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Abstract

:

This paper deals with the evaluation of rockfall risk in cultural heritage, in the frame of a quick protocol for a preliminary zonation, to ensure the safe management and sustainable fruition of the sites. Several historical complexes in mountainous areas are indeed threatened by rock slope instability, and rockfalls can be counted among the main causes of fatality. In such a complex, a rockfall risk zonation would represent a useful management tool for both the choice of specific safe tourist paths, but also for the proper employment of economic resources allocated for mitigation measures. Nevertheless, the management of cultural heritage lacks such plans and tourists are often exposed to risks, while funds are often employed without a specific priority. In this paper, a quick procedure was tested at the historical complex of Taormina (southern Italy), which hosts numerous tourist spots often affected by rockfalls. The Saracen castle, for example, is currently closed to the public due to the rockfalls that repeatedly affected the entrance road, while Castelmola village, counted among one of the most beautiful Italian villages, stands on the top of a cliff affected by frequent rockfalls involving the only access road. The approach is composed of several steps and requires a heavy site characterization in terms of historical records and geostructural setting. The risk assessment procedure was chosen among the semiquantitative ones available in literature, and the final assessed risk was represented on a thematic map to provide a tool which could be used as a base for the planning of final remedial works.
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1. Introduction


The Convention for the Protection of Cultural Property in the Event of Armed Conflict was signed at The Hague (Netherlands) in 1954, after the massive destruction of cultural heritage during the Second World War. It represents the global commitment of world countries to take all possible steps to protect cultural properties in case of future wars. Such a milestone regards immovable and movable cultural heritage including, among others, monuments of architecture, art or history, and archaeological sites. Nevertheless, in periods of peace, there are other threats impending over the cultural heritage and arising from natural events. With specific reference to territories hosting examples of cultural heritage, in terms of monuments, religious/tourist sites or entire towns, the main risk factors include a wide spectrum of hazards, from seismic to climatic. In this view, the cultural tourism sector in general needs protection and requires an ensured sustainability, intended as a balance between society, the environment, and the economy [1,2]. Every year, natural disasters cause loss of life and damage to property, including heritage sites, as well as damage to the environment [3,4,5]. The most remarkable natural events usually threatening the fruition of such areas are earthquakes (e.g., [6,7,8]) and landslides (e.g., [9,10,11,12,13]). These two phenomena can be often associated, as a seismic event can be considered a trigger of landslide movements [14,15,16,17,18,19]. In this scenario, rockfalls represent a sudden, hazardous event threatening several mountain areas worldwide [20,21,22,23,24] usually driven by local geological, geomorphological and climatic specific conditions. When these phenomena threaten the possibility of a safe fruition of cultural heritage, the problem gains high relevance due to the potential involvement of a great number of people. Natural disasters affect both the immovable heritage elements such as monuments, archaeological sites and historic urban areas, and the movable components, e.g., museum collections and heritage objects representing great significance to the local community. This aspect falls within the wide topic of the preventive conservation of cultural heritage, involving also the environmental management [25]. Disaster risk management involves mitigation measures and adaptation strategies aimed at reducing the risks to movable and immovable heritage components, by taking into account their economic and heritage values. In particular, risk arising from rockfalls is not only limited to the site itself, where the safety and protection of visitors must be ensured, but also to the access infrastructure where visitors converge. For safe management of the sites, a localization of the areas at risk is crucial, along with the assignment of a priority for risk remediation measures to perform. Such zonation would indeed represent a useful tool for the management of the site, in the perspective of the proper destination of allocated economic resources. The procedure should be quick and be based on a critical evaluation of the slope stability, even according to data already available in literature or local offices, and should provide a risk zonation highlighting the areas that must be studied in-depth for a definitive securing. In the scientific literature, there are examples of rockfall risk management (e.g., [26,27]), which should always be based on a preliminary zonation of the territory.



