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This paper describes the results of a rockfall hazard assessment for the village of San Quirico (Abruzzo region,
Italy) based on an engineering-geological model. After the collection of geological, geomechanical, and
geomorphological data, the rockfall hazard assessment was performed based on two separate approaches: i)
simulation of detachment of rock blocks and their downhill movement using a GIS; and ii) application of
geostatistical techniques to the analysis of georeferenced observations of previously fallen blocks, in order to
assess the probability of arrival of blocks due to potential future collapses. The results show that the
trajectographic analysis is significantly influenced by the input parameters, with particular reference to the
coefficients of restitution values. In order to solve this problem, the model was calibrated based on repeated
field observations. The geostatistical approach is useful because it gives the best estimation of point-source
phenomena such as rockfalls; however, the sensitivity of results to basic assumptions, e.g. assessment of
variograms and choice of a threshold value, may be problematic. Consequently, interpolations derived from
different variograms have been used and compared among them; hence, those showing the lowest errors
were adopted. The data sets which were statistically analysed are relevant to both kinetic energy and
surveyed rock blocks in the accumulation area. The obtained maps highlight areas susceptible to rock block
arrivals, and show that the area accommodating the new settlement of S. Quirico Village has the highest level
of hazard according to both probabilistic and deterministic methods.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Landslides including rockfalls (Cruden and Varnes, 1996) are
severe hazards to settlements and transportation routes in mountain
areas. In the past few decades, many settlements especially touristic
ones have been established along or at the foot of rock slopes in
EuropeanMountains, becoming particularly vulnerable to landsliding.
Quantitative hazard assessments are thus necessary for these areas.
Adequate mitigation measures require the identification of propagat-
ing rock blocks that are susceptible to collapse. Deterministic or
probabilistic analyses based on 3D modelling (Guzzetti et al., 2002;
Lan et al., 2007; Frattini et al., 2008) are useful tools to estimate the
maximum travel distance of rock blocks of certain sizes and the
related kinetic energies at both local and regional scales (Piteau and
Clayton, 1976; Paronuzzi, 1987; Pfeiffer and Bowen, 1989; Azzoni et
al., 1995; Agliardi and Crosta, 2003; Bianchi Fasani et al., 2006).

However, to get reliable results from the above approaches, the
underlying engineering-geological model should reflect: actual initial

mechanisms of rupture; distribution functions of average block sizes;
potential paths of blocks; processes of fragmentation of individual
rock dihedrals; and the block–bedrock and block–debris interactions
that are schematically described by the coefficients of restitution
(Azzoni and De Freitas, 1995). Knowledge of parameters such as the
distal limits which may be reached by collapse-prone blocks, their
velocities and energies is mandatory to correctly plan, design and
implement projects of landslide risk mitigation (Giani et al., 2004;
Leroi, 2005).

Rockfall hazard assessment can be achieved through three
different approaches: i) global methods, ii) rockfall path analysis (or
trajectographic methods) and iii) geostatistical methods. The global
ones allow the assessment of hazard conditions over a wide area,
some square kilometers large. Among these, the “Rock Engineering
System” (RES) approach (Hudson and Harrison, 1997) makes it
possible to modify the number and type of the chosen parameter in
view of the assumed goals. The introduced parameters are weighted
and then summed up as a function of their influence to eventually
define a “rockfall instability index”. Another similar approach is
named Matterock, which considers rockfall events strictly related to
discontinuity sets within the rock mass (Rouiller et al., 1998). Rockfall
analysis is performed through a geomechanical investigation of
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discontinuity sets in terms of orientation, geometric and mechanical
properties.

Trajectographic analysis is a basic tool for the assessment of the
maximum runout and energy involved in rockfall since the 1970s.
Rock block motion is considered as a combination of fall, slide, impact,
rebound and rolling. The fundamental equations of motion are
derived from the kinematic of lumped-mass (Paronuzzi, 1987). Piteau
and Clayton (1976) proposed a kinematic simulation based on both
the physical laws of motion and the application of coefficients of
restitution, thus considering sequences of free falls, impacts, rebounds
and rollings. The initial conditions of motion (detachment point and
initial velocity at t=0) and both friction and restitution parameters
are empirically derived to simulate different events. A further
kinematic model (Rochet, 1987) describes the rock block fall as a
series of rebounds; the block motion during the impacts is
characterized by the resulting vector of translation velocity compo-
nents (normal and shear ones). Total velocity is regarded as a function
of the shape parameters, the velocity and impact angle of the block, as
well as contact functions related to the amount of elastic energy
restitution (Bourrier et al., 2007). Falcetta (1985) developed a
software for analysing block trajectories based on the algorithm by
Cundall and Strack (1979); according to its basic equations, the block
movement is described by the general relations of the dynamics of
rigid body during a plane movement. The impacts are simulated
according to two contact functions responsible for normal and
tangential movement components along the slope.

This paper describes the results of a study on rockfalls based on an
engineering-geological model of the north-eastern side of the Mt. Vena
Tagliata–Mt. Pietra Pizzuta ridge, near the village of San Quirico (Sante
Marie, Abruzzo, Italy). Two separate approaches were taken: i)
simulation of detachment and consequent downslope movement of
rock blocks by using a GIS extension of the ROTOMAP® software and a
10-m grid DTM; and ii) geostatistical analysis of georeferenced
observations of previously fallen blocks, in order to assess theprobability
of arrival of blocks of certain sizes due to potential future collapses.

