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Abstract: A rockfall analysis at one of the most relevant cultural heritage sites of northeastern Sicily
(Italy) is presented herein with the aim of assessing the hazard arising from the unstable conditions of
the rock cliff of Taormina city, upon which the Saracen Castle is perched on its top. Several rockfalls
affected this area in the latest years, representing a serious threat for the safety of inhabitants and
tourists. Therefore, the qualitative Evolving Rockfall Hazard Assessment (ERHA) was applied for
the hazard zonation, supported by rock mass surveys and Terrestrial Laser Scanner prospecting.
Kinematic analysis revealed that the unstable rock failure patterns are represented by planar/wedge
sliding and toppling, while simulation of potential rockfalls allowed studying the impact of future
events in terms of trajectory and energy. This is higher at the foot of scarps and in steeper sectors,
where the application of ERHA identified a critical zone close to the inhabited center, which is one of
the main elements at risk, along with a pedestrian tourist path. Achieved results represent a starting
point for the definition of risk management strategies and provide a scientific contribution to the
study of hazard and risk arising from rockfall occurrence.
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1. Introduction

Slope instability is a serious condition affecting several rock cliffs over the world, upon which
historical buildings are often perched (e.g., [1–3]). These are usually a part of ancient settlements,
churches, and castles of cultural relevance, and represent key locations for rockfall risk management,
due to their historical aspects and tourist attraction.

Rockfalls, caused by the detachment of a rock boulder from a slope, are fast and unpredictable
landslide movements characterized by a rapid evolution in space; for this reason, they are among the
most studied geomorphic processes worldwide, especially in mountainous areas (e.g., [4–6]). They can
cause significant damage to structures and infrastructures, even when small rock volumes are involved,
thus representing a relevant risk for goods and people (e.g., [7,8]). In particular, risk arising from
rockfalls is defined as the probability of impact of an uncertain, sudden, and extreme hazardous
event which can cause damages to one or more exposed elements (modified after [9,10]). Therefore,
its assessment is an essential scientific procedure to achieve a zonation of the analyzed territory
and to identify the main threatened elements, which are the targets exposed to the risk. Based on
the economic and social impact of the expected event, these kinds of studies are crucial for risk
management purposes, because they can be employed as a tool to locate and design proper mitigation
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measures. To this purpose, several qualitative and quantitative approaches have been proposed in
the scientific literature for the evaluation of hazard and risk arising from rockfalls (e.g., [8,11–21]).
Some of these are empirical or semi-empirical methods, which take into account the probability of
rock failures, while others involve a statistical analysis of the potential rockfall trajectories and the
probability of bad-consequences after the event. For example, the Rockfall Hazard Rating System
(RHRS) initially developed by Pierson et al. [22] is a rating approach to identify dangerous slopes
that require urgent remedial works or further studies along transportation routes. Inspired by this
method, Saroglou [15] developed a risk assessment procedure for natural slopes. On the other hand,
probabilistic analyses are taken into account by the Rockfall risk Management method (Ro.Ma.), which
is based on the construction of specific Event Trees to assess risk in peculiar conditions (e.g., [8,13,23]).

