◦.
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3.3. Jointing Grade

The categorisation of jointing grade for each escarpment was determined based on
different fracturing degrees detected by digital techniques combined with CloudCompare
v. 2.13 and ESRI ArcMap 10.8/ArcGIS Pro software. Three different fracturing grades
were recognised in each analysed area (Figure 11), where the surface extension and relative
percentage of each class are shown in Table 4.

In particular, Area 1 is characterised by a rock surface of approximately 13,226 sq. m.,
where several portions, forming 65.3% of the total area equivalent to 8643 sq. m., were
classified as “high” fracturing, having from 5 to 50 joints per square meter. Subsequently,
a “very high” jointing status was observed in various sectors of the rock escarpment
(Figure 11), where over 50 joints per square meter were identified. This class covers a total
area of 2546 sq. m., equivalent to 19.3% of the scarp surface. Furthermore, this class also
encloses unstable rock masses completely disjointed by many fractures, as shown in the
Digital Outcrop Model (DOM) in Figure 7a. The remaining part of the cliff falls into the
“moderate” jointing class, where fewer than 5 fractures per square meter were observed.
This class covers a total area of 2036 sq. m. corresponding to a percentage of 15.4% of the
total area.

Area 2 holds significant importance from a tourist perspective because its wonderful
landscape drives high tourist frequency worldwide. In particular, an arch traversing the
carbonate rocks and the crystal sea creates a suggestive area, making it a sought-after
location for tourists. The digital geomechanical survey has revealed that the area’s 69.9%
(536 sq. m.) is characterised by intense fracturing, placing it in the “high” jointing class.
The remaining part of the rock escarpment was classified as “moderate” and “very high”
jointing grade, covering an area of 21.2% (162 sq. m.) and 8.9% (68 sq. m.) of the entire
scarp, respectively.

Area 3 is dominated by a rock scarp spanning a surface of 5597 sq. m., where 3421.2 sq.
m. were classified into the “very high” jointing class, representing 61.1% of the total area.
High and moderate jointing classes are less extensive, covering 1144.4 (20.4% of the total
area) and 1032.2 (18.4%) sq. m., respectively. In this area, a footpath crosses the entire slope
(Figure 11), mainly along its steepest sections, thereby increasing the risk and endangering
the safety of the tourists traversing it.

Area 4 is the second-largest area among the surveyed rock scarps. This area extends on
6595.1 sq. m., and its most extensive portion of 4577.4 sq. m. was classified into the “moder-
ate” jointing class, representing 69.4% of the total area. The “High” jointing class instead
enclosed 25.5% (1680.2 sq. m.) of the entire scarp surface, and only 5.1% (337.3 sq. m.) falls
into the “very high” jointing class. In the foothill zone of the rock scarp, rock deposits from
rockfall events are missing; anyway, it does not exclude the possibility of sudden collapses,
especially in response to seismic activity or adverse climatic conditions.

Table 4. Summarised data of the geomechanical analysis for the 10 rock escarpments. The data within the
three columns (red = very high, yellow = high, and green = moderate) show each jointing class’s surface
extension (in square meters “sq. m.”) and the respective percentage calculated on each escarpment.

Very High
sq. m. % High

sq. m. % Moderate
sq. m. % Total Area

sq. m.

Area 1 2546.7 19.3 8643.0 65.3 2036.4 15.4 13,226.1

Area 2 68.4 8.9 536.3 69.9 162.3 21.2 767.0

Area 3 1144.4 20.4 3421.2 61.1 1032.2 18.4 5597.8

Area 4 337.3 5.1 1680.2 25.5 4577.5 69.4 6595.1

Area 5 503.4 64.0 266.6 33.9 16.7 2.1 786.7

Area 6 1269.5 56.2 717.4 31.8 271.2 12.0 2258.1

Area 7 215.5 24.8 471.3 54.3 181.4 20.9 868.2

Area 8 1541.6 51.8 1237.0 41.5 199.7 6.7 2978.3

Area 9 920.7 14.3 3768.7 58.7 1731.7 27.0 6421.1

Area 10 1041.5 30.2 1933.5 56.0 478.9 13.9 3453.9
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Figure 11. Jointing frequency analysis of the 10 rock scarps (frontal view). The colour legend in the
pictures refers to the jointing state: Red: Very High (VH); Yellow: High (H); Green: Moderate (M)
(see Figure 6 for the location of the 10 areas).
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Area 5 is located close to Arcomagno beach (Area 6) and is crowded with many tourists
coming from the beach and by boat. The area shows an extension of 786.7 sq. m., where
64%, corresponding to 503.4 sq. m., was classified into the “very high” jointing class. The
remaining portion of the rock scarp falls in the “high” and “moderate” classes for 33.9%
(266.6 sq. m.) and 2.1% (16.7 sq. m.), respectively.