2. Geological and geomorphological settings

The study area (Figs. 1 and 2) lies in the Abruzzi Apennines
(Central Italy), in the central sector of the Carseolani Mountains. The
area includes a small limb of the north-eastern slope of the Mt. Bove-
Guardia d'Orlando ridge, the Pratolongo valley, the Mt. Vena Tagliata–
Mt. Pietra Pizzuta carbonate ridge and its large north-eastern slope,
whose base accommodates the village of Sante Marie. The historical
centre of Sante Marie rests on an arenaceous hill, at an average
elevation of 850 m above sea level, whereas the recently built-up area
(village of San Quirico or Dolomiti d'Abruzzo) extends as far as the
steep calcareous walls of the Mt. Vena Tagliata–Mt. Pietra Pizzuta
ridge, reaching a maximum elevation of 1,010 m (Fig. 1).

The study area is located in the western sector of the palaeogeo-
graphic domain of the Latium–Abruzzi carbonate platform. This sector

of the Central Apennines, which reflects the regional tectonic style,
has Apennine-trending carbonate structures of Cretaceous–Miocene
age. These structures are divided by depressions, which are filled with
Upper Miocene synorogenic terrigenous sediments or Pliocene–
Quaternary continental deposits (Fig. 2).

2.1. Lithostratigraphy and structural setting

The core of the anticline of the Carseolani Mountains is composed of
rudist-bearing limestones of the Upper Cretaceous. This formation does
not outcrop in the study area, butwas intercepted by the Rome–Pescara
railway tunnel (Parotto and Sirna, 1993), which transversally cuts the
Carseolani ridge between Colli di Monte Bove and Sante Marie.

The Cretaceous lithotypes usually consist of mudstones and of
occasional wackestones originating from an inner carbonate platform
(Montone and Salvini, 1993; Parotto and Sirna, 1993); they are
paraconcordantly followed by a calcareous succession of Miocene age,
which is known in the literature as Briozoi and Litotamni limestones
(Fig. 3A). The formation, extensively exposed in the investigated area,
has an age between the Aquitanian–Burdigalian transition and the
Serravallian (Mariotti et al., 1999; Brandano et al., 2001; Brandano,
2002). This formation was divided by Brandano (2002) into three
main lithostratigraphic units, but only the latter two outcrop in the
study area. From bottom to top, the first unit (UL1) has a thickness of
10 m and consists of fine-grained bioclastic wackestones and
packstones. The second unit (UL2), which is about 90–100 m thick,
comprises poorly-bedded bioclastic packstones and floatstones. The
third unit (UL3) is composed of 8 m of medium- to fine-grained
bioclastic packstones and rare wackestones (Fig. 3A). An about 30–
40 cm thick hardground with intense glauconite and phosphate
mineralisation lies at the top of the Briozoi and Litotamni limestones
(Fig. 3B).

Above the hardground, the succession continues with the
Orbulina-bearing marls formation (Fig. 3C). This is made up of about
30 m thick hemipelagic sediments, composed (from bottom to top) of
calcarenites, marly limestones, clays and marls, with siltites and
sandstones (Compagnoni et al., 1992; Galluzzo and Santantonio,
1997). The most recent date estimations (Cosentino et al., 1997) for
the main body of the Orbulina marls indicate an age ranging from the
Upper Tortonian to the Lower Messinian.

TheOrbulinamarls gradually pass to siliciclastic turbiditic foredeep
sediments. In the Lower Messinian (Cosentino et al., 1997; Compag-
noni et al., 2005), these sediments (about 1000 m thick; Bellotti,
1992) filled the so-called Liri–Tagliacozzo depression. Inside them
Compagnoni et al. (2005) identified five main lithological associa-
tions. The Sante Marie area has outcrops of the arenaceous-pelitic
association I, consisting of dominantly arenaceous turbidites in very
thick layers with rare and thin arenaceous-pelitic and pelitic-
arenaceous intercalations (Fig. 3D).

After the general emersion following the Apennine orogenetic
phases, the products from disgregation of the Meso-Cenozoic reliefs

Fig. 1. Panoramic view of the Mt. Vena Tagliata–Mt. Pietra Pizzuta anticlinal ridge. Foreground: San Quirico Village. White lines highlight the main tectonic features.
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byexogenousagents gave rise toQuaternary continental deposits. These
deposits, whose evolution is closely related to fluvial and gravitational
slope dynamics, are described in the section of geomorphological
features.

From a structural point of view, the study area has two main
tectonic units which dominantly dip towards NE, where the
calcareous formations overlap the terrigenous deposits of the Liri–
Tagliacozzo depression (Fig. 4). The westernmost tectonic unit
corresponds to the carbonate structure of Mt. Bove-Guardia d'Or-
lando, which marginally outcrops in the study area. On its north-
eastern side, the structure has a thrust fault, whereby the Briozoi and
Litotamni limestones (unit UL2) overthrust the terrigenous sediments
of the Pratolongo valley. This valley separates the previous tectonic
unit from the one corresponding to the Mt. Vena Tagliata–Mt. Pietra
Pizzuta carbonate ridge. This is an NE-dipping asymmetrical anticline
which makes up the hangingwall of a thrust fault, whereby the
Miocene limestones overthrust the turbidites (in the northern sector
of the study area) or the dominantly argillaceous lithofacies of the

Orbulina marls (in the central-southern sector of the same area)
(Fig. 4). Along the south-western side of this NW–SE trending
anticline, the strata have a dip direction varying between 190/10°
and 210/25°; on the opposite side, although the bedding attitude is
poorly discernible, strata with a dip direction of 20/30°–40/30° are
occasionally encountered.

