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Abstract The capability to measure at distance dense cloud of 3D point has improved the

relevance of geomatic techniques to support risk assessment analysis related to slope

instability. This work focuses on quantitative analyses carried out to evaluate the effects of

potential failures in the Vulcano Island (Italy). Terrestrial laser scanning was adopted to

reconstruct the geometry of investigated slopes that is required for the implementation of

numerical modeling adopted to simulate runout areas. Structural and morphological ele-

ments, which influenced past instabilities or may be linked to new events, were identified

on surface models based on ground surveying. Terrestrial laser scanning was adopted to

generate detailed 3D models of subvertical slopes allowing to characterize the distribution

and orientation of the rock discontinuities that affect instability mechanism caused by

critical geometry. Methods for obtaining and analyzing 3D topographic data and to im-

plement simulation analyses contributing to hazard and risk assessment are discussed for

two case studies (Forgia Vecchia slope and Lentia rock walls).
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1 Introduction

The quantitative and qualitative assessment of the classification, volume (or area) and

spatial distribution of landslides which exist, or potentially may occur in an area, represents

the first step to implement a risk analysis. Landslide susceptibility maps can be compiled

by using predictive models, contributing to the landslide hazard zoning that also requires

an estimate of the frequency of occurrence (Fell et al. 2008). Risk assessment is performed
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by studying the evolution of a landslide phenomenon in relation to the exposure of man-

made structures and population. Prevention consists primarily in proper land-use policy

and mitigation actions. It begins with accurately observing active slopes to identify the

landslide susceptibility areas. Risk mitigation actions include a preliminary phase aimed at

the collection of information on landslides occurred in the past (Fell et al. 2008). In

addition, they require the implementation of adequate monitoring systems using in situ and

remote sensing data. In this way, the identification of areas prone to landslide events and

the simulation of potential failures can be addressed.

Flanks of active volcanic edifices are frequently affected by instability phenomena. In

some cases, inhabited areas have progressively approached active unstable slopes, in-

creasing the risk linked to possible failures that, at the onset of volcanic phenomena, can

occur much faster and more unexpected than other volcanic events (McGuire 1996).

Therefore, active volcanic areas deserve attention also during quiescent period since the

probability of failure is increased by hydrothermal activity that contributes to weaken the

volcano flanks. At coastal volcanoes, a further hazard is related to the tsunami waves that

can be generated by the propagation of the landslide mass into the sea. This work is

focused on two areas on the island of Vulcano (Aeolian Islands, Italy) where instability

processes have already occurred: the slope of the Forgia Vecchia (FV) and the Lentia

Complex (LC) (Fig. 1). The sites were chosen as test cases to demonstrate how 3D sur-

veying techniques can support surface data collection in order to investigate on instability

mechanisms and to contribute to the evaluation of potential destructive scenarios.

FV site is situated on the northern-east flank of the subaerial part of the La Fossa

volcanic edifice (a pyroclastic cone of about 240 m high and a base diameter of m at sea

level of 2000 m). It corresponds to the vent of the eastern flank of La Fossa that steeply

dips toward the sea and has already undergone landsliding of rock volumes that entered in

the sea causing tsunami waves. An example of this type of event is the landslide occurred

in 1988 (Fig. 1) that produced waves few meters high to the harbor area along the northeast

side of the Island (Tinti et al. 1999). The northern flank of La Fossa, partially formed by

altered pyroclastic materials, is prone to rock falls, rock slides and debris slides. In most

cases, the potentially unstable areas are delimited by tension cracks where high-tem-

perature volcanic gases flow through. Since the slope overlooks an area where most of

resident and touristic facilities are located, potential failures represent a major concern for

civil protection. Terrestrial laser scanning (TLS) surveying techniques can be effectively

used to update the current geometry of the slope and through multi-temporal datasets,

adopted to identify and quantify recent failures, to understand the activity of the slope. The

reconstruction of a complex 3D model of the surface contributes to simulate potential

destructive behavior of a slope through a numerical analysis approach. In order to improve

the reconstruction of the subhorizontal portions of the slopes, the 3D model obtained from

the TLS point cloud was integrated with data of comparable accuracy, obtained by means

of Aerial Laser Scanning (ALS) and Digital Photogrammetry (ADP) surveys (Marsella

et al. 2009).

