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Abstract. Rockfall risk analysis for mitigation action de- and Agliardi, 2003; Corominas et al., 2005; Jaboyedoff et al.,
sign requires evaluating the probability of rockfall events, 2005; Straub and Schubert, 2008; Fell et al., 2008). Rock-
the spatial probability and intensity of impacts on structures,fall protection includes different tasks, namely: rockfall risk
their vulnerability, and the related expected costs for differ-assessment for land planning and prioritization of actions;
ent scenarios. These tasks were integrated in a quantitatiiélentification of mitigation options able to achieve a speci-
risk assessment procedure supported by 3D rockfall numerfied risk reduction; and evaluation of their cost efficiency to
ical modelling performed by the original code HY-STONE. optimise budget and design. Accomplishing these tasks in-
The case study of Fiumelatte (Varenna, Italy), where a largevolves evaluating: (1) rockfall hazard over the affected area;
rockfall in November 2004 resulted in 2 casualties, destruc<2) the distribution and intensity of impacts on exposed struc-
tion of several buildings and damage to transportation corri-tures; (3) the vulnerability of impacted structures; (4) the ex-
dors, is discussed. The numerical model was calibrated by pected cost of specific risk scenarios; and (5) the efficiency
back analysis of the 2004 event, and then run for the wholeof mitigation options.

area at risk by considering scenarios without protection (S0), . . .
with a provisional embankment (S1), and with a series of When dealing with natural hazards, a risk-based approach

long-term protection embankments (S2). Computed impacfo countermeasure design should be used to account for the

energy and observed damage for each building impacted ianertainties related to frequency,_probability of impact on
2004 were combined to establish an empirical vulnerabilityexposed elements, and vulnerability (Straub and Schubert,

function, according to which the expected degree of loss forzgg&trgnz'elm e;taell.li Z(joot?)k) tg/(ljor?é)zgr' ;ocléf;;lalllrsa;reer_ rz;eb
each element at risk was computed. Finally, costs and ben- strongly spatially distributed processes, 1S y
.complex dynamics and interaction with structures. Thus, a

efits associated to different protection scenarios were esti: . . . .
b uantitative Risk Analysis (QRA; Corominas et al., 2005;

mated, in order to assess both the technical performance ar@
the cost efficiency of different mitigation options. ell et al., 2005) for these processes should be based on

sound modelling of rockfall processes. Nevertheless, few re-
searchers applied risk analysis to the design and evaluation
of rockfall protection measures (Bunce et al., 1997; Hungr
1 Introduction et al., 1999; Corominas et al., 2005; Straub and Schubert,
2008). Most rockfall protection studies have been aimed
Rockfalls are widespread phenomena threatening human bée susceptibility or hazard assessment (Pierson et al., 1990;
ings and causing significant damages to structures. Thugzancelli and Crosta, 1993; Mazzoccola and Sciesa, 2000;
rockfall protection through both structural and landplanning Crosta and Agliardi, 2003; Budetta, 2004; Guzzetti et al.,
actions is an important issue for administrators and stake2004; Jaboyedoff et al., 2005; Frattini et al., 2008), while
holders in rockfall prone areas (Raetzo et al., 2002; Crostdhe design of structural countermeasures (e.g. barriers, em-
bankments, rock sheds) is usually based on empirical crite-
ria (Ritchie, 1963; Fookes and Sweeney, 1976; Nichol and

Correspondence tdr. Agliardi Watters, 1983) or numerical modelling results (Spang, 1987;
BY

(federico.agliardi@unimib.it) Barret and Pfeiffer, 1989; Agliardi and Crosta, 2003).
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The slope toe below 270 ma.s.l. is covered by colluvial saill,
extensively reworked to create artificial terraces for urban de-
velopment and agricultural practice. In this sector, slope in-
clination is in the range 20-25

This area has been recurrently affected by small rock-

fall events, occasionally causing fatalities (e.g. May 1987,

: 2 casualties in a car on SP72 road) or traffic interruptions
m (e.g. October 1998). This led to the construction of extensive
countermeasures on the surrounding slopes, including flex-
ible barriers and rock face cleaning/reveting. Nevertheless,
no systematic record of rockfall events is available for this
area.

On 13 November 2004 at 17.30 about 4000-508@n
rock toppled from a rocky cliff at 650 m a.s.l. above Fiume-
latte (Fig.2a and b), and fragmented impacting on a rocky
bench immediately downslope. A large number of blocks
up to 100 nd in volume bounced and rolled down through a
channelled sector of the talus, reaching the lower part of the
slope (250-270m a.s.l., Fig. 2¢). Here rockfall trajectories
spread over the terraced slope, reaching the urban area below
with a maximum runout distance of about 500 m. In this sec-