A major normal fault (Apennine-trending and dipping 50°–75°
towards SW) downthrows the south-western side of this structure,
placing unit UL2 in direct contact with the Orbulinamarls outcropping
in the Pratolongo valley floor. Moreover, the anticline noted above is
orthogonally cut by an ENE–WSW-trending subvertical normal fault.
It is accompanied by a wide cataclastic belt, which feeds the debris
located above, in the Fonte del Visco spring area. The top of the
anticline has subvertical trenches perpendicular to the axis of the
structure, most of which is aligned along fracture lines.

The thrust fault plane, which bounds the structural unit of Mt.
Pietra Pizzuta–Mt. Vena Tagliata at the base, does not continuously
outcrop at the surface, since a large part of it is obliterated by slope

Fig. 2. Regional geological setting. (A) Regional geological sketch of the Central Apennines (modified after Cipollari and Cosentino, 1992). a) recent alluvial deposits; b) Pleistocene
volcanic deposits; c) Messinian siliciclastic turbidites; d) Tortonian siliciclastic turbidites; e) Meso-Cenozoic calcareous marly deposits of basinal and transitional facies; f) Meso-
Cenozoic carbonate platform deposits; g) thrust fault; h) other fault. The rectangle identifies the area of (B). (B) Tectonic sketch of the sector of the Latium–Abruzzi Apennines
hosting the Carseolani Mountain carbonate structure (modified after Compagnoni et al., 1990). 1) Continental deposits; 2) siliciclastic turbidites and pelites, interbedded with
calcirudites and calcarenites; 3) Orbulina-bearing marls and siliciclastic turbidites; 4) carbonate sediments of the Latium–Abruzzi carbonate platform facies and “Brecce della Renga”
breccias; 5) thrust fault and reverse fault (dashed when likely — the ticks identify the overthrust portion); 6) dominantly transcurrent fault (dashed when likely); 7) normal fault
(dashed when likely — the ticks identify the downthrown portion); 8) generic fault (dashed when likely or buried); 9) axis of anticline; the arrow identifies its plunge. The box
identifies the area of Fig. 4A.
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debris. Additionally, the main thrust fault is accompanied by
secondary thrust planes inside the lithostratigraphic unit UL2
(Fig. 5A). The bedding plane of the terrigenous succession lying at
the base of the main thrust fault is oriented in the direction of the
slope and has an inclination equal to or lower than that of the slope. In
particular, the Orbulinamarls have dip directions ranging from 30/15°
to 40/20° and conformably overlie the unit UL3. A little more
downslope of the thrust fault, the continuity of the Orbulina marls is
interrupted by two minor NE-dipping tectonic units. Downhill, these

units are bounded by two thrust faults with a small throw, where UL3
is thrust over itself and the Orbulinamarls (Fig. 4A). Furthermore, the
two units have three parallel, NW–SE-trending, left-lateral strike–slip
faults (Figs. 1, 4 and 5B).

2.2. Geomorphological features of the study area

The Mt. Vena Tagliata–Mt. Pietra Pizzuta ridge represents the most
distinctive relief feature in the study area. This morphostructure has

Fig. 3. Lithotypes outcropping in the study area. (A) Unit UL3 (Briozoi and Litotamni limestones) in 10–50 cm thick layers. The outcrop lies above the S.S. 5 Quater Tiburtina Valeria state
road. (B) Hardground (hg) near the Chiesetta Alpina church; on the left, it is bounded by a small fault contacting the Orbulina marls (mo). (C) Outcrop of the lower lithofacies of the
Orbulinamarls along the dirt road climbing from the S.S. 5 Quater state road to the village of Tremonti. (D) Turbidites belonging to the arenaceous/pelitic association I (Compagnoni et al.,
2005), exposed near the S. Quirico road tunnel. Note the massive arenaceous layers with diagenetic arenaceous balls (“cogoli”), interbedded with thin pelitic/arenaceous levels.

Fig. 4. Local geological setting. (A) Geological map with the geomorphological features of the study area. 1) Recent and present fluvial and colluvial deposits; 2) recent and present
debris-mantled slope of moderate thickness; 3) scree slope (Holocene); 4) slide-flow landslide body (Quaternary); 5) rockfall landslide body (Quaternary); 6) dominantly
arenaceous turbidites (Lower Messinian); 7) Orbulina-bearing marls (Upper Tortonian–Lower Messinian); 8) unit UL3 (Briozoi and Litotamni limestones, Langhian–Serravallian);
9) unit UL2 (Briozoi and Litotamni limestones, Burdigalian); 10) bedding attitude of strata: (a) inclined, (b) horizontal; 11) likely generic fault; 12) normal fault (dashedwhen likely);
the ticks identify the downthrown part; 13) thrust fault (dashed when likely); the small triangles identify the overthrust portion; 14) dominantly transcurrent fault (dashed when
likely); 15) trace of axial surface of anticline; 16) edge of degradational scarp; 17) edge of complex landslide niche; 18) trace of geological section; 19) unstable surface due to
solifluction; 20) spring; 21) built-up area. (B) Geological section X–X′ (location shown in A). 1) Recent and present fluvial and colluvial deposits; 2) dominantly arenaceous
turbidites (Lower Messinian); 3) Orbulina-bearing marls (Upper Tortonian–Lower Messinian); 4) unit UL3 (Briozoi and Litotamni limestones, Langhian–Serravallian); 5) unit UL2
(Briozoi and Litotamni limestones, Burdigalian); 6) unit UL1 (Briozoi and Litotamni limestones, Upper Aquitanian–Burdigalian); 7) rudist-bearing limestones (Upper Cretaceous);
8) thrust fault (dashed when likely); 9) normal fault (dashed when likely); 10) dominantly transcurrent fault; 11) unconformable stratigraphic contact.
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slopes with different morphometric characteristics. In particular, the
south-western side is short and mildly sloping, with an average
gradient of about 20°. By contrast, the north-eastern side is longer and
has a more complicated transversal profile, with a sudden slope