The choice of the approach to follow is not only a function of a predetermined aim, but it
depends also on the availability of data and on the knowledge of the rockfall history of the study
area. In particular, the case study presented herein is about a rockfall hazard zonation through the
Evolving Rockfall Hazard Assessment procedure (ERHA) (e.g., [24,25]) at the promontory of the
Saracen Castle of Taormina (NE Sicily, Italy). Perched on the top of a carbonate cliff, the castle is an
example of cultural heritage dominating the city of Taormina, renowned from the tourist point of view.
This location has suffered from the threat of rockfalls affecting cliff stability and, as a consequence,
this threatens the safety of tourists traveling along the access trail to the castle. Its construction started
in the Hellenic period on the top of Tauro Mount, about 400 m a.s.l. along the northeastern coast
of Sicily (Figure 1). As a strategic military fort, it resisted several sieges and was defined as one of
the most famous primitive castles in one of the noblest towns [26]. It can be reached through an
800 m long panoramic pedestrian stairway (PPS) from the city center. Due to the geological and
geostructural setting of the area, along with its high seismicity, Taormina cliff is characterized by
peculiar geomechanical features, which can be regarded as one of the main causes of slope instability.
Although most of the events were not studied from the technical point of view, blocks usually detach
from the highest portions of the cliff and move downstream, sometimes crossing PPS, which acts as a
boulder rebound or an end point. In fact, several blocks were surveyed along its path and signs of the
transit of past rockfalls are present (damage on the road pavement, broken railing). Moreover, most
of falling blocks reach the foot of the cliff, where private buildings and the Road SP10 represent the
main elements exposed to risk. In order to protect such elements, mitigation works were performed in
the latest years, but they were limited only to specific portions of the cliff, while unstable blocks of
considerable volume (about 0.15 m3 referred to an average measure of the most relevant fallen blocks)
still represent a serious threat to local people and tourists.
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In this scenario, this paper presents a preliminary hazard assessment to highlight the most
hazardous sectors of the cliff. The EHRA approach applied herein was developed for the
Australian coal-mining environment and then employed for risk management in several studies
worldwide (e.g., [24,25]). According to this procedure, outcrops of Taormina cliff underwent a
geomechanical characterization through field surveys and geometry reconstruction by Terrestrial
Laser Scanner (TLS). Rock mass surveys were carried out according to ISRM recommendations [27,28]
by measuring dip-immersion, spacing, persistence, opening, and evaluating in-filling, roughness,
uniaxial compressive strength (UCS), and hydraulic conditions of discontinuities. Kinematic analyses
at the most critical spots allowed for the ascertaining of the predisposition of the rock to fail through
peculiar kinematic patterns and rockfall trajectory simulations, which were modeled to estimate the
intensity of potential events. Results were finally mapped to highlight the spatial distribution of an
assessed hazard and its interaction with the main elements at risk.

2. The Saracen Castle of Taormina: A Mix of History and Geology

There is no precise information on the construction of the Taormina Saracen Castle, which dates
back to the Hellenic period. It was employed as a military fortress by Arabian conquerors, thanks to
its strategic location, which guaranteed a 360◦ view of the eastern coast of Sicily. The Arabian domain
resisted until the kingdom of Earl Ruggero in 1079 A.D., while in 1240 A.D. the castle was counted
among the goods belonging to King Frederik II. In 1297, during the Aragon dynasty, this fort was
entrusted to the Taormina governor [29]. Nowadays, it is recognized as a cultural heritage, witness of
the defensive architecture of XII and XIII centuries.

The carbonate cliff on which the castle is perched belongs to the Peloritani Mountain belt, a nappe
pile orogen showing several S-SE verging tectonic slices characterized by a northward increasing
metamorphic grade [30]. It is the southern part of the Calabria–Peloritani orogenic arc and consists
of a Hercynian metamorphic basement, covered by Mesozoic–Cenozoic units (e.g., [30–32]). In the
study area, the low-grade crystalline formations are overlapped by sedimentary deposits dated
between Early Lias to Olocene (Figure 2). In particular, Lower Liassic greyish-white limestones and
dolostones in carbonate platform facies represent the framework of the studied cliff (Figure 3a–c),
which experienced several rockfall phenomena due to the intense degree of fracturing of the rock.
Tectonics played a leading role over the geological times and it is responsible of the high seismic activity
of the Peloritani region, characterized by the recurrence of several destructive historical earthquakes
(e.g., [33]). In particular, tectonic activity in this area is testified by the presence of regional fault sets,
striking W–E, NW–SE, and NNW–SSE, and some authors recognized uplift signs at several marine
terraces occurring along the coast, with an average rate of 1.7 mm/year in the study area (e.g., [34,35]
and references therein). According to Argnani et al. [36] and references therein, large and destructive
earthquakes can be associated with fault activity along southeastern Sicily and southern Calabria faults,
testifying to the link between tectonics and seismic activity in the study area. Moreover, tectonics is
usually a predisposing factor to slope instability (e.g., [37] and references therein) due to the degree of
fracturing of outcrops resulting from the mechanical response of the rock to field stresses.