In this paper, a rockfall risk assessment-based procedure is tested on a rockfall-affected area to achieve a zonation of rockfall risk in a wide historical complex. The risk assessment method was chosen among those available in literature [28] and is a semiquantitative rating system, developed on an empirical basis, for natural rock slopes. The area chosen for this application is located in northeastern Sicily and involves the Taormina complex. This region has been suffering rockfall threats for decades due to its particular geological and tectonic setting. The historical complex taken into account herein is composed of the Saracen Castle of Taormina, located on the top of a carbonate promontory, which is closed to the fruition due to the rockfalls that repeatedly affected the entrance road; part of the Taormina city center, threatened by rockfalls originating from the Monte Tauro cliff, which cross a pedestrian path connecting the center to the castle; and Castelmola village, one of the most beautiful Italian villages [29] standing on the top of a carbonate cliff affected by frequent rockfalls involving the only access road. In this paper, after the analysis of literature and historical data available on these locations, the Rockfall Risk Rating System [28] was applied to each sector to compile a thematic map on the priority of remedial measures, so as to provide an example of useful output for the management of the sustainable fruition of cultural heritage in areas affected by rockfalls.




2. Methodological Approach


The aim of this paper is to test a quick protocol for the assessment of rockfall risk along natural slopes to achieve a preliminary zonation in cultural heritage sites for their safe management and sustainable fruition.



The methodological approach followed herein (Figure 1) starts with information gathering on the rockfalls that affected the area in the past. The historical record is a key source of data and provides guidance as to what could happen in the case of further events. Any kind of source is welcomed, from scientific/technical literature to local interviews, because usually only the greatest events, in terms of rock volume and magnitude, are documented by local chronicles. The observation of marks left by previous rockfalls on the ground could be helpful, although such signals are usually soon erased by vegetation and time. This preliminary activity lays the foundations for the identification of the past source areas and the location of potentially unstable sectors of the rock masses. Once we achieved such knowledge, the following step was to locate the elements at risk, i.e., all assets occurring in an area that could be adversely affected by a rockfall hazard [30]. In this specific case, the term “asset” refers to people (e.g., visitors stopping at a particular spot, visitors passing along a path), structures and infrastructures, properties (e.g., vehicles, items within houses, domesticated animals), activities (e.g., commerce, transportation, entertainment) and environment (flora, fauna, environmental quality and amenity) [30]. Such a wide spectrum of assets proves the wide spectrum of elements at risk that should be considered in the case of tourist areas, moving the viewpoint from the consideration that risk arises only if a rockfall could hit a person, to the fact that risk exists even if a small boulder brings damage to a structure. Once such key information is collected, the location of protection measures present along the slopes must be carried out, as in a risk assessment which can act in favor of a risk reduction (Figure 1).



The risk assessment can be carried out according to one of the numerous approaches found in literature (e.g., [31] and reference therein), considering that this activity should lead to a preliminary zonation on a general scale of the site, which in turn will be the starting point for specific remedial measures design. In this study, we have chosen the semi quantitative Rockfall Risk Rating System (RRRS) proposed by [28] due to its suitability for natural and man-made slopes. It defines twenty rating parameters, grouped into four categories according to the hazard and consequences, with a different weight in the final risk assessment (Table 1). The first category of hazard A involves parameters depending on the slope geometry and the detachment area. Category B refers to the geological setting and rock mass geomechanical conditions, while category C is about the potential triggering factors and drainage condition. Finally, category D holds parameters on the presence of mitigation measures, elements at risk and the accessibility of the slope (Table 1). In this specific frame, we suggest herein a possibility to evaluate the benefit arising from the presence of mitigation measures, by providing the point 17b (presence of mitigation measures) as an alternative to the original 17 (width of catchment zone). In this case, we can discriminate the absence of mitigation measures (maximum rate, as for the absence of catchment zone), the presence of localized and preliminary measures, the presence of diffuse permanent mitigation measures but with some still unprotected slope sectors, and the presence of an efficient stabilization series of measures.



Each parameter is rated with a score between 10 and 100, where 10 represents the most favorable condition and 100 the most adverse one. Such scores have to be weighted according to each category weight, defined by [28] based on reasonable geoengineering judgments, and the final risk score is the sum of such values. According to the resulting weighted score, which would range between 1 and 100, 5 risk classes are defined, from very low (<20) to very high (81–100) (Table 2). This allows a quick rating of the studied rock masses, thus a prioritization of remedial works.




