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Abstract: Natural hazards threaten many archaeological sites in the world; therefore, susceptibility
analysis is essential to reduce their impacts and support site fruition by visitors. In this paper, rockfall
susceptibility analysis of the western slope of the Cumae Mount in the Cumae Archaeological Site
(Phlegraean Fields, Naples), already affected by rockfall events, is described as support to a manage-
ment plan for fruition and site conservation. Being the first Greek settlement in southern Italy, the
site has great historical importance and offers unique historical elements such as the Cumaean Sibyl’s
Cave. The analysis began with a 3D modeling of the slope through digital terrestrial photogrammetry,
which forms a basis for a geomechanical analysis. Digital discontinuity measurements and cluster
analysis provide data for kinematic analysis, which pointed out the planar, wedge and toppling
failure potential. Subsequently, a propagation-based susceptibility analysis was completed into a GIS
environment: it shows that most of the western sector of the site is susceptible to rockfall, including
the access course, a segment of the Cumana Railroad and its local station. The work highlights the
need for specific mitigation measures to increase visitor safety and the efficacy of filed-based digital
reconstruction to support susceptibility analysis in rockfall prone areas.

Keywords: rockfall; cultural heritage fruition; photogrammetry; kinematic analysis; geomechanical
analysis; Phlegraean Fields

1. Introduction

The province of Naples is known for its cultural heritage, expression of the city’s and
its surrounding zones’ history. It is rich in archaeological sites and parks that have preserved
its historic asset and that have been increasingly exploited by means of specific projects and
adoption of measures aimed at improving sites and making their fruition safer [1,2]. The
Santa Chiara Site, the Posillipo and the Cumae Archaeological sites are only a few examples
of the great cultural value sites. Specifically, the Cumae Archaeological Site (Figure 1) [3–5],
in the Phlegraean Fields Park, harbors the homonymous ancient city. Being the first Greek
western colony, founded in the second half of the 8th century B.C., Cumae is one of the
most important archaeological sites of the area. Divided into the upper and lower city, it
includes a variety of elements like the Greek walls of the late fifth century B.C., the ruins
of the Temple of Apollo, of the Temple of Jupiter, the Roman crypt, the thermal baths, the
Amphitheater and the Forum. The archaeological site is also known for the Cumaean Sibyl’s
Cave [5], one of the most famous oracles of the ancient world (Figure 1).
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Figure 1. (a) Cumae Archaeological Site as seen from Google Earth model. Artworks indicate the
study area and major elements of the site. The white star indicates the location of the rockfall event in
2009. (b) Northern sector of the front object of the study; (c) remnant of past rockfall event occurred
in August 2019.

The Phlegraean Fields area is known for its exposure to landslide hazards, e.g., [6–9].
Indeed, the widespread presence of unconsolidated pyroclastic deposits, associated with
both hard and weak volcanic rocks, predisposes slopes to fast-moving landslides [10–15].
While debris flows and avalanches, triggered by rainfall, are very common in the presence
of steep slopes covered by pyroclastic soils, rock-slope instabilities, like rockfall and topples,
are common in the presence of vertical, highly fractured tuff and lava cliffs [16]. As a
consequence, at the Camaldoli Hill (i.e., the highest peak of the Phlegraean Fields area, 458
m asl), vertical or subvertical cliffs formed by lithified materials are frequently affected
by rockfall and block size is consistently controlled by the main discontinuity systems in
the rock mass. Additional events have been registered at the Cumae Mount that, in this
perspective, represents a hotspot. Indeed, in the last decades, highly fractured material
forming the lava dome (Figure 1b) has been consistently affected by rockfall hitting the
access course to the site, the Cumana Railroad and the related station that supports visitors
transfer to the site, with important implications for visitor safety. A recent event occurred in
August 2019 when a 0.5 m3 boulder detached from the northern slope of the Cumae Mount
and reached the access course immediately downslope, halting not far from the Cumana
Railroad (Figure 1c). As a result, because of the persisting presence of people in that part of
the site, the Cumae Archeological Site was closed with important economic loss.

