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Abstract. On 15-16 December 1999, heavy rainfall severely been hypothesised within the HR-zones. Initial volume for
stroke Campania region (southern lItaly), triggering numer-these new cases has been estimated by considering the actual
ous debris flows on the slopes of the San Martino Vallestatistics of the 1999 landslides. Finally, by merging the re-
Caudina-Cervinara area. Soil slips originated within the sults of simulations, a deterministic susceptibility zonation of
weathered volcaniclastic mantle of soil cover overlying the the considered area has been obtained. In this paper, aiming
carbonate skeleton of the massif. Debris slides turned intat illustrating the potential for debris-flow hazard analyses
fast flowing mixtures of matrix and large blocks, downslope of the model SCIDDICAS3_;,.,, a methodological example
eroding the soil cover and increasing their original volume. of susceptibility zonation of the Vallicelle HR-zone is pre-
At the base of the slopes, debris flows impacted on the urbasented.
areas, causing victims and severe destruction (Vittori et al.
2000).

Starting from a recent study on landslide risk conditions
in Campania, carried out by the Regional Authority (PAI —

Hyd logical setti lan, i , luati f th . . . .
ydrogeological setting plan, in press), an evaluation o eDebrls flows (Johnson and Rodine, 1984) pose serious risk

debris-flow susceptibility has been performed for selected ar- diti in urbanised logical texts ch rerised b
eas of the above mentioned villages. According to that studyCon ions in urbanised geological contexts characterised by

such zones would be in fact characterised by the highest ris!?igh relief energy, loose soil cover and by suitable triggering
levels within the administrative boundaries of the same V”_R‘rocgssesE.— bmalhnly heZV)élramfall,1(;22hqvl</§kes, aEd fgggv_
lages (“HR-zones”). Our susceptibility analysis has been awing (Eis acher an ague, , VVIeczorex, '
performed by applying SCIDDICAS; .. — a hexagonal Schuster and Wieczorek, 2002). In performing landslide haz-

Cellular Automata model (von Neumann, 1966), specificallyard anal;(/jstehs (IVarrtl_es a?d IAEG' r1]984)’ the tm:]e c:; ?_cctu tr)
developed for simulating the spatial evolution of debris flows rence and the location ot a given phenomenon shouid hirst be

(lovine et al., 2002). In order to apply the model to a given hypothesised. In case of a soil slip-debris flow, the downs-

study area, detailed topographic data and a map of the erod%pe Eropaglati?n d(“rILEJIrll—out;)S)gthce: row-comgoSnent Shofgl’% 8-
able soil cover overlying the bedrock of the massif must pediSO e evaluate (Ellen, » ~.annon and savage, ’

provided (as input matrices); moreover, extent and Iocationcannon’ 198_9)' ) )
With the aim of facing the problem of evaluating the spa-

of landslide source must also be given. il Ut f a0 il slip-debris i >
Real landslides, selected among those triggered on wintidl evolution of a given soil slip-debris flow, once its source

ter 1999, have first been utilised for calibrating SCIDDICA location and dimension have been defined, the Cellular Au-
S3_1ex and for defining “optimal” values for parameters. tomgta model SCIDDICAS3 has recently been developed
Calibration has been carried out with a GIS tool, by quan-(lov',ne ?t al., _2002)' In the present paper, an e:<am'ple of
titatively comparing simulations with actual cases: optimal appl|’(,:at|on of its hexagonal rmeas&ih”) to the “Valli- .
values correspond to best simulations. Through geologicaFe"e area of study (San Martino Valle Caudina — Campania,

evaluations, source locations of new phenomena have theiPUthern ltaly) is briefly described: by adopting an empirical
’ methodology, based on geological analyses, the debris-flow

Correspondence td3. lovine (iovine@irpi.cs.cnr.it) potential (susceptibility) of the study area has been quantita-

1 Introduction
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Fig. 1. Schematic geological map of the study area (after Del Prete et al., 1998, mod.). Key: (1) alluvial sediments; (2) pyroclastic terrain
(a) and lava(b); (3) clay, marl and sandstone; (4) carbonate; (5-7) isopleths (in cm) of the Somma-Vesuvius air-fall deposits of year 1800
B.C. (5), 79 A.D. (6) and 472 A.D. (7). In grey, the Cervinara-San Martino V. C. area of study.