With reference to Taormina cliff, about 130 m tall with respect to the city center, the occurrence
of several rockfalls is testified by widespread fallen blocks, both at the foot of the cliff and along the
slopes, and signs of past detachments on the cliff walls. Unfortunately, most of these events were never
studied from a technical point of view, unless from few studies for local protection measures carried
out in the past. Rockfalls usually originate from the top of the cliff, where several blocks stand in
unstable conditions, and move downstream following the terrain morphology. Among the most recent
events, the 2013 and 2015 rockfalls are two of the most hazardous: they originated by the detachment
of about 0.10–0.15 m3 boulders, which crossed the touristic PPS path, damaging its pavement and
banister. Fortunately, no victims were reported, although blocks stopped along PPS representing a
relevant risk for safety (Figure 3d–e). Such events were not isolated, and signs of past detachments can
be identified by depletion areas on the rock face (Figure 3). Furthermore, the most worrying feature
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for potential future detachments is the presence of several blocks in precarious equilibrium condition
(Figure 3f) showing unfavorable kinematic setting (see next sections).Sustainability 2018, 10, x FOR PEER REVIEW  4 of 16 
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Figure 3. (a) Location of the main elements on a satellite image (PPS: panoramic pedestrian stairway);
(b) a view of the Saracen Castle and the south face of the cliff; (c) panoramic view of the cliff from
the main square of Taormina; (d) block fallen along PPS in 2015; (e) block fallen along PPS in 2013;
(f) unstable, loosened blocks occurring along the cliff.

3. Geomechanical and Kinematic Analysis of Rock Masses

From a lithological point of view, the cliff is made of greyish-white limestones and dolostones.
There is not a definite limit between these two rock types, as limestones are partly or completely
dolomitized. In particular, dolostones are characterized by a higher degree of fracturing due to their
brittle behavior under stress. Laboratory tests, carried out on intact rock specimens at the Laboratory
of Applied Geology of the Department of Biological, Geological, and Environmental Sciences of
University of Catania, revealed that such rock type is characterized by a low total porosity (≤10%) and
average Uniaxial Compressive Strength ranging between 40 and 150 MPa. This relevant variability in
the mechanical strength of the rock is linked to the presence of randomly oriented microcracks acting
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as weakening elements within the rock structure [38–41]. Such outcome allows for the classification of
the strength of tested specimens from “medium” to “high” according to [27].

Rock mass surveys, aimed at assessing the geomechanical condition of the cliff, were carried
out at 8 measurement stations according to the recommendations proposed by the International
Society for Rock Mechanics [27,28]. Such survey spots were located according to the accessibility
of the area, which is affected by bad logistics due to steep sectors and hardly reachable outcrops.
Dip-immersion, persistence, spacing, opening, in-filling, roughness, uniaxial compressive strength
(UCS), and hydraulic conditions have been measured and evaluated along scan lines for each
discontinuity. The orientation of discontinuities was statistically analyzed to group data into systems
by plotting pole coordinates into a lower hemispheric projection net. A statistical contouring was
carried out to evaluate mean and maximum pole concentrations, as well as to visualize the clustering
of orientation [3]. Contours highlight the statistical concentration of poles calculated using the Fisher
distribution method [42]. Such procedure allowed for the recognition of 4 to 6 discontinuity systems
(Figure 4), although data are affected by a degree of scattering, due to the intense tectonic history
experienced by the outcrops. Discontinuities are characterized by variable spacing (from close to
wide), tight to moderate aperture, and variable Joint Roughness Coefficient (Table 1). The most open
discontinuities are sometimes filled with hard or soft material, indicating a certain rate of water
circulation within the rock mass. This is a key element supporting instability features, since water
circulation favors weathering and worsening of the mechanical attitude of rocks (e.g., [5,12,43,44]).
Persistence of discontinuities is a hard parameter to evaluate, and it affects the slope modeling.
The most persistent set is the bedding surface, evident along the cliff and showing a sub-horizontal
asset. This set is cut by orthogonal systems with unfavorable geometries from the stability point of
view. Such setting is in accordance with the geomechanical condition of neighboring outcrops, recently
studied for stability purposes also through innovative remote survey methodologies [44–47]. All of the
geomechanical parameters surveyed in the field were employed to classify rock masses according to
the Rock Mass Rating classification system [48]. This combines the most significant geostructural and
geomechanical parameters by scoring them to calculate a comprehensive index of rock mass quality
(RMR), usually employed for design and construction of excavations, foundations, and consolidation
works. According to this procedure, studied rock masses can be classified as “fair rock” (RMR between
41 and 60) and are characterized by a cohesion ranging from 240 to 295 kPa and internal friction angle
from 29 to 34◦ (Table 1).