3. The Historical Complex of Taormina


Tauromenium was founded by Andromacus under the tyranny of Dionysius in 392BC. Built on Monte Tauro, this village and its strategic location became a favorite holiday spot for Patricians and Senators of the Romans in 212BC, thus giving rise to Taormina’s long history as a tourist resort. After the fall of the Roman Empire, the domination was by Byzantines and then by the Arabs in 962. They changed the name to Almoezia and introduced new agricultural practices, medicine and mathematics. In 1079, the arrival of Normans allowed Taormina to maintain its prosperous condition, from both the cultural and the economical points of view. The different conquerors left a mark in the territory, still found in the numerous monuments available for the international tourist fruition, such as the Greek-Roman theatre, the Saracen castle, tens of medieval streets, the 13th Century Cathedral and Baroque fountain, the probable ancient acropolis Castelmola and its castle.



Although on the one hand, the territory hosting such cultural heritage allowed its historical development thanks to the strategic setting, i.e., steep cliffs dominating the Ionian coastline, on the other hand, it is the main cause of risk arising from natural events. In fact, this territory has been suffering a relevant rockfall problem for decades. The geological and tectonic setting are mainly responsible to a poor-fair geomechanical quality of the rock masses (e.g., [32,33,34,35]), which often gives rise to rock volume detachments, especially after heavy rainfalls. The most critical detachment points are located along carbonate rock masses belonging to the Liassic greyish-white limestones and dolostones formation described by [36]. This represents the sedimentary cover of a metamorphic terrain, which is the basement of the Peloritani Mountains, a regional nappe-pile edifice composed by distinct tectonic slices. Most of the rockfalls have never been documented, although [37] provided a list of the most remarkable ones, which is herein integrated with the most recent ones (Table 3). This analysis highlights that in the latest years there is at least one event per year causing safety problems, thus deserving a critical attention. The main elements at risk of the area are represented by infrastructures connecting Taormina to Castelmola (both pedestrian and vehicular paths) (SP-10), the main square of Castelmola (MS-viewpoint on Taormina) and the pedestrian pathway (PPW) to reach the Taormina castle from the city center. This condition represents a threat to the site fruition, especially in periods with a high tourist rate (Figure 2).




4. Definition of the Study Areas


4.1. Area 1: Monte Tauro Cliff and the Saracen Castle


The Saracen Castle stands on the top of Monte Tauro, a 390 m-high carbonate cliff, where the remains of this fortification are represented by the imposing tower, the walls, a cistern and an underground corridor (Figure 3a). Today, the castle is closed to the public, although tens of tourists daily reach the top of Monte Tauro to see the wonder of this ancient historic monument and the magnificent panorama from the summit. To reach the monument, a pedestrian path (PPW) starts from the lower city center of Taormina and climbs steep rock slopes through a series of staircases with twelve stops at the Stations of the Cross, making this pathway relevant even from the religious point of view (Figure 3b). This infrastructure shows widespread damage, both in the pavement and at some segments of the banister, brought by falling rock boulders detached from the upper carbonate cliff. Some of these blocks, with a volume of about 0.15 m3 can still be found either on the pathway or at its side (Figure 3b,c), and signs of recent detachments can be seen at the sub-vertical rock face, along with evidence of unstable blocks (Figure 3d).



Starting from these field observations, with the aim of applying the RRRS to this slope, the collection of data on the historical rockfalls was carried out by local interviews and scientific literature. Mineo et al. [35] presented a preliminary hazard analysis of the cliff, highlighting that PPW mainly falls within a high-to-moderate hazard sector according to the application of a hazard matrix. Nevertheless, the final PPW segment, close to the entrance of the castle, was not taken into account by the above mentioned study, although local people told us about frequent rockfalls involving smaller boulders (about 0.05 m3), which represent a threat for the passing visitors (Figure 3d). Signs of bolt reinforcement are visible at the highest portion of the cliff (Figure 4a) below the castle, and a rockfall barrier has been surveyed behind a private house.



According to this setting and in the perspective of the aim of this paper, this area can be divided into two sectors:




	
Sector 1a: Enclosing the highest portion of PPW, in the proximity of the entrance of the castle, where remedial measures have never been performed and where loose rocks were surveyed (Figure 4a)



	
Sector 1b: Enclosing the downstream portion of PPW, which is still affected by boulders detaching from the northwestern cliff (Figure 4a)








The geostructural setting of the rock mass was studied by Mineo et al. [35], who performed rock mass surveys highlighting that the most frequent unstable kinematic pattern is the planar sliding, followed by toppling and some wedge configurations (Figure 4b). The geomechanical quality of the rock, assessed by the Rock Mass Rating system (RMR, [47]) was assessed as “fair rock” (RMR between 41 and 60), and some simulated trajectory of blocks underline that PPW is affected by block bounces at several spots (Figure 4c).