We integrated all the relevant stages of the rockfall protec-tof significant lateral dispersion of rockfall trajectories oc-
tion process in a comprehensive approach which takes advarftrred, with a width/length ratio of the runout area (Crosta
tage of 3D mathematical modelling, providing useful insight @nd Agliardi, 2004) up to 0.34. Impact and rolling scours
and tools for the analysis of rockfall processes and relategurveyed soon after the event suggest that blocks mostly
risks (Agliardi and Crosta, 2003; Crosta and Agliardi, 2003; bounced close to the terraced ground. Despite rockfalls are
Jaboyedoff et al., 2005; Frattini et al., 2008). We present thecommon phenomena in this area and all along the of Lake
case study of Fiumelatte (Lecco, ltaly; Fig. 1), where in 20040f Como, no event of this magnitude had been reported in
a single rockfall event caused 2 casualties, the destruction dfistorical times.
several buildings and the interruption of a road of regional _The rockfall damage corridor involved a 170 m long span
importance, and a railway. Following the disaster, a provi-Of two transportation corridors (i.e. the Lecco-Colico railway
sional protection embankment was built, and the design of drack and the SP72 road) and several houses and structures,
longer and higher series of embankments was started in of€laiming two casualties (Fig. 2). Major structural damage
der to ensure long-term protection. The aim of our analysisc@using total loss was suffered by a house just above the
was to verify the technical suitability and the cost-efficiency railway track and by a three-storey building where fatali-
of the countermeasures through a Quantitative Risk Analysidies occurred (Fig. 2e), whereas other buildings, including

and a cost-benefit analysis, supported by 3D mathematicdhe railway sta_\tion (Fig. 2d), experienced less severe dam-
modelling. age. The estimated cost of damage to structures reached

7000000 Euro. Impacts on the railway track caused a 8-day
long traffic interruption and significant economic losses for
2 The Fiumelatte rockfall event the railway company, estimated to be about 1 600 000 Euro.
Soon after the event, the regional civil protection author-
The Fiumelatte village is located on the eastern shore of théty intervened to trim few unstable blocks on the rocky cliffs,
Lake of Como, in the municipality of Varenna (Fig. 1). The and a provisional 180 m long retaining fill was built (and later
area is impended by rocky cliffs up to 300 m high, with slope raised in 2005) to face the emergency stage by protecting the
inclination locally exceeding 70 degrees. These consist ofdamaged area. Later, a new series of three larger embank-
massive or thick-bedded Middle Triassic dolostones of thements, up to 8 m high and 500 m long, and related slope cut-
Esino formation (Carnian), belonging to the upper structuralting was planned to ensure long-term protection to the whole
unit of the Grigne massif (i.e. Northern Grigna-Coltignone exposed area (Fig. 3).
Unit; Jadoul and Gaetani, 1986; Sciborn, 1992). The rock
mass is cut by bedding planes gently dipping to the WNW,
and NNE trending steep fractures. The intermediate part of
the slope, between 270 and 500 m a.s.l., is covered by dis-
continuous, partly cemented and forested or bush-covered
scree deposits with slope inclination in the range 33-38

Fig. 1. Location map of the study area, south of Varenna on the
eastern shore of the Lake of Como (northern Italy).
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Fig. 2. The 2004 Fiumelatte rockfall eventa) NW view of the affected area, including rockfall source and péthdetail of the rockfall

source ared(c) aerial view of the impacted area, including the inner part of the Fiumelatte village, the Lecco-Colico railway track and the
SP72 road. Numbers indicate the location of structures in d) tédh)ailway station (n. 42 in Fig. 8), damaged by the impact of a 8om
block; (e) roof of building n. 46 (Fig. 8) damaged by a Srblock; (f) three-storey building (A in Fig. 8) destroyed by a 98 block, where

two casualties also occurrefj) damaged railway section west of the main rockfall corridb; building n. 53 downslope of building A

(Fig. 8), severely damaged by the same Seiock.

I J
3 Methods
R=3"3"PW);-P(T|L)yPUIT)i Vi W, @
3.1 Riskanalysis i=1j=1

. . . where P(L); is the probability of occurrence of a rock-
Rockfall risk (i.e. the annual expe(_:ted cost due_ to the iM-c.1l event in the magnitude (i.e. block volume) clags
pact of rockfall events) can be defined as the simple prod-

i - i~ P(T |L);; is the probability of a block in the volume class
uct of three conditional prob_abllmes, vulnerablhty and value, j to reach the element at risk (i.e. reach probability);
summed up for all the considered elements at risk and rock-

fall magnitude classes, according to the following equationP(I I7); s the probability that a given element at risk is at
' he i [ i he ti f i i.e. | -
(Hungr et al., 1999: Fell et al., 2005): the impact location at the time of impact (i.e. temporal spa

tial probability or exposure)y;; is the vulnerability (i.e. ex-
pected degree of loss) of a given element at figk the
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Fig. 3. Rockfall protection scenarios considered in the risk analyalseference scenario SO, corresponding to the unprotected post-2004;
(b) scenario S1, protected by a provisional embankmEhscenario S2, with a planned set of embankments designed to ensure long-term

rockfall protection of the Fiumelatte and Pino areas.

impact of a block in the magnitude clags and W; is the
economic value of the element at risk

The impact probability of rockfall in the volume clag®n
the element at risk can be defined as:

P(I)jj=PL)j-P(T|L);j-PUI|T); 2
thus, risk can be rewritten as:
1 J
R=Y">"PWy-Vij- W 3)
i=1j=1

According to Hungr and Beckie (1998), rockfall probabilities
can be evaluated by considering rockfall events as Bernoull

Substituting in Eq. (3) we finally obtain the following expres-
sion for total rockfall risk:

J

Il
k= .X;Z;Nf “P(T|L)ij- PUIT);-Vij - W,
=1 j=

(6)

3.2 Numerical modelling

The part of risk analysis involving the interaction between
rockfalls and elements at risk (i.e. impact probability and vul-
nerability) was supported by high-resolution 3D numerical
modelling performed through the code HY-STONE (Agliardi

and Crosta, 2003; Crosta et al., 2004; Frattini et al., 2008).

trials, i.e. simple experiments with a random binary outcomeThis code is able to simulate rockfall trajectories in 3D with
(i.e. failure or success). The probability that any impact of aa multi-scale stochastic approach, taking advantage of high-

rockfall in the volume clasg occur on the element at rigk
can thus be expressed as:
P(I);j =1—[1- P(I|L);]" @)
where P(I |L);j=P(T |L);j-P(I|T); is the probability of
impact on the element at rigkgiven that a rockfall event in
the volume clasg occurs, andv; is the annual frequency of
rockfall events in the volume clags

For P(I |L);; less than 103, andN; less than 100, Eq. (4)
can be approximated in practice by the following equation,
being the numerical difference very smal%%; Hungr and
Beckie, 1998):

P(I);j = Nj - P(I|L);j %)

Nat. Hazards Earth Syst. Sci., 9, 1039+3 2009

resolution descriptions of 3D topography (e.g. LIDAR). The
code incorporates a hybrid algorithm based on modifications
of Pfeiffer and Bowen (1989) and Azzoni et al. (1995), al-
lowing to model free fall, impact and rolling with differ-
ent damping relationships available to simulate energy loss.
Slope topography is described by a raster DEM, and all the
relevant parameters are spatially distributed. The stochastic
nature of rockfall processes and the variability of the relevant
parameters are introduced as a function of topography and
by random sampling most parameters from different prob-
ability density distributions (e.g. uniform, normal, lognor-
mal, exponential). The model accounts for the interactions
between blocks and countermeasures or structures by intro-
ducing their geometry and energy absorption capacity. An
elasto-viscoplastic model (Di Prisco and Vecchiotti, 2006)

www.nat-hazards-earth-syst-sci.net/9/1059/2009/
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Fig. 4. Terrain classes obtained by unique condition combination of surface lithology and landuse maps, for the rockfall protection scenarios
S0, S1, and S2. Calibrated model parameters assigned to each terrain class are listed in Table 1. Keys to symbols: embank =embankmel
fill material; built=built area; collg = colluvial deposit, grass covered;tal talus slope, bare; tdu: talus slope, bush covered;_fatalus

slope, forested; si. subcropping rock, forested;h: outcropping rock, bare;f outcropping rock, forested.

is also available to model impact on soft ground, whereasestimate the valu®; of each building. An economic value
rockfall impacts against vegetation and fragmentation phe-of 10° Euro was assumed for human life using a human cap-
nomena can be simulated as stochastic processes (Crostaittl approach according to the literature (GEO, 1998; Fuchs
al., 2006) The code accepts spatially distributed input data aand McAlpin, 2005; Porter et al., 2006; Jonkman, 2007). The
raster matrices, including: location of source cells, numberspatial temporal probability (I |T ); of the elements at risk
shape and mass of blocks, initial conditions and values ofsee Eq. 1) was evaluated by simple assumptions about their
damping coefficients accounting for energy loss. Results arenobility, and set to 1 for buildings (i.e. static elements) and
provided in raster and vector format, including rockfall fre- 0.5 for people inside buildings (conservative estimate of av-
quency, bounce height, rotational and translational velocityerage daily occupancy of 12 h).
and kinetic energy, as well as information about motion type, In our approach, the annual frequency of rockfall events
impact locations and values of impact and rebound angle ain a given volume classes (i.e. N;) was evaluated using
each computed point along fall paths. magnitude-cumulative frequency (MCF) curves according to
Hungr et al. (1999) and Dussauge et al. (2003). The reach
probability P(T |L);; was derived from the results of 3D nu-
4 Quantitative risk analysis merical modelling. The vulnerability;; of the elements at
risk was evaluated through a vulnerability curve, obtained
Quantitative risk analysis was performed for three rockfall by combining numerical modelling results and field data for
protection scenarios, namely: a reference scenario withoubpuildings.
countermeasures (scenario S0 in Fig. 3), a scenario protected
by the provisional embankment (scenario S1in Fig. 3), and 4.1 Numerical model set up
scenario protected by the planned embankments (scenario S2
in Fig. 3). Numerical modelling of rockfalls was performed over an area
Elements at risk considered in the analysis included theof about 0.52 krincluding the whole Fiumelatte village and
existing buildings in the Fiumelatte area and the estimatedhe above slopes, impended by rocky cliffs up to 800 m long.
number of people inside them based on average occupanch LIDAR topography with 2m spatial resolution (courtesy
A building databasel86) was set up in GIS, including of Regione Lombardia) was used to describe topography,
housing, commercial, and other buildings (e.g. railway sta-whereas rockfall source areas, surface lithology and vegeta-
tion). For each building, several attributes relevant to risktion were mapped in the field. The trajectory and maximum
analysis were surveyed, namely: structural type (e.g. mafunout of single blocks and the related damages to structures
sonry walls, reinforced concrete frame), building height, planwere also mapped soon after the 2004 event.
area, number of storeys (derived by field surveys, analysis of Surface lithology and vegetation maps specifically pre-
LIDAR topography and 1:2000 topographic maps), averagepared for this study have been combined in a unique con-
commercial value per unit area (from real estate market infor-dition map (Fig. 4). This allowed us to define 9 classes of
mation and reports of losses suffered in 2004), and averagslope units to be assigned initial values for the impact energy
estimated annual people occupancy. These data allowed t@stitution ¢,, ¢;) and rolling friction (tarb,) coefficients,