In the occurrence of rockfall events, a susceptibility analysis is always recommended
in order to localize critical conditions and define zonation, which is the first step to risk
analysis and adoption of mitigation measurements and plans [17]. As pointed out by
Corominas et al. [17], landslide susceptibility can be assessed by means of either quali-
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tative or quantitative methods. Qualitative analyses are mostly based on expertise, and
susceptibility maps can be prepared on the basis of geomorphologic field interpretations.
Quantitative analyses can be completed using data-driven statistical methods or physically
based methods. Rockfall susceptibility is often assessed using quantitative approaches.
Although hybrid statistical/physically-based approaches have been successfully adopted,
GIS-based statistical analyses are often preferred over large areas [18–21]. Differently,
slope-scale analyses are mostly completed using discontinuity analyses associated with
physically based propagation models [22]. Recent developments in terrestrial laser scan-
ning and photogrammetry can support discontinuity analysis and have been increasingly
used in rockfall analyses [23–26]. Such methods are also commonly used in archaeological
site analysis and restoration; moreover, in case of landslides affecting cultural heritage
sites [27,28], they are of great importance to process understanding, potential-damage
mitigation and increase visitor safety.

A photogrammetry-based analysis of the susceptibility to rockfall of the southern slope
of Cumae Mount has been accomplished. The aim of this paper is to provide new insights
into rockfall susceptibility, which may guide mitigation and assessment-plan development
for safer fruition of the Cumae Archeological Site by visitors. For this purpose, field
analyses supported by high-resolution terrestrial photogrammetric surveys were carried
out in order to improve the susceptibility analysis, implemented by means of the QPROTO
plugin [29], which considers detachment, propagation and deposition of the rock masses.

2. The Cumae Archaeological Site
2.1. Historic and Archaeological Features

The Cumae site is located a few kilometers north of Naples, and it has been inhabited
over a 2000-year period. Excavation works carried out in this area have brought to light
substantial traces of the first phase of Greek colonization (mid-eighth century B.C.) after
a previous occupation by local people (shown by burial sites). The city reflects the Greek
model of urban design and social articulation. It consists of a fortified acropolis, of the
lower city and of a vast surrounding territory. Between the eighth and seventh centuries
B.C., it experienced an intense political and economic development that reached its height
at the end of the sixth century B.C. under the tyranny of Aristodemus. After a period of
occupation by the Samnites (421 B.C.), the city became part of the Roman world (334 B.C).
In this period, the image of the city was completely redesigned: the main public spaces
and places of worship were monumentalized, and its memory was carved into the pages
of the Aeneid, Book VI.

From the end of the third century A.D., transformation processes began, leading to the
abandonment of the lower city, also due to marshes, and to the military occupation of the
acropolis, which kept on existing as a castrum (army camp) until 1207. The stratified history
of the town takes the material forms of an articulated set of fragments and architectural
models. The upper terrace of the acropolis was dominated by the presence of two large
temples, which, according to recent interpretations, could be attributed to the cult of
Apollo (Figure 2a) and Jupiter (Figure 2b). A base in “opera isodoma” traced back the
construction phases to the sixth century B.C., while the cementitious structures, with opus
reticulatum cover, suggest that the temple reconstruction took place in the Roman age and
was later transformed into a church. The same succession of phases can be found in the
sanctuary located on the lower terrace, scenically leaning on the lower city and flanked
by the fortifications built with tuff blocks, dating back to the sixth century B.C. It was
adapted during the Greek-Gothic war to convert the acropolis into a castrum. A similar
stratification can also be found in the negative architectures, such as the so-called Cumaean
Sybil’s Cave (Figure 2c), where a trapezoidal-shape, the military tunnel was excavated
during the Samnite age, reshaped in the Roman age and later transformed in a place of
worship and a burial site during the Christian period. The monumental aspect of the city
in Roman times (Figure 2d), which found its full definition during the Augustan age, can
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be thoroughly perceived in the lower city, especially in the area where the Forum was
established, probably overlapping the Greek Agora.
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Figure 2. Major archeological elements of the Cumae archeological Site: (a) upper terrace temple; (b)
lower terrace temple; (c) Cumaean Sybil’s Cave; (d) Roman crypt; (e) Capitolium at the lower city.