For the risk assessment proposed herein, the information was treated with the specific aim to assign the scores according to Table 1. In particular, the cliff face is affected by a sub-vertical geometry and rockfalls mainly arise from its top, representing the worst scenario considered in the RRRS. Total height is about 30 m at area 1a, while it is >60 m at area 1b. On the one hand, the presence of PPW climbing over the slopes enhances the block bouncing, on the other, vegetation plays a braking role. Joints show a medium to high persistence along with moderate apertures, sometimes filled with soft material, and index of water circulation within the fracture network (Figure 4d). Joint Roughness Coefficient JCS is, on average, 50 MPa, while the intact rock strength shows an average value of 80 MPa [48,49]. The block volume can be herein estimated according to the past rockfalls and it is on average <1 m3; while rainfall condition is seasonal, with rains mainly occurring in winter and spring, although summer heavy rains usually characterize the local climate. Rock mass permeability is high thanks to the fracture net and karst features which are widespread over the cliff [50]. With reference to presence of stabilization measures, there are still several sectors of the slope requiring mitigation works, therefore the rate considered herein for this category is 60.



The final rating assigns the score of 52.7 and 48.65 for areas 1a and 1b, respectively. According to the RRRS classification system, both areas fall within class III (medium risk), where light measures (such as bolts, nets, removal of unstable blocks, simple light fences) are suggested. The difference between the two scores is due to the presence of a denser vegetation at area 1b, which plays a breaking action on falling boulders, the greater apertures of discontinuities at area 1a, and the absence of mitigation measures at area 1a. In this latter case, although at area 1b the highest portion of the southern cliff was secured by active measures, the eastern cliff (source area of the latest rockfalls) is still unprotected.




4.2. Area 2: Castelmola Village


Chosen to be part of the “Most Beautiful Italian Villages”, Castelmola is a pre-Hellenic settlement probably serving as Taormina’s acropolis in historical time. It stands on the top of a carbonate cliff, with a rugged morphology, resulting from dynamic geological and geomorphological processes. The village surrounds the ruin of a Norman castle, perched on the highest spot of the cliff, and can be reached by the only SP-10 access road passing through the close Taormina (Figure 2). The historical research performed herein to reconstruct the rockfall activity of the site returned key information: in the 1990s, the cliff underwent an in-depth geognostic campaign, both through direct and seismic surveys, in the frame of a partial stabilization project [39]. Five main discontinuity systems were recognized at the rock mass, giving rise to the rock fragmentation into unstable blocks (volumes up to 0.75 m3) and the poor geomechanical quality of the rock was assessed by Rock Quality Designation (RQD) [51] with values below 55%. Data available in the scientific literature highlight that the main cliff, where the city square (MS) is one of the main tourist spots located on its top (Figure 5a), hosts unstable rock volumes ranging from 0.5 to 432 m3. The most recurrent kinematic feature is represented by wedges, formed by the intersection of the most persistent discontinuity systems (Figure 5a), according to the geomechanical configuration of the area [52]. Variously fractured rock material is present within the wedges and represents the mobilizable rock volume in case of failure. A stability analysis, performed according to the limit equilibrium method, returned safety factors ranging between 0.90 and 1.30 in static conditions and <1.00 under pseudo-static conditions [41]. Due to the high hazard arising from this setting, a rockfall barrier was built in 2006 to protect a group of houses and, more recently, part of the cliff was secured with wire meshes. Seismic Down-Hole surveys were carried out for the measurement of P and S wave velocities. Their cross-correlation allowed mapping portions of the rock mass with different geomechanical features (Figure 5b). Low velocity areas (P-wave velocity = 1000–2000 m/s) were found at both the top and the base of the cliff, indicating the presence of loose and intensely fractured rock, while higher velocities (P-wave velocity >3000 m/s) occurred in the central cliff portion [39].