www.nat-hazards-earth-syst-sci.net/9/1059/2009/ Nat. Hazards Earth Syst. Sci., 9,0%H 2009
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Fig. 5. Calibration of the 3D rockfall numerical model by back analysis of the 2004 ey@n&imulated trajectories represented as points
classified by local block velocity(b) block paths mapped after the eve(t) runout of single blocks(d) impact and rolling scourdie)
damage to structures.

which were derived from the literature (Agliardi and Crosta, included mapped block trajectories and runout, extent of the
2003; Frattini et al., 2008). Rockfall sources have been deimpacted area, impact and rolling scours, and block-structure
fined by detecting bedrock outcrops on steep terrains, failurénteractions, i.e. damage or energy absorption (Fig. 5).
evidences, rockfall accumulations, and collecting available
geomechanical and historical data (Agostoni et al., 2000)4-2 Rockfall frequency and probability of impact
A total of 21 463 source cells (85 85Zmabout 16% of the .

The annual frequency of rockfall eventy,; (i.e. a proxy

model area) were identified, mostly corresponding to steep . ' .
rocky cliffs above 600 ma.s.l. (average slope®:&@andard of rockfall onset temporal probability) must be defined with
deviation of slope: 10. reference to specific event magnitude classes, as for flood or

earthquake events. This requires knowing or assuming the
The model was calibrated through a detailed back analysiselationship which describes the magnitude-frequency dis-
of the 2004 rockfall event, for which the source area locationtribution of rockfall events in a given area characterised by
was well known (Fig. 3). The trajectories of 2750 spheri- specific geological and geomorphological features. For land-
cal blocks were simulated (Fig. 5a), with block radius vary- slides, different magnitude-frequency relationships both in
ing between 0.5 and 3m according to a negative exponenterms of area and volume have been used (Stark and Hov-
tial probability density function. These values correspond toius, 2001; Guzzetti et al., 2002; Malamud et al., 2004).
volumes in the range 0.5-11%min agreement with block  As to rockfalls, several authors (Hungr et al., 1999; Dus-
sizes observed in the field. In order to account for naturalsauge et al., 2003; Malamud et al., 2004) demonstrated that
variability and the stochastic nature of the rockfall process,the magnitude-cumulative frequency (MCF) distribution of
all the relevant parameters were varied according to differenevents in given volume class¢gan be described by a power
probability density distributions. In particular, according to law in the form:
the published literature (Azzoni et al., 1995) a normal proba-
bility density distribution was assigned to the restitution andlogN(V) = No+b-logV )
friction coefficients (3 values in Table 1). Calibrated values whereN (V) is the cumulative annual frequency of rockfall
of model parameters (Table 1) were obtained by fitting theevents exceeding a given volunig; is the total annual num-
runout and kinematics of simulated trajectories to detailedber of rockfall events, and is the power law exponent. The
event data mapped in the field soon after the event. Thesannual frequency of rockfall events in a given volume class

Nat. Hazards Earth Syst. Sci., 9, 108943 2009 www.nat-hazards-earth-syst-sci.net/9/1059/2009/
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Table 1. Mean (1) and 3 values of the rolling friction (tadr) and normal and tangential impact energy restitutign ¢;) coefficients,

used to set up the Fiumelatte rockfall models assuming a truncated gaussian PDF. Parameters were calibrated through the back analysis
the 2004 rockfall event. The different terrain classes have been obtained by unique condition combination of superficial lithology and land
use as mapped in the field (Fig. 4).