In the third century B.C., a large uncovered rectangular square was modeled and paved
with limestone slabs. It was surrounded by a portico (early 1st century B.C.) supported by
Doric columns on the first level and Ionic columns on the second one and adorned with
friezes of arms and masks in gray tuff relief. The short side of the Forum was dominated
by the greatness of Capitolium (Figure 2e), a huge temple on a podium with a tripartite cell
that overlaps a previous temple dating back to the 4th century B.C. The opposite side of the
square was marked by the presence of the so-called “Tempio del Gigante” (mid-1st century
A.D.) with a vaulted cell placed on a high podium, in the center of an open courtyard
surrounded on three sides by arcades. It defined a space entirely covered in marble with a
monumental façade overlooking the access road to the Forum.

2.2. Geological Context

The Cumae Archeological Site is located in the western part of the Neapolitan volcanic
district inside the Campanian Plain, a vast, flat area on the Tyrrhenian edge of the southern
Apennines. The geological features of the area, which are related to the activity of this active
volcanic field [9], are shown in Figure 3. Its last eruptive event was the historic eruption
of Monte Nuovo (1538 AD) [30] occurred after a period of quiescence of about 3000 years.
Additional eruptions are known for their magnitude and their predominant explosive nature.
The most powerful eruptions produced the Ignimbrite Campana (CI; ∼39 ka) [31,32] and
the Neapolitan Yellow Tuff (NYT; ∼15 ka) [33], which are widespread throughout the
province of Naples. These are the most important events of the volcanic history of the area:
they determined the development of the Phlegraean Fields nested caldera [34]. In this
framework, the deposits of CI and NYT are relevant chronostratigraphic markers in the
reconstruction of the Phlegraean activity, which can be approximately divided into (1)
pre-CI period, (2) between CI and NYT period, and (3) post-NYT period [34]. Moreover,
due to the volcanic activity of the Phlegraean Fields, a diffuse cover of pyroclastic deposits
associated with isolated domes and lava flows [35] has been formed. Currently, the
Phlegraean Fields are experiencing a period of quiescence, showing its magmatism through
seismicity and relatively benign hydrothermal and fumaroles’ events.
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Figure 3. (a) Geological map of the area surrounding the Cumae Archeological Site (modified
from [36]). Legend: (1) Quaternary epiclastic deposits; (2) Quaternary volcanic deposits; (3) Apennine
platform carbonates; (4) Miocene deposits. The NYT caldera boundary and the CI caldera boundary
are labeled as well as normal faults and the study area; (b) geological sketch map of the Cumae
Archeological Site (modified from [37]). Legend: (5) eluvial-colluvial deposits; (6) pyroclastic deposits;
(7) Neapolitan yellow tuff; (8) lava deposits of the Cumae Mount Formation; (9) slag deposits of
the Cumae Mount Formation; (10) slope deposits; (11) pyroclastic deposits of the Cumae Mount
Formation; (12) pumiceous pyroclastic deposits of the Breccia Museo Formation; Temple of Apollo
(TA); Temple of Jupiter (TJ); Roman crypt (A) are shown. Major roads are reported. In both maps,
UTM 33 N coordinates are reported at maps’ edges.

2.3. Geological Setting of the Site

The Cumae Archeological Site is located along the western edge of the caldera of
the Phlegraean Fields, whose sectors are characterized by several normal buried faults,
fractures and deep crater circles [38,39]. The Cumae Archeological Site consists of a lower
town and of an upper town. The lower city is mainly made up of Neapolitan Yellow Tuff,
with a different degree of lithification. At the entrance of the Roman crypt, the deposit
is semi-coherent with little altered pumices, while at the entrance of the Acropolis of
Cumae, it is essentially lithoid and has columnar cracks. The lower city and the upper
city are divided by the edge of the calderic collapse of the CI eruption. The Cumae
Mount hosts the upper city, which is characterized in the northern sector by pyroclastic
deposits [37], sometimes alternating with thin layers of ash. Such deposits are divided
into two units [37]: a basal one, called scoriae a), consisting of layers of red slag with sharp
edges alternating with layers of coarse ash and lava fragments, and the upper part, named
scoriae b), characterized by juvenile slag fragments of centimetric and metric dimensions,
collapsed and plastically deformed. Scoriae b) is extremely welded in the northern slope of
Cumae Mount. The south-southeast portion of Cumae Mount is characterized by compact,
intensely fractured trachifonolytic lava [35] (Figure 1b), covered by slag and lava blocks
originated from the CI eruption and reaching 1 m thickness. This sector is particularly
fractured and has been affected by important rockfall phenomena (Figure 1c). On this basis
and considering the object of the analysis, zoning of the rock face in terms of fracturing
degree can be observed.