Area 6 is located on the opposite side of the previous one. This area, known as
Arcomagno beach, is the most famous tourist destination, drawing significant people’s
attention during the summer. The greatest attraction of the site is a vertical carbonate
scarp facing directly to the sea and traversed by an arch, a beautiful pocket beach, and
a crystal sea. The rock escarpment is longitudinally crossed by a footpath that descends
from the top to sea level until the beach (Figure 11). In recent decades, frequent and
widespread rockfall events along the steep walls have affected this tourist path. The
analysed rock escarpment is characterised by a 2258.1 sq. m. surface, where several
portions were classified into the “very high” jointing class. This fracturing condition affects
a 1269.5 sq. m. surface, corresponding to 56.2% of the total area. Instead, 31.8% falls into
the “high” jointing class, and 12% belongs to the “moderate” class, corresponding to 717.4
and 271.2 sq. m., respectively.

Area 7 shows a total area of 868.2 sq. m., where 471.3 sq. m., representing 54.3% of
the scarp surface, was classified into the “high” jointing class. “Very high” fracturing class
includes instead a surface area of 215.5 sq. m. (24.8% of the total area), mainly located in the
westernmost sector (Figure 11), along two well-defined bands that cross from top to bottom
of the scarp. These very high fractured zones are probably linked to a fault system with a
dip direction to W. Finally, the remaining scarp portion was classified into a “moderate”
class, accounting for 181.4 sq. m. (20.9% of the total area).

Area 8 is constituted by a rock scarp spanning 2978.3 sq. m., located in the northern-
most part of the studied area. Here, at the base of the escarpment on its eastern side, a little
pocket beach hosts numerous tourists in the summer season. The geomechanical analysis
allowed us to classify a wide area equal to 1541.6 sq. m. (51.8% of the scarp surface) into the
“very high” jointing class. The latter represents the second-highest percentage of very high
class in all analysed escarpments. The very high fracturation state is visible in the upper
portion of the escarpment (Figure 11). “High” and “moderate” jointing classes enclose
1237 (41.5% of the scarp surface) and 199.7 (6.7%) sq. m., respectively.

Area 9 is the third-largest extension area among the 10 analysed escarpments, with a
surface area of 6421.1 sq. m. A deposit of rock blocks, ranging from meters to decameters,
is on the underlying beach area. In this area, the “very high” class is represented by several
rock portions expanding on a 920.7 sq. m. surface, constituting 14.3% of the total scarp.
The “high” jointing class is well represented, covering 58.7% (3768.7 sq. m.) of the scarp
surface, while the “moderate” class encloses 1731.7 sq. m., corresponding to 27% of the
analysed scarp.

Finally, area 10 encloses a rock scarp extending on a site of 3453.9 sq. m., where the “very
high” jointing class covers 1041.5 sq. m. (30.5% of the scarp area). “High” and “moderate”
jointing classes, respectively, extend to areas of 1933.5 sq. m. (56%), and 478.9 sq. m. (13.9%).

Several field controls were performed to check the soundness of the jointing frequency
analysis based on digital data, considering that high rockfall occurrences happen in areas
with a high fracturation state. Rock volumes varying in size up to several cubic meters, tes-
tifying to frequent rockfall events, were detected mainly at the bases of Areas 8 (Figure 12a)
and 6 (Figure 12c,d), classified in the very high jointing class. A large rockfall deposit was
also observed in the foot slope zone of Area 9 (Figure 12b), where wide areas classified
as high jointing frequency occur. The correspondence between the fracturing grade, as-
sessed by digital technique, and rockfall phenomena triggered in recent times confirms the
approach’s effectiveness.
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Figure 12. Examples of rockfall phenomena triggered in the study area. (a) rockfall deposit at the
foot of scarps of areas 4, 7 and 8; the red arrows indicate the blocks of rock fell from the adjacent
slope; the white dashed rectangle shows the (b) panel location in Area 9, and the white dashed
square indicates the location of the panel (c); in (c) photo shooted in October 2022 pre rockfall event;
(d) photo shooted after the rockfall events in Area 6 that occurred in January 2023. Stereonet in
(d) confirms the kinematic analyses of rockfall event of January 2023.

4. Discussion

Since the geomechanical features control the slope stability and geomorphic evolu-
tion of vertical rock scarps, understanding the cause-and-effect of the jointing state and
accurately identifying the areas prone to rockfall events can provide valuable insights
for establishing correct management strategies in a territory and safeguarding citizens’
safety [9,143,144].