The Lentia rock walls were often interested by instability processes, whose effects are

still clearly visible in the form of detachment areas and fractured blocks distributed along

the overlooking valley. These phenomena have strong variability in their kinematic

mechanisms, which may lead to sudden failures associated with high speed and long runout

distance. The sizes of the detachable rock masses are quite large; therefore, effective

actions to reduce the risks are complex and expensive. In these conditions, the design of

prevention actions can benefit from data able to provide accurate 3D models of the rock

walls for the implementation of numerical models and to locate and measure the most
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critical features. In this context, TLS surveying furnish a valid contribution provided that

the measurements are acquired periodically and adopted also to calibrate numerical models

by means of a back analysis approach. TLS data are also useful to extract the geome-

chanical parameters on the whole the wall surface describing the geometry of the rock

discontinuities (Abellán et al. 2013).

2 Methodology

2.1 TLS data acquisition and processing

Terrestrial laser scanning (TLS) is a recently developed technique for 3D land mapping

that supports a large variety of geomatic applications in different fields. The laser scanning

sensor used in this work is based on the measurement of the ‘‘time of flight (TOF)’’

Fig. 1 Orthophoto map of the Vulcano Island showing the areas affected by instability processes: red box
indicates the Forgia Vecchia area, blue box delimits the three test sites along the Lentia complex, and yellow
box locates the 1988 landslide zone
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performed by a laser diode that sends a pulsed laser beam along prefixed scan lines to the

investigated object. The pulsed laser beam diverges through a polygonal mirror with a

number of reflective surfaces inside the instrument. The pulse is diffusely reflected by the

incident surface and part of the light returns to the receiver. The time that light needs to

travel from the laser diode to the object surface and back is measured very precisely. Beam

deflection mechanism provides elevation and azimuth of the transmitted pulse. Using the

distance from the scanner to the object and knowing the azimuth and elevation of the beam,

it is possible to calculate the position of each reflective point. The survey yields a nu-

merical dataset, which is essentially a dense ‘‘point cloud’’ where each point it is repre-

sented by a set of coordinates in 3D space (X, Y and Z, in local reference system with

origin in the center of the scan station) and the reflected intensity (I) of the laser beam. A

very high density of points can be achieved by having a spatial resolution in the order of

5–10 mm, depending on the distance from the object and on the instrument characteristic.

Commonly used scanners have a range of acquisition that varies between 100 and 2000 m

and a scanning speed of 2000–200,000 pts/s (Pirotti et al. 2013a). The accuracy of the

points increases as there is a decrease in the distance for the object and its reflectivity.

Based on parameters set up by the operator in function of the size of the area of interest

and of the requested spatial resolution, the instrument acquires a cloud of 3D points having

a density which varies with the frequency rate, the number of scans and the scan station-

object distance. The acquisition software creates a project file for each dataset, which

contains the setting parameters, the raw data scans and the associated digital images. It also

allows to control the coverage and overlap of scans, to perform a preprocessing step

(removal of noise and registration of scan), to process filtered data (creating a solid model)

and to integrate other data for creating a textured model. More specifically, the prepro-

cessing step includes the point cloud filtering, co-registration and georeferencing. The

filtering procedure consists in the elimination of outliers and in the removal of points not

belonging to the investigated surface, such as cables and vegetation (Pirotti et al. 2013b).

Co-registration is aimed at recording all the different clouds of points in a unique reference

system, reducing the effects of systematic errors (translation and rotation) due to the

different orientation of the acquisition views. The co-registration is performed by including

artificial reflecting targets of known position (to be used also for georeferencing) and by

identification corresponding natural targets from different scan stations by means of au-

tomatic image correlation techniques. For mapping purposes, 3D modeling is usually

carried out interpolating the point cloud by using the interpolation method, able to produce

a regular spaced grid DTM from irregularly spaced data. Further data analysis can be

performed on the TLS products, depending on the field of application. As described in the

following paragraph, in case of TLS surveys of a rock wall the extraction of geo-me-

chanical parameters of the discontinuities in the rock surfaces can be performed using an

interactive semi-automated approach based on automatic selection of the discontinuities,

integrated by an expert manual supervision. In addition, the volume of unstable blocks can

be estimated after having created a complex 3D mesh representing a detailed morpho-

logical model of investigated areas.