3. Materials and Methods

The susceptibility to rockfall of the western slope of the Cumae Mount was analyzed
using a GIS-based approach supported by a geomechanical and structural analysis of a
dense point cloud derived from a ground-based photogrammetric survey.

3.1. Photogrammetric Survey

A terrestrial photogrammetric survey was carried out in order to reconstruct the
3D model of the western slope of the Cumae Mount. Geo-mechanical and structural
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analyses were carried out by means of ShapeMetriX 3D (©3GSM GmbH) software using
structure from motion approach (SfM). SfM is a method of photogrammetry that allows
the reconstruction of high-resolution 3D models using multiple images without needing
to set ground control points. Digital photogrammetry has been applied to a number
of geological problems, including discontinuity characterization [40,41] and rock slope
stability analysis [42–44]. This approach was chosen because it is able to perform analyses
on the basis of slope-morphological features and of the limited presence of vegetation.

It is well known that the photogrammetric technique allows reconstructing objects in
the form of three-dimensional point clouds starting from two-dimensional image sets [45,46].
In order to obtain uniform coverage of the area, it is necessary, during the acquisition phase,
to maximize the overlap by adopting short baselines. For this work, a calibrated Canon
EOS 80D camera equipped with a lens characterized by a focal length of 17.14 mm was
used. Pictures were taken using a tripod, keeping a consistent orientation of the camera
and a 1.50 m height from the ground. A total of 164 frames were acquired considering a
normal distance of 30 m from the front and one longitudinal acquisition step of 1 m. In this
way, an approximately 80% overlap was reached. In order to maximize model quality,
the acquisition of the photos was completed during a particularly bright time of the day,
avoiding shadow zones.

3.2. Photogrammetric Reconstruction and Structural Analysis

ShapeMetriX 3D software was used for the 3D model reconstruction and structural
analysis. The reconstruction of the 3D model was accomplished using 164 frames acquired
by means of the SMX—a multi-photo tool based on the structure from motion (SfM) ap-
proach. Such a tool allows position reconstruction of every single frame (Image Alignment),
and a coarse point cloud-first and a dense point cloud subsequently are obtained. In order
to georeference the model, GPS coordinates of specific ground control points (GCPs) were
calculated, and the absolute coordinates (WGS84 system) were assigned to each point of
the cloud using the SMX-Reference tool implemented in ShapeMetriX 3D.

Once the georeferenced 3D model was obtained, the structural and geo-mechanical
analysis of the slope was carried out using the JMS-Analyst tool. This software allows
making geometric measurements directly into the 3D model. Each recognized feature can
be analyzed using trace measurements by means of trace mode. A trace measurement is a
polygonal line that follows the surface of the object in a 3D space. Its length is given along
the surface in terms of Euclidean distance. Traces are also used to determine the spacing
of a set of structures. The analyst function of the software allows the grouping of the
measurements into sets, with automatic clustering and stereographic/statistical projections.
Annotations like the length of the drawn track, the dip and dip direction values and the
position in terms of X, Y, Z are automatically grouped within the identified discontinuity
sets (DS). Thus, the analysis provides clusters representing different sets of rock mass
discontinuities. This method is semi-automatic with the possibility of validation. Clustering
analysis is used to automatically group the measured discontinuities into DS. It is based on a
fuzzy K-means algorithm [47] that aims at minimizing the distance measurements between
the average values of the structure sets and the individual measurements. A fuzzy K-means
algorithm requires a predefined number of clusters in which the data set must be grouped.
Based on current distance measurements, it repeatedly recalculates the mean orientations
and groups the data set. An optimal partitioning criterion is applied to judge the optimal
number of clusters. Good clustering quality is verified using the following approaches:

- Fuzzy hypervolume (min): clusters must occupy a minimum parameter space. The value
must be minimum;

- Average partition density (max): poles must be well concentrated around the set
average orientation. The value must be maximum;

- Partition density (max): poles must be well concentrated around the set average
orientation. The value must be maximum;
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- Xie–Beni index (min): it tests the overall compactness and separation of the poles. The
value must be minimum;

- Fukuyama–Sugeno index (min): it correlates the values of the fuzzy cluster objec-
tive function to the “cost” of increasing the number of clusters. The value must
be minimum.