tively evaluated through cellular automata modelling. Nev-limestone beds characterised by notable angle of dip (35—
ertheless, as the field surveying and the model validation ar&0°). The bedrock is overlain by Miocene-Pliocene terrige-
still in progress in the study area, both the collection of ge-nous terrains belonging to the Irpine Units (Ippolito et al.,
ological information and the determination of the best set 0f1975). A mantle of heterogeneous residual and colluvial
parameters have not been completed yet. The results hesmils, derived from Quaternary Somma-Vesuvius and Phle-
presented, in terms of susceptibility zonation, should then begrean pyroclastic terrains (mainly from the Avellino eruption
considered only as a methodological example. — described by Lirer et al., 1973 — and the Campanian Ign-
imbrite — described by Rosi and Sbrana, 1987, respectively),
overly the above mentioned rocks. These volcaniclastic ter-
2 The study area rains, mainly constituted by pumiceous and ashy levels alter-

. nated with buried soils, show variable thickness (up to few
The study area is located on the southern border of the Cau- ! : .

X . .. meters) and geotechnical properties, according to character-
dina Valley, on the northern slope of the Partenio-Monti di ) 9 brop 9

Avella massif, about 20 km from the towns of Avellino and istics of the parent eruption and to successive weathering and

Salerno (Campania, southern Italy — Figs. 1 and 2). Meso-geomorphlc evolution (Fiorillo etal., 2001).

zoic carbonate rocks, belonging to the Alburno-Cervati Unit, At the base of the massif, thick colluvial and alluvial de-
constitute the skeleton of the massif (Ippolito et al., 1975).posits mark the transition to the Caudina Valley; here, at the
The relief consists of a NE-dipping monocline, made of thick mouth of the drainages, debris fans (mainly constituted by
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Fig. 2. Geological sketch of the Cervinara-San Martino V. C. area (after Fiorillo et al., 2001, mod.). Key: (1) alluvial deposits (Pleistocene);
(2) ignimbrite deposits (35000 y B. P.); (3) terrigenous deposits (Miocene-Pliocene); (4) carbonate rocks (Mesozoic); (5) lithologic limit;
(6) main fault; (7) bedding attitude.

debris-flow deposits) spread towards the plain. Along theaccumulated in the first phase of the event), stopping few me-
base of the massif, several villages are to be found: amongers below.
these, Cervinara and San Martino V. C. were in particular A detailed analysis of the December 1999 disaster has first
affected by the landslides of the December 1999 hydrogeobeen carried out, by interpreting air-photographs and through
logical event. geologic-geomorphologic field surveying. In particular, all
the landslides of the 1999 event — and any older evidence
which could be identified — have been mapped on 1:5000
3 Landslide activations in the study area on December ~SCale topographic sheets (lovine et al., unpublished). Type
1999 and amount of soil cover, available for the process of ero-
sion during the movement of the landslide, have also been

On 15-16 December 1999, heavy rainfall severely Strokesurveyed in the field (particularly, along the path of the 1999

Campania region, triggering numerous debris flows on thedebris flows). Similarly, evidence related to triggering mech-

slopes of the Monti di Avella massif (Vittori et al., 2000). anisms, downslope developme_:nt and rheo_logy, erosiv_e _char-
Several soil slips originated on the slopes of the Vallone&cter, etc. has also been con5|d_ered. In '_[hls way, statistics of
Castello (Cervinara) and Mt. Pizzone (San Martino V. C.), (€ 1999 event have been obtained, which helped (together
within the weathered volcaniclastic mantle (Fig. 3): these'Vith data on previous landslide activations, cf. 5.2) in hy-
landslides turned into fast flowing mixtures of matrix and pothesising characters of future phenomena in the same area.
large blocks, downslope eroding the soil cover and increas-

ing their original volume. At the base of the slopes, debris

flows impacted on the cited urban areas, causing victims and Cellular Automata modelling of debris flows: SCID-
severe destruction. In particular, three main landslides were DICA S3

triggered on the northern slope of Mt. Pizzone, in the Valli-

celle study area (cf. A—C in Fig. 4), and propagated towardsCellular Automata (CA") are an example of parallel com-
the urbanised sector of San Martino V. C.: the easternmosputing model (von Neumann, 1966; Wolfram, 2002): they
of these (C) caused one victim along the municipal road (acan be usefully applied for simulating natural phenomena
young man who was approaching with a mechanical shoveivhich satisfy the “a-centric” paradigm —i.e. that can be mod-
the base of the slope, in order to help cleaning the mud therelled in terms of local interactions among its elementary por-
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Fig. 3. Principal landslides (in grey) triggered in the Cervinara-San Martino V.C. area on 15-16 December 1999 (after Amanti et al., 1999).
The Vallicelle HR-zone lies on the upper-right side of the figure, on the NE slope of Mt. Pizzone, right above the village of San Martino