In this work, a terrestrial Laser Scanner RIEGL LMS Z210i (Table 1) combined with a

calibrated digital camera (Nikon D70s) was adopted. The collected data were processed by

means of RiscanPro software (Riegl et al. 2003) and integrated with data available from

previous ALS and ADP surveys to describe subhorizontal surface that are usually not

detectable from TLS scan positions.
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2.2 Numerical modeling of landslide propagation

The mechanisms causing slope instability are quite complex to be modeled. They depend

on many factors, such as the presence of structural discontinuities, geometry of the rock

walls and mass involved in the movements, triggering effects (precipitation, overloads,

seismic activity, etc.). Therefore, the prevision of time and magnitude of an instability

process implies the use of advanced numerical models. In case of slope and rock walls that

have recently experienced instability process or show clear evidence of potential failures,

the estimation of the potential volumes of the detachments and of its distribution along

overlooking area, it is the first step to assess whether more advanced analysis needs to be

implemented. In particular, it is difficult to precisely establish the travel distance and the

invasion area. In this study, two different types of landslide were analyzed: a debris flow

that is a rapid mass movement of mixture of granular solids, water and air and a rockfall

characterized by failures and detachments of rock fragments followed by downward mo-

tion (Varnes 1978).

For simulating the propagation of the debris flow after the detachment, a dynamic model

dynamic analysis of landslides in three dimensions (DAN 3D) based on a numerical

solution of motion equations was employed: it allows to estimate the landslide runout,

velocity, thickness and the distribution of debris in the deposition area at different epochs.

The numerical model was developed by McDougall and Hungr (2004) for the dynamic

analysis of rapid flow slides and debris flows. DAN 3D requires input describing (1) the

topography, (2) the geometry of the source and (3) rheological parameters. Topography is

included in the form of grid file, namely ‘‘path topography file,’’ describing the ground

surface that was obtained integrating the TLS surveys and ALS DTM, as described in the

previous chapter. The geometry is inserted through a ‘‘source depth file’’ that includes the

volume and the shape of the identified failure (Fig. 4a, b). A better estimate of the ge-

ometry and the volume of the potential landslide body can been evaluated by performing

stability analysis, using a 3D limit equilibrium, that also allows to estimate the critical slip

surface (Duncan 1996). Finally, the rheology can be defined selecting among different

constitutive models (McDougall and Hungr 2004). In our analyses, we adopted a combi-

nation of a frictional rheology, considered more realistic in case of sliding masses that

remain dry during the path, and a Voellmy rheology (Voellmy 1955), that could better

depict the dynamic behavior of the avalanche in the upper portion where wet material is

more likely to be incorporated into the moving mass.

The rockfall simulation was carried out using 2D and 3D kinematic models for pro-

viding the paths of maximum advance and the areas affected by potential failures of rock

Table 1 Technical characteris-
tic of the Laser scanner used in
the survey

Riegel laser scanner Z210i

Field of view Vertical: 90�
Horizontal: 360�

Maximum range 1000 m

Digital camera Nikon D70s

Resolution range 5 mm

Resolution 0.002�
Beam divergence 0.25 mrad

Data acquisition rate 12.000 pixel/s
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blocks, respectively. The CRSP-2D code (Pfeiffer and Bowen 1989a, b) was used for

evaluating the runout distance of potential rock fall events at the base of a slope. The input

data include the slope profile, the shapes and volumes of the detachable rock blocks. The

ROTOMAP software (GEO&SOFT 2002) was adopted to define the areas potentially

affected by the rock falls. The software implements a 3D model based on a statistical

approach that it is able to simulate a large number of rock falls, through the analysis of the

distribution of the average and maximum kinetic energies. The program requires a detailed

topographic map and a geomorphologic data collection to identify the areas where a

rockfall can initiate. In this work, these inputs were obtained by integrating both TLS and

ALS data.