rupture near the main thrust fault. Indeed, uphill of this tectonic
feature, the slope has an average gradient of about 60° and becomes
vertical in places, whereas downhill of it, the gradient is equal to about
20° (Figs. 4B and 6).
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Exogenous agents have been shaping this morphostructure,
creating karst, fluvial and, above all, gravitational landforms and
deposits. Karst is particularly evident on the calcareous lithotypes of
the Mt. Vena Tagliata–Mt. Pietra Pizzuta ridge, with dominantly micro
and macro-epigean erosion forms. Fluvial features consist of surfaces
affected by sheet erosion, gullies, erosion scarps (along the Fosso
Vignali talweg), alluvial plains (Pantano plain downslope of Sante
Marie) and piedmont belts made up of colluvial deposits. Gravita-
tional dynamics is particularly important near the north-eastern
sector of the Mt. Vena Tagliata–Mt. Pietra Pizzuta ridge; the slope is
subject to gravitational processes of different extent and types, which

concern both the calcareous and marly-clayey lithotypes of the
Orbulina marls formation (Chiarini et al., 2009).

At the base of the subvertical or overhanging calcareous walls that
characterise the upper portion of the slope, two rockfall landslide bodies
of some thousands of m3 are found. These landslide bodies, located
upslope of S. Quirico Village and above the Fonte del Visco spring area,
respectively (Fig. 4A), are made up of calcareous rock blocks; the
volumes of these chaotically-stacked rock blocks vary from some tens to
some hundreds of m3. In this sector, minor collapse events, including
falls of single stones, may be observed. Over time, these rock fragments
have given rise to the scree slope at the base of the southern portion of

Fig. 5. Tectonic elements. (A) Secondary thrust plane inside lithostratigraphic unit UL2 (Briozoi and Litotamni limestones) at Vena Tagliata. (B) Plane of northernmost left-lateral
strike–slip fault, NE of the Chiesetta Alpina church. The fault places unit UL3 (Briozoi and Litotamni limestones, right) in contact with the Orbulina marls (left).

Fig. 6. Orthophoto of the study area drapped on a 20-m DTM (IGMI).

Fig. 7. Source and propagation area of rock dihedrals. (A) Source area of detachment of rock dihedrals: (a) geomechanic station S2; (b) top of Mt. Pietra Pizzuta. Foreground: unstable
rock dihedral, consisting of unit UL2 (Briozoi and Litotamni limestones); background: S. Quirico village. (B) Geological section Y–Y′ (location shown in Fig. 4A; for the lithotypes, refer
to the legend of Fig. 4B). The arrows identify the source area and the propagation area. (C) Propagation area of rock dihedrals: (c) base of the north-eastern slope of Mt. Vena Tagliata,
between geomechanical stations S2 and S3; (d) isolated blocks uphill the village of S. Quirico.
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the slope and a debris-mantled slope. The latter with relatively thin and
unevenly distributed debris extends downhill of the scree slope, until
reaching the S.S. 5 Quater state road (Fig. 4A).

Conversely, the marly-clayey lithotypes of the Orbulina formation
display complex landslide phenomena (Cruden and Varnes, 1996),
which are associated with mixed slide-flow kinematics. Indeed, the
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initial translational slide of these lithotypes over the underlying
limestone bedding surface subsequently evolves into flow. These
phenomena created two large landslide bodies having a common
origin above the village of S. Quirico (Fig. 4A). A third landslide body,
also of complex type, partially involves the southern sector of the
study area.

3. Engineering-geological model

Deterministic and probabilistic analyses of the modes of boulder
propagation generally focus on the source area and the determination
of the dimension of fall-prone rock dihedrals. With regard to the
propagation area, the analysis is confined to the reconstruction of
slope geometry and generic assignment of the coefficients of
restitution; these coefficients take into account the elastic character-
istics of boulders and material occurring along the slope, generally
talus deposits. In this study, an engineering-geological model for the
source and propagation areas was built on the basis of on-site surveys
and measurements (Fig. 7) as well as literature data. The model
permitted us to define the input parameters for subsequent simula-
tions of detachment and propagation of boulders. Furthermore, we
used a 10 m DTM for rockfall path and probabilistic analyses.

For the source area, the main parameters of rock masses were
collected according to the methods recommended by ISRM (1978).
These parameters allowed us to determine the dimension of potentially
unstable boulders and their potential rupture kinematics. For the
propagation area, the division of lithotechnical units took account of
the characteristics of slope debris (e.g. degree of cementation), the
presence/absence and type of vegetation, slope gradient and the shape
of topographic surfaces.