3.3. Kinematic Analysis and Rockfall Susceptibility

Data obtained from structural analysis were used as a basis for a Markland test [48]
oriented to the definition of the stability characteristics of the slope in terms of detachment
potential. In this perspective, the four DSs identified by means of the clustering analysis
were considered, as well as the slope face oriented toward WSW (Dip-Direction 260◦)
characterized by a slope of 80◦. A friction angle of 35◦ was considered for materials
forming the slope. Analysis of the angular relationships between discontinuities and slope
surface [49] identified the potential modes of failures, among which are wedge-sliding,
planar siding and non-flexural toppling.

The hazard analysis of a slope can be evaluated with several models based on empir-
ical considerations and assumptions on the slope geometry. In this work, the QPROTO
plugin, implemented in Qgis [29], was used. QPROTO allows identifying the most ex-
posed areas to the rock fall phenomenon, taking into account only the slope topography
and some empirical parameters. It is based on the cone fall method [50], which enables
to quantitatively estimate blocks’ velocity and kinetic energy. In QPROTO, a visibility
cone is created by identifying all the points of the topographic surface. Visibility cone
development starts from the point where an observer is located, which represents the apex
of a visibility cone, and the line that joins it with the furthest stop point reached by the
falling block (energy line). Its extension is linked to three fundamental angles: inclination,
opening and orientation. It is defined as the line joining the source point with the furthest
stop point reached by the falling block. Its inclination, expressed as ϕp(γ), defines the
energy loss suffered by a boulder and therefore expresses the equivalent boulder-to-slope
friction angle [50].

A digital terrain model (DTM) and a shapefile containing the detachment points are
needed to run the QPROTO simulation. For each point, the elevation, aspect, propensity
to detachment index, block mass, energy line angle, lateral spreading angle and visibility
distance must be defined. These parameters were assigned according to the geomechanical
analysis. In detail, the detachment index was assigned according to the geomechanical
analysis and, subsequently, to the discontinuities’ distribution and field observations. Aver-
aging of the most exposed blocks bounded by discontinuities by means of the ShapeMetriX
software allowed to assign the block mass volume, while the energy line angle was fixed at
30◦ after campaign observations of previous falls’ blocks.

4. Results
4.1. Point Clouds and Structural Feature of the Slope

Processing of the acquired 164 frames allowed the creation of the 3D model of the
western side of the Cumae Mount. Specifically, a coarse point cloud consisting of approxi-
mately 41,300 points and a dense cloud of approximately 1,700,000 points were generated
(see a dense cloud in Figure 4a). A visual inspection of the dense point cloud suggests the
absence of sparse points and only a few gaps due to the presence of vegetation. The ge-
omechanical analysis derived by the dense point cloud highlight the presence of a total of
118 discontinuities (Figure 4b).
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Starting from this data, automatic clustering of discontinuities (CD) was implemented
using the algorithms described in Section 3.3, all based on the fuzzy K-means approach [47].
CDs 2 to 4 were hypothesized, clustering was implemented, and analyses carried on. For
each analysis, the software-estimated value was compared with the obtained result in order
to identify the best, according to a convergence maximization criterion. Cluster analysis
quality parameters are reported in Table 1. The conducted analysis shows that the values
of the validity indexes are different according to the considered sets. In detail, on the basis
of the traced discontinuities, the best results for a good cluster quality forecast are fuzzy
hypervolume equal to 0.344, an average partition density equal to 102,408, partition density
equal to 100,545, a Xie–Beni index equal to 0.129 and a Fukuyama–Sugeno index equal
to −23.306. Table 1 indicates that for all the considered CDs (CD2, CD3 and CD4), these
values show little variations when compared to the best results. In fact, for CD2, there is
maximum convergence only for the fuzzy hypervolume index (0.344). Differently, as far as
CD3 is concerned, even if the values are similar, there is no convergence. Therefore, the
CD was chosen, as 4 indexes out of 5 found perfect convergence and affected Xie–Beni
index (0.129), Fukuyama–Sugeno index (−23.306), partition density (100.55), and average
partition density (102.413). The fuzzy hypervolume index, on the other hand, is 0.369, very
close to the Best Results (0.344).

Table 1. Quality indexes of the cluster analysis for each considered set (CD2, CD3 and CD4). Bold
text indicates full convergence with the best results belonging to the CD4.