3 Case studies on the Island of Volcano

The Island of Vulcano, belonging to the Aeolian Archipelago located North of Sicily, hosts

La Fossa cone located in the northern part of the island (Fig. 1). The subaerial part of La

Fossa edifice is a 400-m-high pyroclastic cone with a base diameter of 1200 m at sea level

(De Astis and La Volpe 1997). The cone overlies the materials filling the caldera and

generated by the collapse of the northern part of the island (Keller 1980). With the

exception of the FV parasitic crater on the northeastern sector, the cone is regular as a

whole with slopes in the order of 40�. Continuous fumarolic activity through fractures has

determined a diffuse mineralization, conferring a higher consistency to the pyroclastites,

which around fractures appear stiff and hard. Degassing, both concentrated along fractures

and widespread over relatively large areas, displays recurrent periods of ‘‘unrest’’ char-

acterized by larger vapor release. Different types of instability processes were recognized

on La Fossa cone (Tommasi et al. 2007). Far from paroxysmal phases, the past instability

events (documented or recognizable by morphological evidences) are slides occurred along

layers of pyroclastite (1988 landslide, 193,000 m3 in volume), planar slides over the whole

slope of the cone and slumping/toppling along the upper rim of the FV crater (Baldi et al.

2006). Occurrence of these events is increased by seismic actions, magmatic inflation and

pore pressure changes during the intensification of the volcanic activity (unrest periods).

3.1 Forgia Vecchia slope

On the NW sector of La Fossa cone, a large depression in correspondence of FV crater rim

is clearly visible in Fig. 1, representing the first case study of this work. In order to

reconstruct the geometry of this unstable slope, a multi-temporal dataset formed by ALS,

ADP and TLS data having different coverage and resolution were analyzed (Table 2). ADP

data acquired in 2001 (Baldi et al. 2006) provided a 1:5000 scale orthophoto and a

1 9 1 m grid digital terrain model (DTM) that we updated using an ALS DTM acquired in

Table 2 Available data, year
and spatial resolution

Type of available data Year Spatial resolution (m)

ADP Orthophoto/DTM 2001 0.35/1

ALS DTM 2008 1

TLS DTM 2009 0.5 9 0.5

TLS DTM 2012 0.5 9 0.5
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2008 of the whole island (furnished by Ministry of the Environment). The TLS data,

acquired in 2009 and 2012 using a RIEGL Laser Scanning (Table 1), were integrated with

the aerial datasets in order to improve the 3D model along the subvertical slopes.

The TLS data were acquired from three different scan positions that were combined

through a set of nine common tie points. The co-registration procedure provided residual

errors of about 0.02 m that can be assumed as reference for internal accuracy of the TLS

data.

The final point cloud were filtered to remove the outliers and interpolated to obtain a

grid DTM. The TLS DTM was georeferenced in WGS84 reference system measuring a

number of tie points with a GNSS survey in RTK acquisition mode that is characterized by

an accuracy of about 0.2 m in the 3D components. The final mapping accuracy of the

georeferenced TLS DTM is at the decimeter level. The final 3D model was obtained

integrating the TLS and ALS DTM (Fig. 2) and was used to reconstruct the geometry of

the flank and to identify structural and morphological elements linked to past instabilities,

as described in the following paragraphs. In order to detect possible recent failures in

proximity of the FV slope, we analyzed the residual map that describes the difference in

the height component observed between 2001 and the 2012 (Fig. 3). This map highlights

localized instabilities phenomena that were probably linked to movements along the lateral

and back surface of the whole landslide area as a result of erosive processes caused by

weathering of the rock exposed to fumarolic activity.

3.1.1 Simulation of a landslide

The definition of the possible failure geometry was aided by the positions of fractures

formed behind the rim edge, as indicated in Fig. 4a, b. The presence of a large fracture in

the back of the edge of Forgia Vecchia and the morphological features that constrain the

lateral extents were taken into account.