Geomechanical surveys in the source area were carried out at four
sites located on unit UL2, the only lithological unit outcropping on the
cliff of the Mt. Pietra Pizzuta–Mt. Vena Tagliata ridge (Fig. 8). For each
site, data on dip-direction, inclination, spacing, persistence, aperture,
roughness (JRC: Joint Roundness Coefficient) and compressive
strength (JCS: Joint-wall Compressive Strength) of discontinuities
were statistically analysed.

3.1. Orientation of joints

About 250 discontinuities were recorded in total; statistical proces-
sing of their orientations evidenced a significant scatter of values.

Bedding planes, always lying in the direction of and less inclined than
the slope, were difficult to identify owing to: i) spacing, generally in the
range of meters (UL2) and ii) frequent obliteration episodes due to the
refilling of calcium carbonate. The average bedding attitude of themain
set of discontinuities (Table 1) was obtained using the DIPS software by
discarding the sets having a pole concentration of less than 10%. In
Table 1, the set that is common to the four stations has a dip direction of
317°–353° and an inclination of 66°–87°.

3.2. Aperture and spacing

Generally, the discontinuity surfaces are separated by apertures
from some mm to 5 cm; 50% of the discontinuities are filled with
materials of different origins: principally calcareous silt or weathering
material and subordinately calcareous debris and/or organic matter.
For discontinuity spacing, the volumetric number of discontinuities
(Jv; ISRM, 1978) and the block size index (Ib) were determined. Block
size was assessed from Jv, i.e. from the total number of discontinuities
intersecting one unit volume of the rock mass. The parameter Jv is
defined as the sum of joint numbers per meter for each perpendicular
joint set:

Jv =
N1

L1
+

N2

L2
+ … +

Nm

Lm
ð1Þ

Table 1 shows the resulting Jv values for all the four sites; under the
ISRM classification, this value represents medium-sized blocks. The
typical size of the starting blocks was derived from two elements: Jv
and the size of fallen blocks still visible along the slope. The volume of
blocks susceptible to falling was 1–2 m3.

3.3. JCS

This parameter was assessed via in-situ uniaxial compression tests
with a Schmidt hammer to determine the rebound value of weathered
(r) and unweathered (R) rocks. The average rebound values at the
four sites were similar (r=ca. 45 and R=ca. 55, respectively). The
rebound value was then converted to the simple compressive
strength value using a semi-empirical relationship (ISRM, 1978). For
the unit UL2 at the four sites, a density of 26.5 kN m−3 was assumed.

Fig. 8. Sketch of lithotechnical units and location of geomechanic stations.
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3.4. JRC

In the four sites except for no. 3, JRC ranged from 10 to 14 (14 was
dominant). For site no. 3, JRC varied from 8 to 10 (8 was dominant). In
all sites, discontinuities were mostly rough and subordinately
indented.

3.5. Coefficients of restitution

Table 2 displays the coefficients of restitution in normal and
tangential directions defined as the ratio between velocities before
and after an impact, and the friction coefficient defined as the ratio of
the tangential force required to produce sliding to the normal force
between the surfaces, determined from data in the literature (e.g.,
Hungr and Evans, 1988; Pfeiffer and Bowen, 1989; Scioldo, 1991;
Giani et al., 2004), and subsequently calibrated by back analysis to
make the simulation more consistent with the field data. The limit
angle value also underwent parametric analysis; its values fluctuated
between 6° and 12°.

3.6. Other conditions

The rock discontinuities tended to terminate against other
discontinuities, and were only subordinately persistent. Generally
the rock surface was poorly weathered or unweathered. During the
survey period (May–September), water seepage into the disconti-
nuities was rarely observed.

4. Rockfall hazard analysis

Assessing the probability of propagation of potentially unstable
rocks is essential for hazard studies. After building the engineering-
geological model of rock rupture and propagation along a slope, two
distinct approaches were taken. The results were compared to check
their reliability.

4.1. Deterministic approach (rockfall path analysis)

In the proposed case study, simulation relied on a rockfall path
software programme, permitting us to determine the points of arrival
of rock masses, characteristics of their trajectories (height and length
of flight), distribution of their impacts and kinetic energies associated

with rockfalls or slides (Piteau and Clayton, 1976; Paronuzzi, 1987;
Pfeiffer and Bowen, 1989; Scioldo, 1991). The model was built using a
commercial software package called ROTOMAP®. The kinematic
model used considers boulders as punctiform elements rather than
ellipsoidal elements. As this software can simulate a fairly large
number of rockfalls or slides, the model can reflect the natural
variability of rock mass properties along slopes. The parameters used
in the model are the coefficient of normal and tangential restitution,
the coefficient of rotational slide friction and the limit angle. The angle
was used to identify the conditions where a rock mass passes from
rotational slide to free fall and vice versa. We modelled motion in 3D,
neglecting the “local” behaviour and only assuming that the blocks
falling along the wall acquire a velocity (V):

V = Cs

ffiffiffiffiffiffiffiffi
2gh

p
ð2Þ

where g is the gravity acceleration, h is the difference in elevation
between the point of detachment and the arrival area, and Cs is the
damping coefficient that takes account of the sliding, rolling and
shocks of blocks. Then zones corresponding to different lithotypes
were identified, and certain values of the coefficients of energy
restitution and friction were given to each lithotype (Scioldo, 1991).