Although some remediation works were performed in the latest years, the northeastern portion of the cliff, below the city square, is still unsecured and shows critical signs of instability. All the latest events arise from this rock mass, with volumes up to 5 m3. The latest remarkable event occurred in 2019, when blocks reached a downstream bus stop and the SP-10 access road, leading to its temporary closure (Figure 5c,d). After this event, urgent remedial works were performed to build a further barrier to protect the road.



According to such retrieved data, the RRRS was applied to this rock mass sector considering a sub-vertical cliff, with a release area located along its upper half, where no protections are present. Rock mass surveys highlighted the presence of karstic features along the slope. More specifically, the presence of a great karst cave, which developed along a fault plane, is detectable by the naked eye. This is 8.5 m high and 5.5 m large, testifying the presence of water circulation in the subsoil. Finally, the presence of sparse preliminary measures was considered along with the high-frequent human presence.



The final rating allows classifying this as a high-risk area, with a 64.8 final score (Table 4), where the combination of active and passive protection measures is suggested. Here, the presence of wide karst caves in an unprotected cliff makes this spot a relevant threat for the fruition of the site, both at MS, where retreat phenomena could lead to the square collapse, and at the access routes (both pedestrian and SP-10).




4.3. Area 4: Transit Route for Access and Fruition


The two main villages of Taormina tourist complex are connected by a single 6 km-long road (SP-10), which crosses steep slopes affected by an intense degree of fracturing (Figure 6a). This is one of the main targets for boulders falling along the slopes and the risk related to its involvement in rockfalls cannot be neglected. In fact, its closure for block invasion, although temporary, leads to a series of disservices such as the isolation of the village, which cannot be reached both by local inhabitants and by rescue in case of emergency. Furthermore, the traffic units traveling the road are the main elements at risk, along with a rate of pedestrian tourists. This infrastructure has already been taken into account for risk assessment purposes by [32,37], who classified this road as a high-risk route according to some semiquantitative and quantitative scientific procedures. In this paper, since the road is part of the tourist complex and it is the only tourist available path, we decided to include its northernmost sector (the one bordered by high carbonate dolostone and limestone cliffs) among the key areas of the Taormina complex and to apply the methodological approach of RRRS. According to [32], the structural setting of dolostones is characterized by 4–5 intersecting discontinuity systems (Figure 6b), with spacing ranging between 2 and 60 cm and openings from 0.1 to >5 mm. Fractures are generally filled with sand or calcite and show smooth or undulated surfaces, with a joint roughness coefficient (JRC) [53] ranging from 2 to 12. Analogously, limestones are crossed by four discontinuity systems, with apertures often >5 mm and JRC between 2 and 12. No considerable karst features have been surveyed in the outcrops of the study area. Slope height is between 30 and >60 m and the detachment zone is located at different altitudes. According to [37], the average block volume is 0.13 m3 and there are some sectors of the slope already partially secured with wire meshes (Figure 6). Furthermore, tectonic structures cross this road segment, enhancing the weakness of the already poor rock masses (Figure 6a).



The final assigned score is 51.75, corresponding to a medium risk area (Table 4). Despite the closeness with area 2, this mountain sector is characterized by a lower angle of slopes with a smoother morphology, along with a smaller block volume and the absence of karst features, resulting in a slightly lower final score.





5. Discussion and Conclusions


Results achieved in this study can be commented according to two aspects. The first one regards the local significance of outcomes, which could be employed by authorities as a guideline to commission in-depth studies aimed at the final securing of the areas. The second aspect is the scientific interest that the international community may take from this paper.



Starting from the first aspect, results show that all the examined areas are affected by a medium-to-high risk level, arising from unstable rock masses, which should undergo active and passive remedial measures. This would ensure a safe fruition of the Taormina historical complex, which is indeed one of the most known Italian tourist destinations. In particular, area 1, where the historical Saracen Castle of Taormina lays perched on the top of a carbonate cliff, results showed it was affected by a medium risk level due to the poor geomechanical quality of the rock and the presence of loose rock material impending over the pedestrian access pathway. Here, several rockfalls occurred and damaged this infrastructure, despite the presence of some localized active remedial measures (Figure 4). Area 2, where the ancient acropolis of Taormina is now one of the “most beautiful Italian villages” [29] results showed that it was affected by a high rockfall risk due to the relevant height of the source zone, the presence of karst features and the unfavorable kinematic condition of discontinuities (Figure 5). Finally, area 3, enclosing the northernmost segment of the only connection route between the previous areas, is affected by a medium risk level threatening the traffic units passing along the road (Figure 6).