The values of geotechnical parameters were based on literature data for materials of

similar characteristics that compose the edge of Forgia Vecchia (Tommasi et al. 2007). The

limit equilibrium analysis, which allowed identifying critical surfaces on different hy-

potheses about the limits of the landslide body, is described in Marsella et al. (2011). In

this work, a potential landslide volume of about 22,600 m3 (Salino 2009) was considered.

Fig. 2 3D view of the shaded relief map from the NE of the slopes evidencing the areas where the analysis
for assessing the potential instability phenomena is conducted: the Forgia Vecchia area and the Lentia rock
wall complex
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Fig. 3 Residual maps showing the observed difference in the vertical component as obtained comparing
multi-temporal digital terrain models in the depression area of the Forgia Vecchia: a 1996 AP DTM- 2001
AP DTM; b 2001 AP DTM- 2008 ALS DTM; c 2008 ALS DTM- 2009 TLS DTM (see Table 2). On the
right side the detailed views, corresponding to the red insets, evidence the presence of failures along the
fractured areas (black lines) that mark the back of the edge of Forgia Vecchia
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Taking into account the rheology, two analyses were conducted, the first using the

frictional rheology and the second introducing the Voellmy rheology to model the slope

sector between 140 and 0 m a.s.l. (Table 3).

Figure 5 shows the results of model, plotted on a 3D view at two different time steps,

for both the frictional and frictional-Voellmy rheology. The figure evidences how at the

same instant the mass involved in the potential landslide is differently distributed, both in

area and thickness. In particular, the frictional analysis depicts a faster avalanche rate in the

first part that follows the slope morphology but has a lower areal impact respect to the

frictional-Voellmy case.

3.2 The Lentia complex

The Lentia complex is one of the four main structural and litho-stratigraphic units of the

Island. It is the remnant of a larger structure located in the northwestern sector of Vulcano

formed between 24 and 15 ka and lately cut by the western ring fault of the Fossa Caldera

(De Astis et al. 2006). Along the slope, rock falls have occurred several times as evidenced

by the presence of large distributed rock blocks at the foot of the slope. Two laser scanner

surveys were performed in 2009 and 2012 to reconstruct the geometry of the rock walls of

Fig. 4 Characteristics of the movement simulated using the numerical model DAN 3D: a high-resolution
orthophoto of the Forgia Vecchia, showing the location of the failure area (in dashed red) in respect to the
inhabited area downslope; b images of the summit area overlooking the Forgia Vecchia crater where dashed
red line indicates a major tension fracture corresponding to the back of the edge of the simulated mass
movement

Table 3 Rheological parameters used in the landslide simulations where c is the unit weight, u is the
frictional angle, uint is the internal frictional angle, n is the turbulence coefficient and l is the frictional
coefficient

Rheology c (kN/m3) u (�) uint (�) n (m/s2) l

Frictional 15 12 34

Frictional ? Voellmy 15 12 34 500 0.15

The last two parameters are defined only for Voellmy rheology
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Mt. Lentia from three different scan positions, thus allowing analyzing the three different

portions shown in Fig. 1 (site 1–2–3). After having co-registered, georeferenced and fil-

tered the point clouds a DTM of the walls was extracted. The collected data were useful for

two purposes: the quantitative evaluation of the state of fracturing, assessed through the

measurements of the extension and spacing of the discontinuities in the rock mass, and the

identification and estimation of the volume of potentially unstable blocks necessary to

perform rock fall simulations.

The quality of the rock mass is evaluated by analyzing the extent and spacing pa-

rameters of the most significant discontinuities. Both parameters maybe adopted to assess

whether adjacent discontinuities delimit, or not, large portions of potentially unstable rock.

It is important to highlight that the rock families characterized by large extension values,

that is discontinuity developing along the whole walls, are those potentially interested by

detachments of large rock volumes, especially if they are crosscut by subhorizontal dis-

continuities. Usually, these parameters are measured by geological engineers along se-

lected sections and are limited to the visible discontinuities when it is not possible to climb

on the wall. On the contrary, by using the TLS data it is possible to perform an overall

quantitative analysis of the state of fracturing of the whole rock wall. This method, despite

a possible loss of accuracy compared with direct measurements that depends on the spatial

resolution of digital images and point clouds, provides a more comprehensive evaluation of

fracturing and discontinuities in jointed rocks and permits also to obtain quite reliable

estimates of the volumes of potential unstable blocks. It worth to remark that this type of

analysis can be conducted in the laboratory and at the scale of the whole rock mass,

included the inaccessible areas.