Once the discontinuity systems and their geometrical relationship with the slope face were
identified, kinematic analysis was carried out to give an indication of the stability condition of the
cliff. To this purpose, the main kinematic patterns were taken into account to assess their possible
occurrence. Such procedure highlighted that all the surveyed rock masses are affected by unfavorable
kinematic orientation of discontinuities, resulting in unstable features. The most common unstable
pattern is the planar sliding, which is revealed at all the surveyed outcrops when a discontinuity plane
dips at a flatter angle than the face, with a dip direction differing from the dip direction of the face by
no more than about 20◦. This gains specific relevance considering that the slope face is characterized by
abrupt changes in strike and, therefore, almost all the systems could be involved in this type of failure
when they are in unfavorable condition. A similar consideration can be carried out for toppling, which
is recognizable at the surfaces dipping into the slope face. On the other hand, the intersection between
two or three discontinuity planes gives rise to unstable wedge configurations at each surveyed rock
mass; this failure pattern involves also several random planes, with critical intersections between the
mean planes of grouped sets at stations 1-2-3-6-7, indicating that instability mechanisms are not related
only to the main discontinuity families.
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Table 1. Main geomechanical parameters surveyed at each measurement station.

Set Spacing (mm) Persistance (m) Aperture (mm) JRC Infilling Weathering RMR Class

St-1 (slope 154/70)

J1 (138/60) Close (60–200) High (10–20) Moderate (2.5–10) 4–6 none Moderate

52 III Fair rock
J2 (090/63) Close (60–200) Medium (3–10) Moderate (2.5–10) 2–4 soft Moderate
J3 (023/64) Moderate (200–600) Medium (3–10) Moderate (2.5–10) 4–6 soft Moderate
B1 (213/23) Close (60–200) Very high (>20) Partly open (0.25–0.5) 2–4 none Slight

St-2 (slope 235/84)

J1 (143/66) Close (60–200) High (10–20) Very tight (<0.1) 2–4 none Moderate

56 III Fair rock

J2 (093/75) Close (60–200) Medium (3–10) Moderate (2.5–10) 2–4 none Slight
J3 (043/70) Close (60–200) Medium (3–10) Partly open (0.25–0.5) 6–8 none Slight
J4 (357/78) Close (60–200) Low (1–3) Very tight (<0.1) 10–12 none Slight
J5 (279/71) Moderate (200–600) Medium (3–10) Partly open (0.25–0.5) 6–8 soft Slight
B1 (243/28) Close (60–200) Very high (>20) Very tight (<0.1) 14–16 none Slight

St-3 (slope 080/88)

J1 (165/62) Close (60–200) High (10–20) Very tight (<0.1) 4–8 none Moderate

53 III Fair rock
J2 (107/81) Veryclose (20–60) Medium (3–10) Partly open (0.25–0.5) 6–8 none Slight
J3 (021/63) Close (60–200) Medium (3–10) Very tight (<0.1) 6–8 none Slight
B1 (253/30) Close (60–200) Very high (>20) Very tight (<0.1) 4–8 none Slight

St-4 (slope 235/84)

J1 (159/67) Close (60–200) High (10–20) Very tight (<0.1) 2–8 none Moderate

53 III Fair rock
J2 (093/69) Veryclose (20–60) Medium (3–10) Moderate (2.5–10) 2–4 soft Slight
J3 (026/65) Close (60–200) Medium (3–10) Very tight (<0.1) 4–8 none Slight
B1 (269/22) Close (60–200) Very high (>20) Partly open (0.25–0.5) 2–4 none Slight

St-5 (slope 258/80)

J1 (154/64) Close (60–200) High (10–20) Moderate (2.5–10) 8–12 soft Slight

56 III Fair rock
J2 (048/75) Close (60–200) Medium (3–10) Very tight (<0.1) 4–8 none Slight
J3 (232/84) Moderate (200–600) Medium (3–10) Partly open (0.25–0.5) 2–4 none Slight
B1 (314/16) Moderate (200–600) Very high (>20) Very tight (<0.1) 4–8 none Slight