Achieved outcomes highlight that risk arising from rockfalls is an aspect that cannot be underestimated when public safety is involved. Although the rockfall modelling is a complex activity, resulting from specific studies and surveys, in this paper we have presented a quick, preliminary procedure that can be applied to tourist sites for the evaluation of a risk level, in the perspective of a prioritization of remedial works. The applied system was chosen among the semi-quantitative ones available in literature and is suitable for natural rock slopes. In particular, the Rockfall Risk Rating System [28] applied herein proved a suitable tool for a preliminary risk zonation according to 20 parameters involving the slope geometry, the geostructural condition and the presence of elements at risk. In this specific frame, the reconstruction of a historical record on previous rockfalls is a key activity that can be performed by collecting data available in local chronicles, literature, and technical reports. Furthermore, if data on the geostructural/kinematic setting of the rock mass are already present, these can be used as preliminary information ensuring an expedite risk assessment. Alternatively, rock mass surveys should be performed to achieve a knowledge for the application of RRRS. Among the considered parameters, the impact on elements at risk holds the highest weight, followed by the presence of mitigation measures. These parameters are crucial, considering that this procedure is aimed at an evaluation of risk at cultural heritage sites. Nevertheless, there is a certain rate of subjectivity in such an evaluation, which, on the one hand, ensures a sort of flexibility of the methodology, which can be adapted to multiple cases, but on the other hand, can lead to an under-/over-estimation of the final score. In fact, if, for example, mitigation measures are present, the risk assessment must take into account the distribution of such structures and their efficiency, even from a preliminary evaluation, in order to highlight the contribution of rockfalls from unprotected sectors.



The final outcomes can be summarized in a thematic map, showing a different color according to the risk zonation and the main elements at risk (Figure 7), which could be used by the local administrators in the perspective of ensuring a sustainable fruition of the site. The whole procedure is quick, if historical and technical data are easily available, and does not require specific economic investments. This makes it suitable for a wide spectrum of cultural heritage in areas affected by rockfalls worldwide, where the need of an instrument that would lay the foundation for the beginning of a final securing is paramount for the sustainable fruition of the goods.



Outcomes achievable by this procedure can represent a useful instrument aimed at claiming funding to pursue the goal, although this would require in-depth studies. In this latter case, the parameters of likelihood and consequence deserve a specific attention, even in a quantitative way, as well as the geotechnical characterization of the slope for a suitable design of mitigation measures. In the specific case of rockfalls, the likelihood can be taken into account by the estimation of the probability of occurrence, based on field data and rock parameters. This is directly related to the slope stability assessment and to the estimation of the factor of safety. On the other hand, consequences arise from the specific elements at risk that are involved, and on the probability that a falling block can intercept either a passing vehicle, or a building, or a person, for example. Such considerations will depend on the trajectory modeling of rockfalls and on probabilistic calculations based on field data, which represent the next steps for the in-depth characterization of the problem aiming at a final remediation.
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Figure 1. Suggested procedure for rockfall risk zonation at cultural heritage sites. 
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Figure 2. Location of the most relevant spots threatened by rockfall in the Taormina complex. Key: PPW—pedestrian pathway; SP-10—Provincial Road 10; MS—Castelmola Main Square. 
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Figure 3. (a) Internal view of the castle; (b) block stopped at a Station of the Cross; (c) block stopped by the banister and damaging the road pavement; (d) loose rock mass. 
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Figure 4. (a) Satellite map of the area 1; (b) representative stereonets of the sub-areas (data from [35], P-critical area for planar sliding, T-critical area for toppling, red squares are the intersection lines of unstable wedges; (c) representative rockfall simulation (modified from [35]); (d) apertures >100 mm at area 1a. 
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Figure 5. (a) 3D model of the cliff, with the following key features highlighted: 1: karst caves, 2: fault, 3: main discontinuities intersecting to form wedges, 4: shear plane, 5: MS, 6: SP-10, 7: greatest unstable volumes; (b) cross section of the Castelmola cliff reconstructed by means of borehole drillings and down-hole seismic surveys (modified after [39]); (c) block stopped at the pedestrian path in 2019 damaging its pavement; (d) block stopped at SP-10 in 2019. 
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Figure 6. (a) 3D model of the area with main features reported: Main Square (MS), Provincial Road 10 (SP-10); (b) particular of a source area; (c) representative kinematic analysis of the source areas, (P-critical area for planar sliding, T-critical area for toppling, red squares are the intersection lines of unstable wedges). 
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Figure 7. Rockfall risk map with location of the main elements at risk. 
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Table 1. Parameters and Rating of the Rockfall Risk Rating System (after [28]).
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Category