V. C.: here, three main solil slips-debris flows were triggered by the considered hydrogeological event. On the same occasion, seven more
landslides were triggered on the flanks of the Vallone Castello area, SE of the loffredo-Castello hamlets of Cervinara.

tions (Petitot, 1977). Flow-type landslides (e.g. debris flows)inertial properties (e.g. can move upward, along a slope, and
do satisfy the a-centric requirement. override obstacles). Accordingly, the original code was mod-
ified: the “run-up” was added to the model, and the case of
taining complex “global” behaviours by means of simple study :)f fhe'Mt. Ontgke debris a\{ala}nche was analysed (re-
purely “local” rules. They are based on a regular tessella—lease O”, Di Gregorio et al., 1994, Di Gregorio et al., 1999).

tion of the space into a matrix of cells (the cellular space). After the May 1998 disaster in Campania (Del Prete et

Each cell of Fhe cgllulgr space has a fixed shap(_e and _size_, ar}ﬂ_, 1998), the model has further on been extended (family
embeds an identical finite automaton, whose input is given. s, in order to consider some peculiar features of rapid

by the states of the neighbouring cells. Cell attributes (Subyeis flows. First of all, as the amount of material eroded
states) describe the physical characteristics of that portion oélong the path of a debris flow can usually be significant

space. (greatly increasing the initial volume of the soil slip), the
In the last decadeg; A proved to be a valid alternative to process of erosion of the regolith overlying the bedrock has
differential equations in simulating complex natural phenom-been included into the model (relea%e Avolio et al., 1999;
ena (Toffoli, 1984; Di Gregorio and Serra, 1999). In particu- D’Ambrosio et al., 2003). Moreover, the original mecha-
lar, attempts of simulating flow-type landslides have recentlynism of distribution of the landslide debris among the central
been carried out by several authors, also thraighmodels,  cell and the neighbouring ones has been improved (release
with satisfactory results (Barca et al., 1986; Segre and DeansS», D’Ambrosio et al., 2002; lovine and Di Gregorio, 2003).
geli, 1995; Malamud and Turcotte, 2000; Clerici and Perego,The need for simulating the process of “progressive” erosion
2000). Among these efforts, th@A model SCIDDICA was  of the regolith has led to further modifications and the re-
developed for first simulating the Tessina slow-moving earthleaseS3; has thus been obtained. In the hexagonal release
flow (release “T", Avolio et al., 2000). Nevertheless, depend-here utilised §3_1.,), the possibility of triggering of multi-
ing on its kinetic energy, a landslide can also show significantple soils slips has also been implemented (for more details,

A distinctive characteristic of A is the possibility of ob-
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Fig. 4. The Vallicelle (San Martino V. C.) debris flows of December 1999: from left to right, the cases of study A-C utilised in the calibration
phase of SCIDDICAS3_j,., (after PAl-Hydrogeological setting plan, in press).