TLS data were post-processed using RiscanPro software that permits to digitize the

significant discontinuities identified on the point clouds and to estimate coefficient of

planar surfaces. This step is aided by the analysis of digital images and shaded relief maps

obtained for the subvertical walls of slope. The discontinuities form a polyline datasets

useful to perform the geometrical analysis. The polylines are projected on an average plane

(a, b, c Site 1) interpolating the irregular surface of the rock walls (Fig. 6a, b) where the

length of each discontinuity (extent) along the walls and the distance between consecutive

pairs (spacing) at different elevation (Fig. 6c) are estimated. By considering the spacing,

the orientation and the continuity of detected discontinuities, potential unstable blocks are

identified. The size and the shape of each block are estimated after having interpolated the

Fig. 5 Two different time steps of landslide simulations plotted on a 3D view of Vulcano Island using
frictional (on the left) and frictional ? Voellmy rheologies (on the right)
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point cloud to obtain a surface formed by triangular mesh, usually preferred to describe

complex surfaces.

By using the methodology described above, three sites of the Lentia complex were

analyzed (Fig. 7). Site 1 that interests a area of approximately 80 m height and about

200 m width was further separated in two parts, characterized by different states of

fracturing (Fig. 8a, b). The complexity of this site depends on possible overlaps of frac-

turing process of volcano-tectonic origin affecting highly viscous lavas. Sector A appears

more irregular, while the sector B shows a quite regular fracturing characterized by a series

of subvertical discontinuities that are clearly visible in the TLS data (Fig. 8). Site 2 (having

a height of approximately 50 m and width of about 120 m) presents a very irregular and

intense fracturing typical of cooling processes (Fig. 9a, b). In the central part of the wall,

subvertical discontinuities appear more regular and extended. Site 3 (having a height of

approximately 30 m and width of about 50 m) presents a variable state of fracturing

(Fig. 9c, d). The results are summarized in Table 4 that shows the values of the extent and

spacing. Figure 7 shows the geometry of critical blocks identified for each site and in

Table 5 reports the corresponding volume estimates.

Fig. 6 Example of the geometrical setting adopted for measuring the spacing parameter based on selected
planes that interpolate the irregular surface of separated front: a 3D contour line map of site 1 on which three
different interpolating planes represent the three analyzed portions of the wall (a and b are referred to the
upper right zone while plane c is referred to bottom left zone); b discontinuities referred to three identified
planes marked in different colors (red for a, violet for b and yellow for c plane respectively); c an example of
discontinuities projected on the selected plane used for measuring the distance between consecutive pairs
(spacing) at different elevation
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3.2.1 Simulation of a rockfall

One of the key aspects of the landslide propagation analysis (single blocks or rock

avalanches) is the evaluation of the parameters that express the dissipation energy during

the motion. For this reason, a back analysis of a past detachment event was performed

thanks to the knowledge of the volume, paths and stop positions of detached blocks that

were measured on the georeferenced 3D TLS model describing the slope facing the rock

walls (Miraglia 2009).

The simulations carried out with the two models (2D and 3D) provided results showing

discrepancies in the order of a few tens of meters for the maximum distance reached by

blocks. This uncertainty is considered not significant for the assessment of risk scenarios

because there are not elements at risk close to runout area. The differences between the 2D

and 3D simulations can be also justified by the different way in defining the shape of the

blocks. In ROTOMAP, the block is assumed to be a point feature and in CRSP-2D

Fig. 7 Locations of potentially unstable blocks in a front view pictures of the three sites and their
geometrical reconstruction by a 3D mesh
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spherical body. This means that in CRSP-2D the block can also have a rotational com-

ponent in the speed, while in ROTOMAP only translational motions are considered.

Figure 10a only shows the results in terms of potential trajectories of blocks of the 3D

simulations for the three sites.