	
Parameter

	
Weight (%)

	
Rate




	
10

	
30

	
60

	
100






	
A

	
1. Slope angle (°)

	
7

	
25–40

	
40–50

	
50–60

	
>60




	
2. Slope height (m)

	
4

	
<15

	
15–30

	
30–60

	
>60




	
3. Release area height

(H = slope height)

	
7

	
H/4

	
H/2

	
3H/2

	
H




	
4. Slope roughness

	
3

	
Rough, planar

(friction reduces acceleration)

	
Planar smooth

(helps acceleration)

	
Rough, presence of narrow benches (helps bouncing)

	
Very rough, presence of narrow benches




	
5. Vegetation of slope

	
4

	
Dense, occurrence of trees

	
Low, occurrence of bushes

	
Sparse

	
No




	
B

	
6. Joint roughness, filling and opening

	
6

	
Rough, stepped (rating 10); Smooth, stepped (rating 15)

	
Undulating or filling material with angular fragments or moderate opening of joints 2.5 to 10 mm

	
Slightly rough planar or filling with stiff clay >5 mm independent of roughness or very wide joint opening 10 to 100 mm

	
Smooth planar or filling soft clay >5 mm independent of roughness or extremely wide opening >100 mm




	
7. Joint orientation (or combination of joints)

	
5

	
Favorable for stability

	
Moderate

	
Adverse

	
Very adverse




	
8. Joint persistence (m)

	
4

	
Very low <1 m (rating 10); Low 1–2 m (rating 15)

	
Moderate 2–5 m

	
High 5–10 m

	
Very high >10 m




	
9. Joint compressive strength (MPa)

	
1

	
>30

	
20–30

	
5–20

	
<5, weathered




	
10. Intact rock strength (MPa)

	
1

	
<10

	
10–30

	
30–60

	
>60




	
11. Block volume/rock mass blockiness (m3)

	
4

	
<1 (rating 10);

1–2.5 (rating 15)

	
2.5–4.0

	
4.0–8.0

	
>8.0




	
12. Estimated number of blocks

	
2

	
None

	
1–5

	
5–10

	
>10




	
13. Karstic features

	
2

	
None

	
Sparse

	
Moderate

	
Frequent




	
C

	
14. Rainfall conditions and intensity

	
3

	
Seldom (rating 10); Sparsely (rating 15)

	
Seasonal

	
Often

	
Very often during the whole year




	
15. Permeability/condition of slope drainage

	
3

	
Very high (rating 10); High (rating 15)

	
Moderate

	
Low

	
Very low




	
16. Seismic hazard (acceleration coefficient)

	
4

	
<0.16

	
0.16–0.24

	
0.24–0.36

	
>0.36




	
D

	
17. Width of catchment zone (m)

	
10

	
>20 (rating 10);

10–20 (rating 15)

	
5–10

	
2–5

	
No




	
17b. (alternative to 17) presence of mitigation measures

	
10

	
Efficient stabilization series of measures present

	
Permanent measures, but some unprotected sectors present

	
Sparse preliminary measures

	
None




	
18. Rockfall history

	
5

	
Null to few (rating 10); Occasional (rating 15)

	
Numerous

	
Often

	
Continuous




	
19. Slope accessibility

	
5

	
All (rating 10)/Most (rating 15) types of stabilization possible

	
A number of types of stabilization possible

	
Few types of stabilization possible

	
Very difficult access




	
20. Potential result of impact and value of structures

	
20

	
Negligible (rating 10); Low: low human activity (rating 15)