Rockfall is among the most dangerous phenomena because of the unpredictability and
fast kinematics of the event, e.g., [145]. Furthermore, studying these instability phenomena
is frequently difficult due to the poor quantity and quality of available data regarding the
geomechanical features of the rock masses forming the scarp surface, e.g., [31]. Generally,
this lack of information is linked to the survey methodology, which is often based on
in-situ traditional geomechanical investigations, such as the scanline method [146]. This
method is a traditional geomechanical survey and is used in very limited portions of
rock scarp, which must be accessible to human investigation and where not all fractures
can be evident because of the scarp orientation [9,147,148]. For these reasons, the in-
situ geomechanical survey needs to be improved by new and advanced technologies
that provide more detailed and complete information. In the last decade, various new
digital methodologies have been applied to accurately recognise and map the discontinuity
features to identify rockfall-prone areas, e.g., [149–152]. 3D laser scanners and Unmanned
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Aerial Vehicles (UAV) are the leading technologies for acquiring high-resolution images
used to construct DTM, which can furnish exhaustive information on geomechanical
features [119,145,153,154]. In particular, the UAV is largely employed worldwide for
geomechanical surveys because it shows the following advantages: it provides high-
resolution and low-cost images, has simple and fast applicability, and has flexible survey
planning, e.g., [9,148]. Following this study approach, the present research focuses on a
detailed investigation of the geomechanical features in a wide area dominated by vertical
rock escarpments. The studied area falls on the Calabria Tyrrhenian side (southern Italy)
and covers a surface of 50 ha, where several rock scarps occur. Some rock scarps face
directly to the sea or are characterised by narrow sand beaches at slope foot, crowded by
thousands of tourists in the summer. For this reason, the rockfall hazard is very dangerous
in the study area. For this reason, a geomechanical survey was performed by acquiring
high-quality images using the UAV technique, which was helpful in the construction of
DOMs. So, the jointing characteristics were extracted from DOM by CloudCompare v. 2.13
software and employed to assess the possible rockfall kinematics through a stereographic
analysis. Subsequently, a fracturing frequency analysis on the entire surface of the 10 rock
scarps was performed using ESRI ArcMap 10.8/ArcGIS Pro software.

A comprehensive understanding of the potential rockfall dynamics and evolutionary
trend of the examined rock scarps in the Arcomagno locality emerged from the results
obtained by planar facets and jointing frequency analysis. In particular, the analysis of
planar facets’ direction highlighted that the joint orientation data are slightly different
within the 10 examined areas, showing a prevalent dip direction to S-SW. This trend is
probably influenced by the prevalent fault system of the area, which has a dip direction to
SW (Figure 1b). A secondary fracturing dip direction to the northern quadrant was also
observed in some areas, whereas only areas 6 and 7 showed a high dispersion of dip data
in all directions. The subsequent kinematic analysis of failure mechanisms showed that the
prevalent mechanism is “direct toppling” observed on most scarps (Areas 1, 3, 4, 5, 7, 8, and
9). “Planar sliding” and “flexural toppling” also shape the scarp surfaces, even if in lesser
incidence with respect to the previous one and varying in prevalence percentages among
the examined areas. Only Area 6 is characterised by “flexural toppling” as the primary
kinematic mechanism of failure. Planar facets analysis also provided the categorisation of
jointing frequency in three classes (very high, high, and moderate) through the application
of ESRI ArcMap 10.8/ArcGIS Pro software. The results show a marked difference in the
percentage of each class among the examined areas because the rock scarp area influences
the percentage value of each class. So, the scarp with a greater area falling in the very
high fracturing class was area 1, with 2546.7 sq. m. corresponding to 19.3% of the total
area. This area is characterised by ample car parking space allocated at the foot area of
the rock scarp, making the area exposed to high-hazard conditions. Instead, the higher
percentage recorded in the very high jointing class was 64%, corresponding to 503.4 sq. m.
within Area 5. Hence, the scarps showing wide areas falling into the very high jointing
class were 5, 6, and 8, where infield surveys found wide rockfall deposits in the foot scarp
areas. Instead, the scarp with lesser areas falling in the very high fracturing class was area
4, with a percentage of 5.1% (equal to 337.3 sq. m.).

A similar approach based on the UAV technique for geomechanical analysis of the
rock scarp was widely employed in previous studies. These studies focused mainly on the
detailed jointing characterisation of a single rock scarp or its limited portion, e.g., [9,129,130].
Instead, our study regards the geomechanical analysis of a wide area of 50 ha, including
10 vertical rock scarps. Furthermore, this research takes a step forward compared to
the previous ones because it provides a new approach for obtaining a detailed jointing
frequency analysis, as shown in each of the 10 analysed rock scarps (Figure 11).