For the numerical represenation of the slope, we constructed a 10-
m DTM by digitising the contour lines of a 1:10000 regional
orthophoto map. For the source areas of the rockfalls or slides, the
geomechanical survey noted in Section 3 indicated the possible points
of rock block departure. The areas where access was prevented due to
high slope gradient were regarded as the source areas of blocks,
particularly where slope gradient exceeded 75°.

The simulated arrivals of blocks from about 1500 rockfalls (Fig. 9A)
had a fairly even distribution. The maximum number of arrivals per
cell was 45. These arrivals were fairly consistent with the observed
number of rock masses detected at a site near S. Quirico. However, the
number of simulated arrivals of blocks was generally larger than that
of detected blocks, because the detection was made only in some
limited areas with abundant rockfalls. Fig. 9B shows the energy
characterisation per cell in kJ which well reflects the trend of
trajectories; the maximum computed value was 1124 kJ.

4.2. Probabilistic approach (geostatistical method)

The probabilistic approach based on geostatistical techniques may
be alternative or complementary to the deterministic approach. The
concept of geostatistics was introduced by G. Matheron in the 1960s.
Geostatistics seeks to reconstruct the spatial behaviour of a given
variable by estimating the measures of the investigated natural
phenomena and applying the randomness of the variable. Among the
various geostatistical methods which have had very interesting
applications, mention is to be made of the Kriging method and of its
variants. When compared with traditional interpolation techniques,
the geostatistical ones yield both the value estimate and its variance;
in addition, it is possible to distinguish between the local effects and
the regional trend within the analysed phenomenon. Kriging is a
method of interpolation of field-measured variables; it permits us to
investigate the value that the variable acquires and to check its
accuracy in sites where experimental measurements have beenmade.
The Krigingmethod takes into account theweighted sum of the points
located within a given zone of influence according to the following
equation:

Zo = ∑
n

i=1
wizi ð3Þ

where Z0 is the predicted value,wi is a value of i-th weight solution of
a system calculated from a set of (n+1) linear equations (where n is
the number of points used for estimating a value at the centre of a

Table 2
Coefficients of restitution Kn (normal) and Kt (tangential) used for rockfall path
analysis.

Litotechnic unit Code Friction coefficient Kn Kt

Limestone UL2, UL3 0.40 0.60 0.85
Flysch AAP 0.60 0.35 0.60
Marl MO 0.30 0.30 0.55
Scree slope DT 0.25 0.30 0.70
Scarp SO 0.40 0.40 0.75
Rockfall deposit 1 FA1, FA2 0.25 0.30 0.65
Rockfall deposit 2 FW 0.20 0.35 0.60

Table 1
Dip direction, inclination of identified discontinuity sets J1, J2, J3 and J4, and volumetric
number of discontinuity Jv for the sites of geomechanical measurements.

Site Slope (°) J1 (°) J2 (°) J3 (°) J4 (°) Jv (n m−3)

No. 1 70/85 353/87 239/51 29/18 224/16 4.4
No. 2 55/75 335/69 324/70 63/12 226/20 5.5
No. 3 60/75 341/77 193/28 3.0
No. 4 90/86 317/66 50/81 3.5
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grid) and zi is the value of the function at the i-th point. For more
details about the approach and theory of geostatistical methods, the
reader is referred to Matheron (1967, 1978) and Chauvet (1991).

Kriging considers that three factors are important in the modelling
of surfaces: distance, grouping and spatial correlation expressed as
spatial covariance. In order to assess the most appropriate interpo-
lation to be used, different Kriging methods were tested and
compared in this study.

Ordinary Kriging is expressed as:

Z sð Þ = c + ε sð Þ ð4Þ

where Z(s) is the random variable to predict at position s, µ is an
unknown constant (= mean) and ε(s) the noise at position s. One of
the main issues concerning Ordinary Kriging is whether the
assumption of a constant mean is reasonable or not.

Simple Kriging is:

Z sð Þ = c′ + ε sð Þ ð5Þ

where µ′ is a known constant. Therefore, ε(s) at the data locations is
also known, permitting the better estimation of autocorrelation. For
Ordinary Kriging, by contrast, both µ and ε(s) are estimated.

Disjunctive Kriging is:

f Z sð Þð Þ = c + ε sð Þ ð6Þ

where f(Z(s)) is an arbitrary function of Z(s). Note that Eq. (6) can also
be written as

f Z sð Þð Þ = I Z sð Þ N ctð Þ ð7Þ

where I is a binary variable created by using a threshold indicator. This
case is called Indicator Kriging (Deutch and Journel, 1998), a special
case of Disjunctive Kriging. Indicator Kriging can be written as:

I sð Þ = c + ε sð Þ ð8Þ

We used a modified form of Indicator Kriging, termed Probability
Kriging (Sullivan, 1984). This is a non-linear method employing
indicator variables. It permits us to estimate a value from 0 to 1 for
each investigation point, which represents the estimated probability

that the value of the variable is lower than or equal to the threshold
value.

I sð Þ = I Z sð Þ N ctð Þ = c1 + ε1 sð Þ ð9Þ

Z sð Þ = c2 + ε2 sð Þ; ð10Þ

where µ1 and µ2 are unknown constants. Probability Kriging can be
considered as a form of Co-Kriging in which the first variable (Eq. (9))
is the indicator and the second variable (Eq. (10)) is the original (un-
transformed) data. Note that now there are two types of random
errors, ε1(s) and ε2(s), so there is autocorrelation for each of them and
cross-correlation between them.