St-6 (slope 160/80)

J1 (140/72) Close (60–200) High (10–20) Partly open (0.25–0.5) 2–8 hard Slight

52 III Fair rock
J2 (094/70) Close (60–200) Medium (3–10) Partly open (0.25–0.5) 8–12 soft Moderate
J3 (060/82) Close (60–200) Medium (3–10) Partly open (0.25–0.5) 2–4 none Slight
B1 (253/30) Close (60–200) Very high (>20) Very tight (<0.1) 4–8 none Slight

St-7 (slope 095/70)

J1 (159/75) Close (60–200) High (10–20) Moderate (2.5–10) 6–12 soft Moderate

53 III Fair rock
J2 (088/59) Close (60–200) Medium (3–10) Very tight (<0.1) 4–8 none Moderate
J3 (050/75) Close (60–200) Medium (3–10) Moderate (2.5–10) 8–12 none Slight
J4 (337/69) Close (60–200) Low (1–3) Partly open (0.25–0.5) 8–12 soft Slight
J5 (127/34) Close (60–200) Low (1–3) Partly open (0.25–0.5) 2–4 none Slight

St-8 (slope 232/80)

J1 (168/83) Moderate (200–600) High (10–20) Moderate (2.5–10) 4–6 soft Moderate

47 III Fair rock
J2 (088/69) Close (60–200) Medium (3–10) Moderate (2.5–10) 8–10 soft Moderate
J3 (052/78) Moderate (200–600) Medium (3–10) Moderate (2.5–10) 14–16 soft Moderate
J4 (350/74) Moderate (200–600) Medium (3–10) Moderate (2.5–10) 2–4 soft Moderate
B1 (278/17) Close (60–200) Very high (>20) Very tight (<0.1) 2–4 none Moderate
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4. Terrestrial Laser Scanner Survey

Terrestrial Laser Scanning (TLS) is a ground-based remote sensing technique used in different
geological fields to overcome the limits of traditional surveying methods. Joined with the topographic
approach, the TLS technique can produce point cloud data to obtain high-resolution 3D surface
models. In recent years, TLS has been exploited for different engineering geological tasks, including
rockfall stability analysis [2,49], geomorphological and geostructural analyses of coastal cliffs [50–52],
environmental monitoring of deformations, displacement and landslides [53], and discontinuity
analysis of rock slopes (e.g., [54–56]). The great advantage provided by TLS technique is the possibility
to obtain a 3D output model of the scanned element with the accuracy of the best topographic
instruments. Moreover, if used in different times, the TLS outputs can be compared to estimate relative
displacements (e.g., for monitoring slow-moving landslides).

In this paper, TLS was coupled with the topographic approach to obtain an accurate 3D model of
the upper sector of the southern Taormina cliff. A laser scanner Leica P20, working in a range of 120 m
and a rate of 1,000,000 points/s, was employed. Leica P20 also provides an integrated 5-megapixel
camera to produce photos during the scanning process.

Three survey points were chosen to carry out TLS measurements at the southern sector of the
cliff, which is characterized by a sub-vertical slope at its higher portion. This approach allowed for
the achievement of a well-defined point cloud of the scanned cliff, with an accuracy that respects
the target data, namely 6 mm for a measure carried out at a distance of 100 m. This value has been
extensively tested in different works performed using the same laser scanner [57] (Figure 5). Resulting
point clouds were processed using the software Cyclone [58] by filtering data from noise and negligible
parts, thus obtaining a georeferenced Digital Terrain Model (DTM). In particular, the point clouds were
georeferenced using three vertices of known coordinates in UTM-WGS84 and the final points cloud,
with 27,580,698 points produced with a point density of 20,000 per square meter. (Figure 5).
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5. Rockfall Simulations

Rockfall potential trajectories were simulated on 3D and 2D models with the aim of evaluating
their spatial distribution, and of assessing the kinetic energy of falling boulders. Such analysis, which
was preparatory to the hazard assessment discussed in the following section, was carried out by
considering boulders with an average volume of 0.15 m3, which were similar in size to those already
fallen in the area in the recent years. Due to a lack of precise information on the rockfall history of
the cliff, the most reliable datum on the block volume is represented by the latest documented events
described in previous sections (Figure 3).