tan(@,) €, e
terrain class " 30 " 30 " 30
Embankment fill material 045 0.023 0.35 0.018 0.70 0.035
Built area 0.45 0.023 0.35 0.018 0.80 0.040
Colluvial deposit, grass covered 0.45 0.023 0.35 0.018 0.80 0.040
Talus slope, bare 0.30 0.015 0.40 0.020 0.85 0.043
Talus slope, bush covered 0.35 0.018 0.40 0.020 0.80 0.040
Talus slope, forested 0.35 0.018 0.40 0.020 0.80 0.040
Subcropping rock, forested 040 0.020 0.65 0.033 0.75 0.038
Outcropping rock, bare 0.30 0.015 0.70 0.035 0.85 0.043
Outcropping rock, forested 0.35 0.018 0.70 0.035 0.80 0.040

Table 2. Block volume classes considered in the risk analysis, 07 Scenarios S1 and S2, the original LIDAR topography

and expected frequencies of related events according to the adoptétaS modified by merging detailed DEM specifically set up
magnitude-frequency curve. from countermeasure design plans. These were generated

in ArcGIS™™ as TINs (Triangular Irregular Networks) and
Volume clas§  Volume range  Incremental annual frequeridy, Return period then converted to raster at the same resolution as the LIDAR

- m? (eventslyear) (vears) topography. At embankment locations, the restitution and
1 0.001-0.01 6.11 0.16 rolling friction coefficients were also modified accordingly.

2 0.01:-0.1 2.38 0.42 . . . . .

3 01-1 0.92 109 Modelling results relevant to risk analysis (Fig. 6) included

4 1+10 0.36 2.78 the frequency and kinetic energy of blocks reaching each
5 10+-100 0.14 7.14

model cell. For each element at risk and block volume class,
the reach probability? (T |L );; was evaluated as the ratio of
the total number of blocks reaching each buildingnd the

o ) _total number of trajectories simulated by the model (Fig. 7),
J (.. N;) can be derived from MCF curves by subtracting assuming a constant rockfall susceptibility over the entire
the cumulative frequencies for each considered volume classg. Finally, the impact probabilityP (1);; of a block in
according to the approach by Hungr et al. (1999). The pane volume clasg on the building is given by multiplying
rameters of MCF curves themselves have no universal Sigihe annual frequency of events in the volume clagd ;) by
nificance, although the exponenhas been found to vary in - the reach probability (7 IL);; (Fig. 7). For persons inside

aquite narrow range, i.6:0.7<b<—0.4 (Hungretal,, 1999;  piigings, the impact probability was scaled according to a
Dussauge et al., 2003), and should be based on complegepatim temporal probability of 0.5.

local rockfall inventories. Since a site-specific event cata-
logue for the Fiumelatte area is lacking, a valuésf-0.41 4 3 Vulnerability
was derived from the literature (i.e. value for carbonate rocks

proposed by Dussauge et al., 2003). A conservative estimatg) antitative risk assessment requires evaluating the vulner-
of No=10 was derived from available historical and geomor- 4pjjity of single elements at risk. This has been defined by
phological information for the entire 800 m long cliff span.  several authors in terms of baghcietal vulnerabilitfGlade,

In order to evaluate rockfall risk according to Eq. (6), we 2003) andphysical vulnerabilityUzielli et al., 2008). The
considered five block volume classggTable 2), covering |atter is a scenario-specific parameter defined as “the degree
the volume range 0.001-10Gni_arger rockfall volumes are  of loss to a given element or a set of elements within the
prone to fragmentation soon after detachment, as suggestegtea affected by the hazard” (ISSMGE TC32, 2004). In the
by the 2004 event dynamics, and were not considered as siffield of natural hazards, well-established methods for the es-
gle block volumes. timation of physical vulnerability have been developed for

For each protection scenario (SO, S1 and S2) and for eacharthquake (Kappos, 2006) and flood risk (USACE, 1996).
volume class (Table 2) rockfall numerical modelling was per- For landslides, the quantitative assessment of vulnerability is
formed over the entire exposed area (Fig. 6), by simulatingmade difficult by the lack of accurate damage data and by the
214630 trajectories (i.e. 10 blocks from each source cell)inherent complexity of landslide kinematics and interaction

www.nat-hazards-earth-syst-sci.net/9/1059/2009/ Nat. Hazards Earth Syst. Sci., 9,0%H 2009
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Fig. 6. Results of 3D rockfall numerical modelling performed for the protection scenarios S0, S1 and S2, portrayed in raster format in terms
of number of blocks reaching each model cell (above) and average kinetic energy/cell in kJ (below). Reported examples are for volume class
j=5 (Table 2).