From the statistical indicators described above, the most suitable
methods were chosen. The work consisted of statistical data
exploration, analysis of regional (spatial) trends and anisotropies (if
any), definition of the analytical semi-variogram and utilisation of
results for interpolation with the selected method.

The set of data used in the study was based on the observation of
already fallen blocks and on their georeferencing via a palmtop GPS;
the volume of these blocks was estimated by considering them as
triaxial prisms. In Fig. 10 the descriptive statistical results regarding
the surveyed rock blocks are reported, together with the frequency
histogram of the blocks.

From the original data set, three blocks were discarded because
their size exceeded 100 m3; indeed, blocks of this size have kinematics
that differs from those simulated via lumped-mass rockfall path
analyses as it is unacceptable to assume the whole mass being
concentrated within the baricentre of the rock block. Many of the
fallen blocks have been removed by local people especially in themost
populated areas. This fact might explain the apparent lack of blocks in
the southern sector.

The analysis of the data infers that this distribution is rather far
from the normal distribution, in terms of the values of kurtosis,
skewness and relations among average, mode and median (Fig. 10).
The scatter of the data is also large, as demonstrated by the high
standard deviation values.

To assess the best method of interpolation, a cross-correlation was
carried out, and the results are shown in Table 3. This table highlights
the methods with the best performance as they show the lowest
prediction errors; in particular, when compared together, the root-

Fig. 9. Maps of rock block arrivals and associated energy according to deterministic approach. (A) Number of block arrivals per cell, obtained from rockfall path analysis. Detected
blocks are highlighted in blue. (B) Kinetic energies, obtained from rockfall path analysis. Detected blocks are highlighted in red.

Fig. 10. Descriptive statistics concerning the distribution of the volumetric size of the detected blocks.
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mean-square prediction error may be closer to the average estimated
prediction standard error. These are more valid because when
prediction is made at a point without data, only the estimated
standard errors allow us to assess the uncertainty of such prediction.
When the average estimated prediction standard errors are close to
the root-mean-square prediction errors from cross-validation, the
prediction standard errors can be assumed as appropriate.

A deterministic method of interpolation defined as Local Polynomial
(LP) has also been tested. It is a moderately quick deterministic
interpolator and it is more flexible than the global polynomial method,
but there is no assessment of prediction errors. The method provides
prediction surfaces that are comparable to Kriging with measurement
errors (Table 3). Local polynomialmethods donot allowus to investigate
thedata autocorrelation,making it lessflexible andmore automatic than
Kriging. There is no required assumption of data, and the relative error
values are greater than ones derived from geostatistical methods.

The results of the cross-correlation show that the interpolation
methods based on Probability and Indicator Kriging are the best.
Fig. 11 displays the characteristics of the variograms obtained through

Indicator and Probability Kriging about the variable kinetic energy
derived from the trajectographic analyses. The γ(h) value determines
the square difference between the values for all pairs of locations.

It is worth stressing that the trend of a given variable may be
affected by a deterministic regional trend that overlaps a local trend.
The variation of the local trend represents the actual trend of the
phenomenon to be described. By using the trend analysis function, a
second-order trend was defined, which was subsequently filtered.
This trend is certainly related to the morphology of the slope from
which the blocks originated, as it runs parallel to the ridge.

The variability of the parameters describing environmental
phenomena is influenced by structural factors. These factors often
act in an anisotropic way, i.e. with modalities and characteristics that
depend on space directions. As a consequence, the parameters
involved in the investigated processes will also have an anisotropic
behaviour. This trend was tested through variograms, which measure
the spatial variability of a given parameter in quantitative terms. The
anisotropic behaviour of the variable was taken into account in
developing the theoretical semi-variogram as previously defined. In
the semi-variogram, a nugget effect was identified which was
probably due to measurement errors; the derived model, which was
superimposed on a spherical one, shows a progressive decrease of the
spatial autocorrelation until a distance where the autocorrelation is
zero is reached.

Fig. 12 displays the results of data processing through Indicator
Kriging and Probability Kriging. A predictionmapwas selected, where
the upper threshold of the volumetric variable of the rock mass was
set to 2 m3. The threshold value is given both by statistical indicators
(a value of 2 is the mode) and by considering the minimum block size
which may produce appreciable damage.

5. Discussion

The rockfall path analysis performed in this paper can be regarded
as reliable with respect to actually observed rock block locations; in
addition, a significant convergence of the maximum runout distances
has been observed, in agreement with previous case-histories
reported by Dorren and Seijmonsbergen (2003). The model calibra-
tion has been performed aftermany field surveys particularly oriented
to the rockfall accumulation and source areas, as suggested by many
researchers (e.g. Frattini et al., 2008). In particular, the trajectographic
analyses were initially based on coefficients of restitution whose
values were derived from the literature; the obtained results in terms
of block arrival locations were compared with the actually observed
points, and the values were changed via a trial and error process until
the simulated block arrivals were bounded by a line enveloping the
observed blocks. In a second step, the kinetic energy and rockfall paths
were evaluated to point out anomalous bounces and energy peaks,
thus furtherly refining the values of the coefficient of restitution to
depict a scenario consistent with the recorded one. Recently, specific
methodologies have been developed for GIS-based rockfall hazard
assessment (Chau et al., 2004). Similarly, GIS-oriented approaches

Table 3
Results of cross-correlation, obtained with different Kriging methods.