The 3D model of the cliff was generated by overlapping the DTM obtained by TLS surveys with
its corresponding portion in a DTM with a 2 m regular grid of the whole study area (having the same
reference system), provided for scientific purposes by Assessorato Territorio e Ambiente of Regione
Siciliana. Such procedure was aimed at achieving a better morphological detail of the vertical southern
cliff portion.

Falling blocks were simulated as spheres rotating around their center of gravity by Georock
3D [59], detaching them from a pre-established “launch” site. Their motion is described by impacts on
an elevation-attributed plane represented by a grid of tridimensional nodes forming a triangular mesh,
which is the entire area between the launch and the stopping points of the blocks [8].

Coefficients of restitutions were retrieved by literature, according to back analysis performed
in similar and neighboring contests [8,19,20] (Table 2). Simulations took into account the potential
detachment points, mainly identified on site at the highest portions of the cliff, and the presence of
widespread blocks previously fallen and stopped along the slope, which are likely to be mobilized
giving rise to new rockfall events. The presence of local protection barriers or remedial works was
not considered herein, erring on the side of caution, due to their limited catching area and to their
unknown conditions of maintenance. In fact, cases of falling boulders bypassing existing rockfall
barriers are not rare in the study area [8].

Table 2. Coefficients of restitutions considered for rockfall trajectory simulations (after [8]). Rn: normal
component; Rt: tangential component.

Material Rt Rn

Bare rock 0.80 0.50
Rock and vegetation 0.74 0.24

Rock debris 0.65 0.15
Asphalt 0.90 0.40

The distribution of ten thousand simulated trajectories (Figure 6) shows that almost all the
simulated patterns reach the buildings at the foot of cliff and affect PPS, thus representing a relevant
threat for safety of inhabitants and tourists. The sectors showing the main reception of falling blocks
are located northeast and southeast, where the morphology of the cliff allows the concentration of
trajectories. According to the achieved distribution of the 3D model, then represented by a satellite
image (Figure 6), 2D simulations were carried out on adjacent sections to analyze the kinetic energy
reached during the block route (Figure 6). In this case, rockfall trajectories were simulated along 2D
slope sections according to the Lumped Mass method, which is based on a particle analysis [60]; each
boulder is considered as a particle with a constant mass during the simulation. This latter parameter is
used only to calculate the rock kinetic energy, whose value is provided as the highest kinetic energy
that any rock attained while passing each horizontal location along the section. By adopting the
Lumped Mass approach, the kinetic energy of a falling boulder can be calculated by:

E =
1
2

m v2 (1)

in which E is the kinetic energy, m is the mass of the rock block, and v is the falling velocity [61].
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Estimated energy ranges from 10 to 320 kJ. Minimum values are found at the top of the cliff,
which contains the detachment sectors, where the block movement is mainly represented by rolling
motions along the slope face. On the other hand, the highest kinetic energy values are found in the
lower sector of the southeastern cliff, where, due to an abrupt change in the slope gradient (scarp),
boulders gain energy through free-fall and rebound motions (Figure 7). Vegetation plays a slowing role
on the movement, although this positive action is strictly connected to the presence of shrubs and trees.
In case of fires, which are common events that occur annually in this sector of Sicily, currently vegetated
sectors would be bared, and their braking action would be no longer effective, thus representing a
bad consequence to be taken into account for potential further and more detailed analyses due to the
possible increase of kinetic energy.

An interesting element to point out is the presence of a medium-high energy corridor, affecting
the southern sector of the cliff from its top. Such great values are enhanced by the scarp at the base of
the Saracen Castle (Figure 7), which breaks the rolling movement of boulders favoring their free fall
along the slope (involving also PPS) until the downstream houses and road. This must be regarded as
a key sector, due to the presence of PPS traveled by numerous tourists all year long.
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6. Evolving Rockfall Hazard Assessment

Several authors proposed risk assessment procedures, applied to peculiar case studies worldwide
(e.g., [8,12,16–19]). The utility of this kind of study is a zonation of the hazard to set up a strategy
management of the faced problems, with particular reference to possible activation of emergency
procedures, such as warnings and evacuations.