	
Moderate human presence, low frequency of houses

	
High: frequent human presence, numerous houses

	
Very high: constant human presence, densely inhabited areas
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Table 2. Rockfall risk classes (after [28]).
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	Risk Class.
	Total Weighted Score
	Risk
	Indicative Protection Measures





	I
	<20
	Very low
	Not necessary. May be sparse spot interventions



	II
	21–40
	Low
	In limited extent



	III
	41–60
	Medium
	Light measures (such as bolts, nets, removal of unstable blocks, simple light fences)



	IV
	61–80
	High
	Combination of active (such as bolts, anchors) and passive (such as nets, wire rope cables, buttress walls, fences removal of unstable blocks) measures



	V
	81–100
	Very high
	Critical state of stability, combination of generalized and/or strong active and passive measures. Residual risk to be accepted.
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Table 3. Most remarkable and documented events at the Taormina area (integrated from [37]).
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	Date
	Brief Description
	Reference





	1952
	Serious damage along the road
	[38]



	1996
	Rockfalls along the main cliff
	[39]



	1997
	Rockfalls along the main cliff
	[38]



	29 August 1999
	A block hit a car along the road
	[38]



	2006
	A boulder of about 6 m3 fell close to houses in the southeastern sector of the village
	[33]



	1 March, 2012
	Landslide threatened the water pipeline
	[32]



	March, 2012
	A block crossed the road at a bend
	[40]



	29 August 2013
	3 blocks detached from the cliff hitting private houses and reaching the SP-10
	[41]



	2013
	A block stopped along the pedestrian pathway connecting Taormina to the castle
	[35]



	February 2015
	2 blocks reached the SP-10 at a bend
	[42]



	October 2015
	Widespread landslides due to heavy rain
	[43]



	2015
	A block stopped along the pedestrian pathway connecting Taormina to the castle
	[35]



	10 November 2016
	2 blocks detached from the cliff and reached a secondary road threatening private houses
	[44]



	15 October 2018
	A boulder disrupted the SP-10 at a bend
	[45]



	5 January 2019
	About 60 m3 of rocks affected the pedestrian trail and the SP-10 at the bus stop
	[46]
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Table 4. Summary of the weighted scores assigned to each study area.
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Category

	
Parameter

	
Weighted Rate




	
Area 1a

	
Area 1b

	
Area 2

	
Area 3






	
A

	
1. Slope angle (°)

	
7

	
7

	
7

	
4.2




	
2. Slope height (m)

	
1.2

	
4

	
4

	
2.4




	
3. Release area height

(H = slope height)

	
4.2

	
4.2

	
7

	
4.2




	
4. Slope roughness

	
1.8

	
1.8

	
3

	
1.8




	
5. Vegetation of slope

	
2.4

	
1.2

	
2.4

	
2.4




	
B

	
6. Joint roughness, filling and opening

	
6

	
3.6

	
1.8

	
1.8




	
7. Joint orientation (or combination of joints)

	
3

	
3

	
5

	
5




	
8. Joint persistence (m)

	
2.4

	
2.4

	
2.4

	
2.4




	
9. Joint compressive strength (MPa)

	
0.1

	
0.1

	
0.1

	
0.1




	
10. Intact rock strength (MPa)

	
1

	
1

	
1

	
1




	
11. Block volume/rock mass blockiness (m3)

	
0.4

	
0.4

	
2.4

	
0.4




	
12. Estimated number of blocks

	
0.6

	
0.6

	
1.2

	
0.6




	
13. Karstic features

	
0.6

	
0.6

	
2

	
0.2




	
C

	
14. Rainfall conditions and intensity

	
0.9

	
0.9

	
0.9

	
0.9




	
15. Permeability/condition of slope drainage

	
0.45

	
0.45

	
0.45

	
0.45




	
16. Seismic hazard (acceleration coefficient)

	
2.4

	
2.4

	
2.4

	
2.4




	
17b. Presence of mitigation measures

	
10

	
6

	
6

	
6




	
18. Rockfall history

	
0.75

	
1.5

	
3

	
3




	
19. Slope accessibility

	
1.5

	
1.5

	
0.75

	
0.5




	
20. Potential result of impact and value of structures

	
6

	
6

	
12

	
12




	
Total weighted score

	
52.7

	
48.65

	
64.8

	
51.75
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