” P(TIL)i5 \ ‘ ( P(1)i5
Jo o
Ty C<1e4 Tl H < 1es
{71\ [ 1e-4-1e3 ‘\\\ [ 1e5- 1e-4
A\ 1e-3- 1e-2 A\ I 1e-4 - 1e-3
E‘-Je-z -3e2 E-«W?’ -4e-3
‘. \‘\\\ ) b
fo At
T > A\ s

Fig. 7. Estimation of the probability of impact on buildings from numerical modelling results. The total number of blocks reaching each
buildingi was used to compute the reach probability. This was combined with the annual frequency of rockfall events in each volume class
J to obtain the probability of impact. Reported example is for protection scenario SO and for volumg=&43able 2).

with different types of structures (Glade, 2003), althoughphysical vulnerability is required to perform Quantitative
some advanced methods have been proposed (Uzielli et aRisk Analysis. Thus, we evaluated the physical vulnerability
2008; Kaynia et al., 2008). of buildings in the Fiumelatte area through an empirical ap-
For rockfalls, physical vulnerability of elements at risk proach based on the analysis of detailed event data collected
or protection structures is a function of the kinetic energy soon after the 2004 disaster. In particular, we linked the im-
of rockfall impacts (Straub and Schubert, 2008) and shouldPact energy values derived by numerical modelling with the
be expressed by vulnerability curves derived by statisti-damages observed in the field.
cally sound databases of damage to specific categories of For vulnerability assessment purposes, the energy of rock-
structures impacted by rockfalls, which are rarely available.fall impacts against each building damaged in 2004 was cal-
Nevertheless, a quantitative although simple estimation oftulated from velocity values simulated by numerical back
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Fig. 8. Spatial distribution of block velocity derived from the numerical back analysis of the 2004 rockfall event. For vulnerability assessment,
the statistical distribution of the impact energy of observed blocks against each impacted building (examples reported as histograms) was
evaluated from simulated velocity values.

analysis of the event (Fig. 8). This allowed to account for thesuffered by an occupant given that a block impacted a build-
mass of specific blocks causing observed damage (Figs. 2ng) shows the same dependence on impact energy (i.e. the
5 and 9). In addition, local rockfall kinematics and the pat- same vulnerability function) as the buildings.

tern of block-structure interaction were evaluated by differ-

ent experts, in order to refine the most probable range of im4.4  Risk analysis results

pact energy associated to observed damage. The degree of

loss suffered by each building impacted by the 2004 evennowing the impact energies computed by numerical mod-
was estimated by an engineering evaluation of structure typ&lling (Fig. 6) for each protection scenario (SO, S1 and S2)
(e.g. masonry or reinforced concrete frame), damaged strucand each volume clags we were able to derive the degree
tural elements (e.g. concrete bearing frame, bearing or partiof 10ss of each element at risk (Fig. 10). This was combined
tion walls), functional damage and repairability (Fig. 9). A With the impact probability and the value of the elements at
site-specific empirical vulnerability function was obtained by risk according to Eq. (6), allowing to compute the risk to
fitting damage and impact energy values through a sigmoidabuildings (Fig. 10) and to persons inside buildings in terms

function (Fig. 9) in the form: of annual expected costs (in Euro). Finally, we computed
the total annual expected cost for each of the three protection
1.358 : ) :
V(E) =1— ———m (8) scenarios (Fig. 11) as the sum of expected costs estimated for
1 + ¢ 120300 each block volume class and element at risk. The statistical
whereV is the fractional degree of loss, ranging 0 to 1, and variability of simulated energy of impact on each building
E is the impact energy in Joule. was accounted for by providing lower and upper bound risk

The physical vulnerability of human life to rockfalls is estimates considering the minimum, average and maximum
very difficult to estimate since there is a lack of damagecomputed impact energies, respectively (Fig. 12).
statistics, and none of the few published studies expressed Analysis results in terms of total annual expected costs, in-
it in the form of vulnerability curves (Cruden, 1997; Hungr cluding risk to buildings and persons inside, can be portrayed
et al.,, 1999; Corominas et al., 2005). For the present purby both maps and plots (Figs. 11 and 12). In the unprotected
poses, we assumed that the vulnerability of persons insidscenario (S0) a 250 m wide corridor (including the sector im-
buildings (i.e. the degree of loss in terms of injury or death pacted in 2004) and the Pino area to the south (Fig. 11) are
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Table 3. Residual/initial risk ratio of protection scenarios S1 (pro-
visional embankment) and S2 (long-term protection embankments),
estimated for total risk, risk to buildings and risk to persons in build-
ings, respectively. The ratio provides a useful tool to evaluate the
relative expected technical performance of different protective ac-
tions.

Risk: Buildings Persons Total
Minimum 0.44 0.53 0.50
S1-S0  Average 0.39 0.46 0.44
Max 0.27 0.32 0.31
Minimum 0.01 0.02 0.02
S2-S0  Average 0.01 0.01 0.01
Max 0.01 0.01 0.01
Minimum 0.03 0.03 0.03
S2-S1  Average 0.02 0.02 0.02
Max 0.02 0.02 0.02

exposed to a total annual risk of about 98 000 Euro (average
value) and up to 428 000 Euro (maximum; Fig. 12). This was
considered unacceptable in societal terms by the authorities
in charge of civil protection. Moreover, the estimated an-
nual probability of loss of life (PLL), i.e. the annual prob-
ability for an individual to suffer complete losy/(E)=1

in Eq. 8), reaches 7:610~3, exceeding the limit value of
10~* suggested by risk acceptability guidelines established
in Hong Kong for rockfalls (GEO, 1998). When the pro-
visional embankment (S1) is introduced in the analysis, to-
tal annual risk is significantly reduced in the 2004 damage
area (Fig. 11), with a total annual expected cost lowered to
about 43000 Euro (average) and 130000 Euro (maximum).
Nevertheless, in this scenario the southern part of Fiumelatte
and the Pino area remain unprotected, with an estimated an-
nual PLL up to 8&10~4. The highest degree of protection

is achieved in the scenario S2, with some residual risk only
affecting the Pino area, south of Fiumelatte (Figs. 11 and 12)
and an estimated annual PLL below fGor all the exposed
individuals. The expected technical performance of the exist-
ing and envisaged mitigation actions S1 and S2 was further
evaluated by computing the ratio of the residual risk (i.e. the
annual expected cost estimated in a given protected scenario)
to the initial risk, corresponding to the unprotected scenario