The technologies and methodologies delineated and employed in our study facilitated
the validation of the utilized applications. Specifically, based on the data acquired through
the October 2023 aero-photogrammetric survey, as outlined in Figure 11 (white dashed
rectangle in Area 6), the geostatistical analysis identified a “Very High” value situated
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immediately above the pathway guiding tourists to Arcomagno beach. It is crucial to note
that this “Very High” value aligns with the sector where a Rockfall event transpired after
intense rainfall in January 2023 (Figure 12d). To verify the rockfall’s kinematics during the
climatic event, we focused on the area previously mapped region with a Very-High jointing
class (Figure 11, Area 6). The kinematic analysis revealed that, as highlighted in Figure 12d,
the rockfall occurred through direct toppling (see stereogram in Figure 12d). This is tangible
evidence affirming the reliability of the applied method, implying its potential as a valid
methodology for adoption in analogous contexts to alleviate and preempt Rockfall events.

Another aspect regards the use of the GNSS RTK/PPK technique, which enhanced
the capacity to create precise Digital Outcrop Models (DOMs) even without numerous
Ground Control Points (GCPs) or checkpoints. As a result, the method efficiently tackled
the study’s primary objective of conducting a comprehensive rock slope kinematic analysis.
Among the key advantages of this technique, speed in data acquisition and processing
stands out, allowing for subsequent joint frequency mapping. However, it is important to
acknowledge the limitations of surveying through the UAV technique, which may become
apparent in situations where the walls are exceptionally high and satellite signal reception
during data acquisition may be weak or absent, as is the case with natural caves situated
beneath towering walls.

5. Concluding Comments

This research focuses on a detailed geomechanical survey based on digital technique
by UAV-PPK of an area in the Tyrrhenian Calabria side (southern Italy). So, by integrating
drone-based photogrammetry and advanced analytical techniques, an exhaustive geome-
chanical framework of a wide area of 50 ha has been achieved. In particular, acquiring
high-quality images by UAV technique allowed the construction of a DOM, which provided
valuable insights into the distribution, orientation, and frequency of discontinuities on rock
scarp surfaces. In this regard, the Facets/Fractures detection tool in the CloudCompare v.
2.13 software enabled the systematic identification of the geomechanical features, provid-
ing valuable information for recognising the rockfall-prone areas. Subsequently, the ESRI
ArcMap 10.8/ArcGIS Pro kernel density points tool allowed us to obtain a point density
map reflecting the distribution of the planar facets. The number of points (or planar facets)
allowed the categorisation of the jointing frequency areas into three classes. Hence, the
collected digital data provided a comprehensive geomechanical characterisation, effectively
overcoming the limitations associated with field investigations typically restricted to acces-
sible regions. The approach used showed that the UAV technology delivers cost-effective,
high-quality imagery through a swift, straightforward, and economical methodology that
is also applicable to broad areas. The digital methodology was adopted for the follow-
ing reasons: firstly, the UAV-based photogrammetry approach was highly advantageous
for its ability to acquire detailed information from otherwise challenging terrains, which
might be inaccessible to traditional fieldwork; furthermore, it offered a more cost-efficient
alternative to traditional in-field surveying methods, however providing data of remark-
able accuracy. The digital outcomes were confirmed by in-field surveys that recognised
the presence of rockfall deposits at the foot areas of some scarps, with large areas falling
in a very high jointing state. These findings showcase the efficacy of drone-based pho-
togrammetry and analytical tools in studying rockfall phenomena in wide areas. Therefore,
this geomechanical framework can serve as a foundation for informed decision-making
in geological hazard management, offering valuable guidance for risk assessment and
mitigation strategies. In conclusion, our study allowed us to create a comprehensive map
(Figure 13) that delineates areas with the final remarks: the areas analysed in yellow; in
red, the high-risk zone marked, indicating locations with recent rockfall deposits; and in
orange, the potential danger zone, indicating areas without recent evidence of rockfall
deposits but still identified as potential risk areas. This visual representation enhances
our understanding of the spatial distribution of rockfall hazards and provides a valuable
tool for informed decision-making in risk mitigation and management strategies. Finally,
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the methodologies employed in this research could be adapted and extended to similar
geological contexts, aiding researchers, practitioners, and stakeholders in understanding
and addressing similar case studies worldwide.

Figure 13. Final map of danger areas. In yellow, the rockfall source area is highlighted. Additionally,
two buffer zones requiring attention are depicted: the orange polygon outlines areas where rockfall
deposits may potentially accumulate in the event of landslides, although no recent block deposits
have been observed. In the red polygon, recent rockfall deposits are visibly present. The 10 areas are
represented with the white A1–A10 acronyms.
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