Cluster Quality Best Results CD2 CD3 CD4

Fuzzy hypervolume 0.344 0.344 0.354 0.369
Average partition density 102.408 98.067 98.761 102.413

Partition density 100.545 95.789 94.757 100.55
Xie–Beni index 0.129 0.229 0.166 0.129

Fukuyama–Sugeno index −23.306 −9.835 −16.564 −23.306
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From sets of homogeneous discontinuities, DSs were identified, and their geometries
in terms of dip-direction and dip-angle are shown in Table 2. The values identified for dip-
direction vary from 11.40◦ (DS4) to 260.48◦(DS2) while the dip-angle varies between 37.84◦

(DS2) and 74.88◦ (DS1). Figure 5 shows the four identified DSs (Figure 5a) and the polar
diagram of the discontinuity rotations (Figure 5b). In particular, green artworks depict the
DS1 characterized by 28 discontinuities; magenta artworks represent the DS2 with a total of
21 discontinuities, blue artworks depict the DS3 with a total of 36 discontinuities and cyan
artworks represent the DS4 with a total of 33 discontinuities. After average discontinuity
attitude was derived by means of clustering analysis. Figure 6 provides an overview of
spacing estimation for each of the identified discontinuity sets.

Table 2. Discontinuity sets identified through the clustering analysis of discontinuities.

Discontinuity Set Dip Direction (◦) Dip (◦)

1 86 75
2 260 37
3 166 62
4 11 66
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4.2. Kinematic Analysis and Rockfall Susceptibility

Figure 7 shows the results from the Markland test, which points out the potential of
block detachment and identifies possible kinematics that can occur in the study area. In
detail, the DS1 plane and slope intersection, which falls within the friction angle slope area,
indicates a condition of incipient instability for toppling, as shown by the green symbol
T1. Moreover, the DS3plane is parallel to the slope face with an angle of less than 20◦, thus
creating conditions for planar instability, as shown by the blue symbol P1. Finally, the
intersection of DS2 and DS3, falling within the critical area for wedge failure, shows the
potential of this kind of instability (i.e., magenta symbol W1).
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Figure 7. Markland test stereographic projections. Discontinuity sets are reported using green,
magenta, blue and cyan artworks. Large and small red circles represent the friction angle (ϕ = 35◦)
plane and pole, respectively. Slope face (260/85) and slope direction limits are reported using black
lines. The green–diamond T1 indicates the toppling instability, the blue cross P1 identifies the planar
break, and the magenta triangle defines wedge break W1.

Results from structural analysis and site surveys allowed us to set all the input
parameters necessary for the QPROTO plugin simulations. In detail, the distribution of
the recorded fractures enabled the classification of the slope into three sectors with low,
medium and high levels of susceptibility to detachment (Figure 8a). Therefore, every
above-mentioned sector was given a value of propensity to detachment equal to 0.5, 0.75
and 1, respectively, for increasing susceptibility values. The energy line was evaluated
empirically and set at 30◦, constant for the entire slope, based on field evidence (fall event
occurred in August 2019). As far as block weight is concerned, both the analyses carried
out using ShapeMetriX 3D and the blocks at the toe of the slope were considered. A weight
of about 1500 kg, corresponding to approximately 0.5 m3, was therefore estimated. The
energy angle value was set at 15◦, as suggested by the authors of the plugin [29]. Finally,
the elevation value was extracted from the digital terrain model (LIDAR with 1 m × 1 m
resolution) used for the analysis (http://sit.cittametropolitana.na.it/lidar.html). The results
are shown in Figure 8b, in terms of the level of susceptibility. It is possible to notice a sort
of linear relationship between the propensity to detach and the susceptibility to run out.
In fact, starting from the northern sector, where the propensity to detach is limited (low
value), a very low susceptibility to run out can be seen. Differently, in the central sector,
the average detachment propensity corresponds to a susceptibility that varies from limited
to medium. The highest levels of susceptibility, on the other hand, were recorded in the
southern sector, where the propensity to break away is the highest one. It is noteworthy
that the highest obtained susceptibility value corresponded to the site affected by the recent

http://sit.cittametropolitana.na.it/lidar.html
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fall that occurred in August 2019. Thus, the studied area shows a high level of risk as the
detected susceptibility interacts with both the Cumana station and the railroad.
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5. Discussion and Conclusions