In Site 1 and 2, two blocks (1 and 2 in Fig. 10a) are potentially impacting on inhabited

areas and appear rather dangerous for houses and roads at the foot of the slope. For site 3,

Fig. 8 Site 1: A shaded relief view of grid data where two different rock wall, a, b, are evidenced. On the
top the digitized discontinuities are shown on the 2D view of TLS RGB points cloud

Fig. 9 Images taken from the TLS scan potition and the corresponding 2D views of TLS RGB points cloud
with the digitized discontinuities for site 2 (a, b) and 3 (c, d)

Nat Hazards (2015) 78:443–459 455

123



the results obtained from 3D simulation show a block (3, in Fig. 10) that would affect the

street below the slope. Such results represent a preliminary step to implement a more

rigorous analysis on the potential hazard and may contribute to the design and evaluation

of mitigation actions, such as defining the areas of restricted access or the construction of

protective structures.

4 Conclusive remarks

The presented study illustrates how the combined use of geomatic techniques, mainly TLS

aided by ALS and AD, can contribute to the quantitative analysis that is necessary to

implement landslide propagation models. Starting from TLS point cloud datasets it is

possible to reconstruct a complete detailed DTM of subvertical slopes useful to understand

and analyze the geometry of the wall by extracting information on the discontinuities

influencing potential mass movements. Two case studies were analyzed in this work: the

‘‘Forgia Vecchia’’ test illustrates the implementation of a runout analysis of the debris

avalanche, that might potentially be generated by a failure of the northern flank of La Fossa

Cone; the second test focused on Mt. Lentia site describes a procedure for evaluating

rockfall propagation starting from a TLS survey.

The DTM obtained merging aerial and terrestrial datasets allowed the identification and

measurements of structural and morphological features linked to past failures and provided

an updated topographic surface adopted to perform runout analyses using DAN 3D code.

Taking into account the rheology, two analyses were conducted, the first using the fric-

tional rheology and the second introducing the Voellmy rheology. The analyses allowed to

preliminary assess the potentially inundated area. In particular, the frictional analysis

depicts a faster avalanche rate in the first part that follows the slope morphology but has a

lower areal impact respect to the frictional-Voellmy case. Future improvements in the

model could come from investigation on thickness and moisture conditions of the debris

deposit filling the FV crater and on a better definition of the rheological parameters.

Table 4 Number of the digitized discontinuities, mean extent and spacing for each site

Number of discontinuities Mean extent (m) Average spacing (m)

Site 1

A plane a 8 11.8 3.0

A plane b 6 11.9 10.2

B plane c 10 8.8 3.1

Site 2 18 9.4 3.0

Site 3 11 8.3 4.2

Table 5 Volume of possible
critical blocks for each site

Volume of critical blocks (m3)

Site 1 20.5

Site 2 27.2

Site 3 121.00
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In the second case, TLS and digital image supported the analysis of rock and potentially

unstable blocks, by a semi-automatic procedure. Simulations were carried out taking into

account 2D (CRSP-2D) and 3D kinematic models (ROTOMAP) both providing the paths

of maximum advance of rock falls.

Methods for TLS data acquisition, processing and analysis were discussed with the aim

of setting up a suitable methodology for measuring parameters influencing the behavior of

a rock mass. The integration of TLS data with those obtained from aerial survey allowed

generating an accurate DTM that improved the knowledge on morphological

Fig. 10 Results of the simulation analysis carried out for the two test areas: a trajectories of potentially
unstable blocks obtained from the rockfall analysis; b area potentially interested by the runout of the
simulated landslide at Forgia Vecchia; c detailed view of the trajectories of falling blocks approaching the
inhabited area
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characteristics of the area. Results from rock mass classification and from a preliminary

runout and rockfall analysis highlight some critical features, which may require the

execution of precautionary measures. However, the presented modeling must be consid-

ered preliminary since it does not include dynamic forces resulting from precipitations,

seismic loading and volcanic activity. These considerations, even though deserving further

investigations, highlight the importance of a continuous monitoring of the source area in

order to record the evolution of deformations at the slope top in time for alerting authorities

in charge of civil protection procedures.
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