Fig. 9. Empirical assessment of the degree of loss suffered by strucS0. This ratio, computed with respect to the minimum, aver-
tures impacted by the 2004 rockfall event, based on field observaage and maximum estimated risks (Table 3), outline the very
tions carried on soon after the event. These data were combinegood expected performance of the S2 option (planned series
to recalculated impact energy values (Fig. 8) to establish a siteof embankments) with respect to the one of S1 (provisional
specific empirical vulnerability function by fitting damage-energy embankment).

data through a sigmoidal function.
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Fig. 11. Total risk (i.e. annual expected cost in Euro) computed for single buildings and persons inside, including the contribution of all the
considered volume classes, for each considered scenario (SO, S1 and S2). Maps clearly show the spatial distribution of risk and the degre

of risk reduction provided by different protection options. The reported example is for risk computed using average values of impact energy
on each building.
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Fig. 12. Summary of the annual expected costs (in Euro) for rockfall risk to buildings, risk to persons inside buildings, and total risk,

computed for the whole study area. Expected costs have been computed for three scenarios (S0, S1, S2) considering the maximum, averag

and minimum impact kinetic energy estimated by numerical modelling at each impacted building.

SO pae——— houses, quantified by the rent interest. For the computation
oo dest | asa®] of actualized benefits and costs a discount rate of 4% (50-
i 152 L o years swap rate), an inflation rate of 2% (i.e. the European
2 404 2 -.;qi;}'ﬂ-q»g- --------------- Central Bank objective), and a rent interest of 5% were used.
g Dncg?gﬁ? NPV was evaluated at different times after the achievement
2 %0 "g;.;éé??“ """"""""""""""""""" of the mitigation action (Crosta et al., 2005), ranging from 1
R R T et IR P Pot to 40 years. The results show that both protection strategies
= S1 and S2 are largely preferable over the relocation of endan-
g 1077 " ””””””” gered houses (Fig. 13). Moreover, the Net Present Value of
E o4----- seet ] the two strategies is very similar, thus demonstrating a simi-
2 e lar cost efficiency.

-10

0 10 20 30 40
year after mitigation action 5 Discussion

Fig. 13. Results of the cost-benefit analysis of different mitigation Quantitative Risk Analysis (Fell et al., 2005) is becoming
options (SO with relocation of most exposed buildings, S1, S2). Thewidespread in the field of natural hazards, progressively
Net Present Value (NPV) of benefits and costs related to the Cons|dovercom|ng qua“tatlve approaches (eg heurlstlc methods)
ered protection s.c'ena.rios wgs computed at different times from th?}uantitative approaches represent requisite tools to evalu-
deployment of mitigation actions. ate the acceptability of risk, establish mitigation targets, and
plan, design and evaluate both structural and non-structural

Finally, in order to evaluate the cost efficiency of the mit- protective actions. Nevertheless, when dealing with land-

igation strategies (FEMA, 1996), a cost-benefit analysis Ofslide hazards a quantitative assessment of risk is affected

the different strategies was performed by calculating the NefY @ variety of difficulties related to: evaluating the occur-
Present Value (NPV): rence probability of landslides both in space (i.e. susceptibil-

ity) and in time (i.e. recurrence), modelling runout processes
T B, C, and the interactions between landslides and elements at risk,
NPV = Z a+n Z 1+r) (9) and accounting for the uncertainties due to inherently com-
t=o t=o plex physical processes and the stochastic variability of all
whereB; is the benefit at time, C; is the cost at time, and  the relevant parameters (Crosta and Agliardi, 2003; Glade,
r is the discount rate. 2003; Hungr et al., 2005). We showed that integrating ad-
The NPV values calculated for the protection scenariosvanced process-based modelling techniques in a physically
S1 and S2 were compared to the most conservative and exound quantitative risk assessment framework can provide
pensive strategy consisting in the complete relocation of theéools to overcome some of these difficulties, even when con-
buildings most exposed at risk in the scenario SO. For costsidering long runout landslides with a complex dynamics as
benefit analysis, only direct costs were considered. Theseockfalls (Agliardi and Crosta, 2003; Crosta and Agliardi,
derive from: the reconstruction of new houses in the relo-2004). In particular, the proposed risk assessment procedure
cation scenario; the damages of existing houses in case afllows to account for the spatially distributed nature of rock-
event, the damage to injured people. Benefits derive fronfall processes, for which both the probability of impact on
the economic returns of either undamaged or reconstructedifferent element at risk and intensity show sharp variations
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both along and transversally to block trajectories. More- -b (power-law exponent)
over, accurate 3D numerical modelling provides a suitable 03 04 05 06 07 08 09
tool to analyze the distribution of rockfall dynamic quanti- T ' ' ' ‘
ties (e.g. kinetic energy) at the location of single elements 5 140 T :::;\? |
at risk, thus supporting a quantitative assessment of vulner- 5’ 120 °
ability. Finally, the capability of modelling different protec- > .
tion scenarios by introducing countermeasures and elements = 100
at risk in a GIS environment allows a repeatable and sound g 80
evaluation of the residual risk. 3