The Italian territory is scattered with important archaeological sites, 51 of which
have been identified as UNESCO heritage sites. Such sites are evidence of civilizations
and the history of peoples, and they represent an important cultural heritage that is
increasingly valorized by specific financial measures. Across the National territory, such
sites are often subject to hazardous geological processes such as landslides, earthquakes
and floods that threaten them, making their fruition and preservation very challenging
tasks [51–54]. In this condition, while susceptibility and hazard analyses form a substantial
basis for site management and process mitigation, real-time monitoring of sites is of
great importance for safer fruition by the visitors. The use of innovative monitoring
technologies, such as satellite-based observation and low-cost sensors [55,56], together
with conventional techniques, have proved to be valid tools for the detection of ongoing
hazardous processes that threaten cultural heritage. Some examples of these procedures
are the geotechnical characterization of limestones employed in the reconstruction of Saint
Nicholas Cathedral, a UNESCO World Heritage monument in south-eastern Sicily [57]
and monitoring by means of Internet-of-Things (IoT) techniques carried out in the city of
Matera, the European capital of culture in 2019 [58]. In the first case, the objective was to
investigate the mechanical features of the materials used for a specific building (Cathedral)
in order to evaluate their degree of alteration and, therefore, indicate the interventions to be
implemented for conservation. In the second case, the study focused on the implementation
of a large-scale monitoring system by means of an IoT approach, which proved to be useful
for the conservation of the Matera city center.

Archaeological sites fruition and conservation issues related to natural hazards high-
light the need for a better knowledge of active processes and their potential future evolution.
In this perspective, the knowledge of the process is a first step toward the potential defini-
tion of mitigation strategies that may contribute to the long-term fruition of the site in a
safer manner.

Cumae is one of the most important archaeological sites in Italy, with several thou-
sands of visitors every year. Its historical importance and the risk for visitors to be exposed
to rockfall, which may compromise its fruition, make this site particularly significant.
In this context, the occurrence of rockfall along the access course, located within the forest
of Cuma, which represents a further element of cultural value for the park, is a major issue
from a safety management perspective. Therefore, specific analyses are required to guide
planning measures.
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Specifically, digital terrestrial photogrammetry, adopted for the survey of the area,
allowed the identification of 118 discontinuities, which were clustered into four discon-
tinuity sets. The Markland Test, completed on the basis of clustered data, confirmed the
potential of slope instability at the site in the form of toppling, wedge and planar slides.
A better definition of the behavior of potentially unstable blocks was achieved by means
of a susceptibility analysis carried out using QPROTO Plugin and observation-based pa-
rameterization. As a result, the sector with high susceptibility was identified as the one
corresponding to the segment of the access course adjacent to the railroad station. Overall,
this study provided a qualitative estimation of rockfall susceptibility in an area character-
ized by limited access, as well as obtaining a product able to support the development of a
management plan oriented to increased safety in the site in fruition perspective. This is
particularly important considering that the Cumae Archeological Site includes unique
elements of very high cultural value, such as the Cumaean Sybil’s Cave, the Roman crypt,
the temples of Jupiter and Apollo and the lower city. Even if rockfall related risk is the
most evident, recent archaeological research have shown that archaeological ruins, such as
a burial chamber, were reburied probably because of the deterioration of the local drainage
channel system, suggesting the potential for additional hazardous processes [38,56]. More-
over, the subsidence and rising of the water table led to the flooding of +1.20 m above the
archaeological remains, creating structural damage and decay of decorative elements.

This study is part of a larger project that includes surveys and monitoring of the whole
area of the archaeological site. To this purpose, the most advanced technologies will be
used for the survey and monitoring of natural phenomena affecting the site. Actually,
three-dimensional survey techniques will be employed using terrestrial laser scanners
and unmanned aerial vehicles in order to implement three-dimensional models (point
clouds) useful for studying the stability of the fronts of the Roman crypt and the Cumaean
Sybil’s Cave, already subject to mitigation measures in the past. On the other hand,
the phenomenon of subsidence, which affects the lower town, will be investigated by
means of differential interferometry SAR (DInSAR) techniques. This technique allows
the estimation of terrain deformations with subcentimetric accuracy and has been widely
used in archaeological areas [52,53]. The integration of these techniques will allow better
fruition of the site, ensuring, on one hand, the safety of visitors and, on the other hand, the
enhancement and preservation of archaeological remains.
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