The Evolving Rockfall Hazard Assessment (ERHA) is a qualitative methodology designed for
the Australian open-pit coal-mining environment and proposed in Switzerland for landslide risk
management purposes. It is aimed at the identification of the most hazardous areas along a slope [25]
based on the employment of a 3 × 3 matrix showing the probability of occurrence and the intensity
of the studied phenomenon along the horizontal and vertical axes, respectively (Figure 8). Cells of
the matrix are labelled low, medium, and high to indicate the level of hazard, growing proportionally
with the probability of occurrence and the intensity of the event [24,25]. As a qualitative method,
this is the first active stage of a risk assessment procedure and can be taken as reference for further
quantitative approaches focused on the targets of potential rockfalls. For simplicity in reading, the
method is described in the following way with reference to the case study presented herein.

ERHA matrix is built considering (1) the state of activity of the slope and (2) the rockfall impact
(i.e., intensity) (Figure 8).

(1) The state of activity is related to the geomechanical condition of studied slopes. This is described
by a score resulting from the rating of the geological structure of the rock (degree of rock mass
fracturing), the potentially unstable patterns (kinematic setting), and the slope performance
(signs of past detachments) (Tables 3 and 4, after [25]). The degree of fracturing of rock mass is
mainly related to the number, arrangement, and persistence of discontinuity sets. In particular,
ERHA method takes into account three rock mass structures, i.e., intact, blocky, and very blocky,
based on the number of discontinuity systems (few sets for intact, three for blocky, four or more
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sets for very blocky categories) [24]. In this case, all these data were retrieved from the rock
mass surveys, which allowed the recognition of 4 to 6 main discontinuity systems (very blocky
structure) (Table 3).

Weathering is present along both the slope face and the open discontinuity planes, while kinematic
analysis highlighted that planar sliding and toppling failures can be regarded as unstable patterns.
Finally, signs of past detachments are widespread along the cliff, as previously addressed. All these
elements allowed scoring 9 as final value of state of activity, which would have turned into 11 in case
of differential weathering. In any case, it corresponds to a “high” state of activity class (Table 4). It has
to be underlined that, even with a lower “state of activity” score (for example between 4 and 7 in
Table 4), slopes with signs of activity are anyhow considered with a “high” state of activity according
to Table 4; therefore, the main variable in this analysis is the rockfall intensity following described.
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Table 3. Parameters, ratings, and weights for evaluating the preliminary state of activity score (after [25]).

Parameter Description Rating Weight Score

Fracturing Degree Massive rock mass 0
3 3Blocky or very blocky rock mass 1

Undercutting Homogeneous weathering 0
2 0Differential weathering 1

Block sliding Unlikely 0
2 2Likely 1

Block toppling Unlikely 0
1 1Likely 1

Slope performance Good 0
3 3Bad (signs of past detachments) 1
∑ 9

Table 4. Stave of activity classes (after [25]).

Preliminary Score Preliminary Class Without Signs of Activity With Signs of Activity

0–3 Low Low Medium
4–7 Medium Medium High

8–11 High High High

(2) Rockfall intensity is related to the impact energy in the exposed zone, which can be expressed by
the total kinetic energy estimated at a defined impact point.
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Due to the necessity of defining an energy boundary between the intensity classes, 300 kJ was
taken as a limit between high and medium classes, since it corresponds to the energy that can be
resisted by a properly built reinforced concrete wall. Similarly, 30 kJ, representing the maximum
energy that oak wood stiff barriers (railway sleepers) can resist [24], was considered as the energy limit
between medium and low classes in the matrix (Figure 8).

For this case study, and according to Figure 7, considering that the state of activity is “high” along
the whole cliff, the final hazard is function of the kinetic energy of rockfalls, estimated herein between
10 and 320 kJ by trajectory simulations.