A major limitation to the application of the proposed risk g 60 I !
assessment procedure in practice is the lack of statistically ° 40
representative historical catalogues of rockfall events allow- g v
ing a sound characterization of the frequency distribution of £ 2 . ~]
rockfall volumes for specific sites. In particular, assumptions 1¢ [y &
made on the values of the power law exporieand the total 0 10 20 30 40 50
annual frequency of ever{p (Hungr et al., 1999) strongly N, (total annual number of events)

affect the results of risk analysis in terms of annual expected

costs over an order of magnitude, as demonstrated by the eXig. 14. Sensitivity of the computed total risk for buildings (SO
ample sensitivity analysis in Fig. 14. In a similar way, risk es- scenario, average kinetic energy case) to the main parameters of
timates depend on the adopted vulnerability functions, whichthe MCF curve used to estimate rockfall onset frequency, i.e. total
should be based on probabilistic analyses of damage datanual number of events/p) and power law exponent (b).

recorded in statistically representative databases of damagge Conclusions

events affecting different categories of elements at risk. Un-

fortunately, such databases are mostly unavailable for rockThis study shows the possibility to achieve quantitative eval-
fall problems, and can rarely be collected at a site specifiquation of rockfall risk as an input for the design and cost-
scale. Moreover, data required for a detailed quantificationbenefit analysis of different mitigation scenarios. A single
of the value of elements at risk (e.g. insured replacemenmmodelling tool has been used to assess the physical compo-
value of buildings; Fuchs and McAlpin, 2005) are not always nents of risk, namely: hazard, probability and energy of im-
accessible depending on the type of impacted elements aniacts on structures. These are mandatory data for a complete
regulations in force in different countries, thus introducing risk assessment through the evaluation of the expected losses.
further uncertainty in the resulting expected costs. With respect to existing rockfall risk analysis procedures, the
roposed one supported by 3D numerical modelling proved
1) to be more suitable for spatially distributed risk problems,
2) to be able to integrate all stages of risk assessment, and

: 3) to reduce the number of assumptions on the physical com-
can be used to set up a sound risk assessment proced

f risk.
which can be enforced at different levels of detail depend- nents of ris

. th lable data. Wi ¢ that. when detail Although affected by uncertainties due to the lack of statis-
Ing on the avarable data. We suggest thal, when detalle jcally sound catalogues of both rockfall events and damages,
data are available to establish site-specific, statistically soun

itude-f lationshi 4 vl bility f e proposed approach allows a sound estimation of residual
magnitude-lrequency refationships -and vuinerability func- risk, which is required to assess both the technical efficiency
tions, reliable estimates of absolute values of total expecte%

: o i.e. capability of intercepting incoming blocks) and the cost
costs can be obtalneq and suppo_rted by sensitivity analyse fficiency (i.e. cost/benefit) of different mitigation options.
Otherwise, conservative assumptions on the relevant parame-
ters (e.g. MCF power law exponent or total annual number ofAcknowledgementsie are grateful to P. Florean, and F. Omegna
rockfall events) can be used, provided that the sensitivity offor their assistance in the field, M. Ceriani and the Regione Lom-
risk calculations to the assumptions made has been evaluatdwrdia Civil Protection staff for making available event data, aerial
(Fig. 14). Much effort should then be spent in setting up photos and the LIDAR topography, and C. Adampli for providing
high-resolution numerical models allowing for a reliable as- event loss data. The paper benefited from the reviews by L. Dorren

; o e Aari _and an anonymous referee. The research has been carried out in
Sess”?‘?”t of impact probability and (lampmcall.y derlved_vul the framework of the SAFELAND project (“Living with landslide
nerability. However, even when detailed data is not available

) . . risk in Europe: Assessment, effects of global change, and risk
norcan be COHeCtPfd in atime and cost-effective Wa}y’ t_he Sng'rnanagement strategies”), European Commission 7th Framework
gested risk analysis procedure proved to be effective in ordeprogramme.
to compare different risk scenarios, allowing a meaningful
evaluation of the technical performance of different mitiga- Edited by: A. Volkwein

tion options. Reviewed by: L. Dorren and another anonymous referee

The presented case study is a typical one for which th
aforementioned information is not available. Nevertheless,
we showed that advanced numerical modelling technique
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