Prediction errors Ordinary Kriging Simple Kriging Disjuntive Kriging Indicator Kriging Probability Kriging Local polynomial

Mean 0.2589 0.2131 0.3157 0.007185 −0.0002151 −0.06759
Root-mean square 0.5314 0.498 0.535 0.4697 0.4812 7.304
Average standard errors n.d. n.d. 0.4921 0.4792 0.5021 n.d.
Mean standardized n.d. n.d. 0.6413 0.01484 −0.0005576 n.d.
Root-mean Square standardized n.d. n.d. 1.089 0.9801 0.9583 n.d.

Fig. 11. Variograms. (A) Indicator Kriging. (B) Probability Kriging.

Fig. 12. Maps of rock block arrivals according to probabilistic methods. (A) Probabilistic map, obtained with the Indicator Kriging method. Detected blocks are highlighted in red.
(B) Probabilistic map, obtained with the Probability Kriging method. Detected blocks are highlighted in red.
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have been used for regional scale analyses of rockfall runout zones
(Dorren and Seijmonsbergen, 2003) that point out the reliability of
trajectographic methods and the advantage of using spatial data
through GIS. Geostatistical methods have recently been introduced in
approaching such topics (Lan et al., 2007; Frattini et al., 2008). They
are based on a probabilistic approach which provides spatially
continuous information using georeferenced parameters.

The geostatistical approach in analysing rockfall analyses is
undoubtedly innovative, as shown by the scarcity of previous studies,
and at the same time it allows us to analyze and predict values of a
variable distributed in space or time, such as rockfall events. It also has
advantages in exploring spatial correlations and structural/directional
variations, and in conductingerror analysis of the rockfall-related spatial
data (Lan et al., 2007). Although it should be emphasised that results are
sensitive to basic assumptions, like variogram evaluation and threshold
values, findings obtained in this paper through the Indicator Kriging
method (Fig. 12A) appear more realistic than those based on other
interpolation techniques. The result of Indicator Kriging is consistent
with the recorded field data. It was decided not to use deterministic
methods of interpolation based onmathematical relationships, because
most of the assumed spatial properties are not well described. As
regards the rockfall path analysis, the assumed scenario (for blocks
b2 m3 large) encompasses about 80% of the recorded data as shown in
Fig. 10. However, it also overestimates the hazard conditions in this case
study, since areaswith probability values greater than 0.8 are larger and
cover zones where no fallen rock block was ever detected.

In order to compare the analytical results, the following assessment
was performed. For the trajectographic analysis using the kinetic
energy, the areas with energy higher than 30 kJ, a guideline for defining
risk in Switzerland (Raetzo et al., 2002), were selected. Similarly, for the
maps made with Indicator Kriging and Probability Kriging, the areas
with the probability of landslide occurrence that is greater than 60%
were selected, which correspond to high and very high hazards
according to Campus et al. (2005). Then, the fallen rock blocks within
these areaswere countedand their densitywas calculated (Table 4). The
result has confirmed that the most reliable assessment method is
Indicator Kriging, because it yielded the highest density of the blocks.

6. Conclusions

This study was intended to provide the most suitable rockfall
hazard map by converting source-point determinations to areal
estimations. The reliability of a rockfall hazard assessment mainly
depends on the engineering-geological model of the source, travel and
propagation areas. The study area has a geological–structural and
geomorphological setting which favours the development of gravita-
tional processes. The strong stiffness contrast due to the overlap
between calcareous and marly-clayey rocks that has given rise to
subvertical or overhanging rock walls of remarkable height. The
morphoevolution of these walls is governed by collapse and fall of
rock blocks of different volumes. These blocks are due to the
intersection of strata joints with discontinuities of tectonic origin;
indeed, a net of thrust and strike–slip faults, which pervaded the rock
mass all along the Pietra Pizzuta–Vena Tagliata limestone ridge, has
been recognized.

With regard to rockfall hazard assessment, the main aspects to be
emphasised are as follows.

1) The rockfall path analysis performed in this work was significantly
influenced by the input parameters, with particular reference to
the coefficients of restitution values. In order to solve this problem,
the model was calibrated after repeated field observations.

2) The geostatistical approach is unquestionably useful because it
gives the best estimation of point-source phenomena such as
rockfalls inferred from either on-site observations or rockfall path
data. However, the sensitivity of results to basic assumptions (e.g.
assessment of the variogram or choice of the threshold value) may
be problematic. Therefore, numerous data should be processed
and results should be assessed based on performance indicators.

3) The results obtained with the Indicator Kriging method turned out
to be the most realistic. Particularly a zone with a low probability
of block occurrence within a wide central zone of the computation
domain agrees with field observations.

4) The resultantmaps clearly highlight the areas that are susceptible to
crossing blocks. In particular, the area accommodating the new
settlement of San Quirico falls among thosewith the highest level of
hazard, on the basis of both probabilistic and deterministicmethods.

In this paper, two fundamental aspects can be pointed out: a)
deterministic approaches, such as the trajectographic ones, can be
unreliable when no real site test is carried out for determining the
values of the coefficients of restitution; in such a case, a back analysis
procedure of the fallen rock blocks must be performed; and b) an
alternative approach is a non-deterministic geostatistical solution
based on the location and dimension of the surveyed rock blocks. The
combination of both approaches would be most effective.
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