As a result, hazard varies between Moderate and High values as summarized in Figure 9, in which
a contour map highlighting the variation of hazard based on achieved results is reported. The highest
hazard affects the southeastern cliff, with particular reference to the downstream portions, which
constitute the inhabited sector. This is a key result, because it proves the existence of a level of risk,
which cannot be underestimated. High hazard is found also at the steeper eastern sectors of the cliff,
while PPS is in a moderate-to-high hazard corridor, in which kinetic energy of boulders is variable
with respect to the rebound points, presence of vegetation, and scarps. Nevertheless, this is another
sector at risk due to the daily transit of people reaching the upstream castle.
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7. Discussion and Conclusions

A qualitative approach for rockfall hazard zonation is applied herein to a peculiar part of
northeastern Sicily, where the carbonate cliff of Taormina dominates the Ionian coastline. The Evolving
Rockfall Hazard Assessment is inspired by the widely acknowledged Swiss guidelines for rockfall
hazard, which define different hazard levels based on the probability of occurrence and the intensity of
rockfalls. The first one is redefined by EHRA as the state of activity of the slope, assessable by means
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of a rating-based procedure, while the intensity of rockfalls is estimated through rockfall trajectory
simulations. This approach is a valid scientific tool for preliminary hazard zonation and allows for the
highlighting of the main criticalities of a specific area. In this paper, the carbonate cliff on which the
Saracen Castle of Taormina is perched is the focus of EHRA application. It has been affected by serious
rockfalls over the years, although most of the events were never studied or documented, which mainly
threatened the downstream inhabited center and a pedestrian tourist path (PPS) connecting the city to
the castle.

The study area has a strategic relevance due to its location and history; in fact, the Saracen
Castle is part of the cultural heritage as witness of the defensive architecture of XII and XIII centuries.
The complex geological history of the site, part of the orogenic context of Peloritani Mountains, is the
main factor responsible of the high degree of fracturing of rock masses, studied herein by rock mass
surveys, and carried out at eight measurement stations. Due to the bad logistics of the area, stations
were located according to the availability of suitable rock walls to the survey and to the accessibility of
the cliff. Discontinuities were grouped into 4 to 6 systems, most of which affect dolostone outcrops,
in which the degree of fracturing is enhanced by the brittle behavior of such rock types and the
rock volume is centimetric. At limestones, the wider spacing defines greater volumes of rock, which
represents the most worrying feature from the risk management point of view. In fact, boulders that
recently detached and fell along PPS had volumes of about 0.15 m3. Kinematic analysis highlighted
the predisposition of the rock mass to fail through planar and wedge sliding and toppling mechanisms.
This kinematic setting, along with the geomechanical features surveyed in the field, provided reliable
preliminary knowledge of the stability condition of the cliff and can be considered basic information
for the assessment of the state of the activity of the slopes according to the ERHA method. In this
preliminary stage, the cliff can be assumed as characterized by a “high” state of activity, mainly due
to the unfavorable kinematic patterns, the intense degree of fracturing (“very blocky structure” of
the rock mass), and the widespread signs of rockfall activity. On the other hand, rockfall intensity
was estimated by simulating the potential trajectory of falling boulders, on 2D and 3D models, to
assess their total kinetic energy. From the combination of the rock mass “state of activity” and rockfall
intensity, the hazard level along the cliff ranges from Moderate to High. It is mainly a function of
the intensity of rockfalls, which is higher in the foot of scarps and in steeper sectors, in which blocks
move downwards through rebounds. This is an index of relevant risk, as the most hazardous area is at
the foot of the cliff, where the inhabited center of Taormina and the road SP10 are among the main
elements at risk. A similar consideration is for PPS, which lays within a corridor of moderate-to-high
hazard that cannot be underestimated due to the strong touristic importance of this trail. Besides the
relevance of this study for local risk management purposes, achieved results proved the utility of
qualitative procedures for a preliminary zonation of the hazard arising from the occurrence of rockfalls,
especially in cultural heritage sites, where often logistics and local restrictions make the field surveys
uneasy. Moreover, EHRA results presented on thematic maps can be employed in the perspective
of designing suitable mitigation works, to prevent the occurrence of rockfalls and/or reduce related
consequences. Such an aspect is crucial for further in-depth studies dealing with the assessment of the
acceptability of resulting risk, from the legal and administrative points of view, which aim to achieve
acceptable levels of risk.
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