cf. lovine et al., 2002). location and the extent of each landslide source to be simu-
The transition functiond) of the model is made of a set lated are specified, together with the thickness of regolith.
of rules: these are derived by subdividing the phenomenorf his latter overlies the bedrock and can be eroded by the
into independent elementary processes. Elementary prolowing debris: it must then be considered for computing
cesses can develop either within a given cell (internal transchanges to the original volume of the landslide. Values of
formations) or as a consequence of local interactions with thé@lobal parameters are also assigned in this phase (cf. listin
neighbouring cells. At this purpose, an appropriate neigh.Tab|e 1): note that they are not allowed to Change during the
bourhood must be selected, by adopting a geometricai patSimU|ati0n. The transition function is then Simultaneously
tern of cells — which is invariant in time, and constant for all applied, step by step, to all the cells in R: by properly com-
the cells. The neighbourhood considered in the present rebining each elementary “effect” (produced by each elemen-
lease is shown in Fig. 5. In particular, three elementary protary process), the evolution of the system can be simulated.
cesses constitute the transition function of the mOdel, which It should be stressed that, in tli’d environment, classic
are locally evaluated at each step of computation: (1) debrijyatures’ laws must be suitably rewritten in a discrete context
distribution among the cells, according to pressure gradient$Toffoli, 1984): as a consequence, the parameters of the for-
across the cells and to flow rheology; (2) run-up determi-mulae of the classic approach do not always strictly relate to
nation, used for evaluating the landslide ability of moving those of the local rules of th€ A transition function. Ow-
upslope; (3) mobilisation of the soil cover (i.e. erosion anding to the peculiarity of thec A approach, which involves
transformation into landslide material, according to the €n-“discretisation”, values of g|oba| parameters do not corre-
ergy of the flowing mass). spond to actual physical figures: they are to be considered as
At the beginning of each simulation, the substates of thethe optimal combination of model parameters, which allows
cells are initialised by means of input matrices. In this way, the model to better simulate the phenomenon. Basic princi-
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Table 1. SCIDDICA S3-hex: list of global parameters

Parameter Meaning Optimal values
Pa Apothem of the cell (in meters) 1.25
Dadh Adhesion (the unmovable amount 0.001
of landslide debris, in meters)
Py Threshold for outflows of landslide debris 0.1

(height in meters, related to friction angle)
Dr Relaxation rate of debris outflows 1
from the central cell

Prl Run-up loss, at each step 0.6 15
(owing to frictional dissipation), in meters
DPmt Activation threshold for mobilisation 35 2.0
(in square meters)
Ppef Factor of progressive erosion 0.015 0.065

Fig. 5. The hexagonal neighbourhood adopted in the present im-
plementation of SCIDDICAS3_j., (apothem = 1.25m). Indices

ples of physics (e.g. principles of conservation) are indeed1~8) univocally identify any cell of the neighbourhood (in light
present in thet A approach: they are just expressed in a dif- 9"6): the central cell (0) is evidenced in dark grey.
ferent way. For instance, the minimisation algorithm, which
has here been adopted for computing the distribution of th(?/vords, the

debri h lis. is based iibri inciol optimal” set of values for the global parameters
ebris am_ongf[ € Cells, IS based on an equilibrium PrinCipi€qt he model have to be determined. This can be achieved
(as described in Di Gregorio and Serra, 1999; lovine et al.

through back-analysis, by considering real landslide events
2002). of the same type, occurred in the same area or in a very sim-
ilar geologic context.
In a first step, the calibration can be carried out by consid-
ering real cases of landslide, for which detailed morphomet-
ric and stratigraphic/sedimentologic data are available. Com-

real cases of debris flows recently triggered in Campani only, only a subset (e.g. 75%) of the whole sample of land-

(southern Italy): encouraging results have first been obtaine(jIides Is utili”sed, and the model is first applied by selecti_ng
by simulating the landslides occurred on May 1998 at Sarng reasonable” values for the global parameters (also by taking

(lovine et al., 2002). The model has subsequently been teste'&‘to account the an_alyses performed into analggous.areas of
on the landslides triggered at Cervinara and San Martinoswdy)' In a quantitative way, the results of simulation are

V. C. during the December 1999 hydrogeological event. :nen cofmpared to thek;‘real” Imatpsd t;?]/ meahn§ gf atGIS, ?nd
According to a recent study on landslide risk conditions € periormance can be evaluated through indicators ol er-

in Campania, carried out by the Regional Authority (PAI — ror. New simulations are carried out, by changing the global

: . . . arameters - until satisfying results are obtained (i.e. when
Hydrogeological setting plan, in press), the Vallicelle area of{)he results show errorsfgmgller than prefixed threéholds) In
San Martino V.C. would be one of the HR-zones, i.e. char- ) . . . '
acterised by the highest risk levels within the administrative?nzﬁﬁr?gijﬁgl’etg?I;nnoddsel’il d':’svglfaiﬁgszyn‘z;niig? dge:2§ ;gr-
boundarlle's. of the same village. An example of debrls'ﬂc.)WcaIibration) and by critically evaluating the results by means
susceptibility analysis has then been carried out by applylngbf the same indicators
SC_ZI_IODI?)ICiQ iﬁ;héxa:g t?lés\é%gcingZ)R-TS:i map of the soil In the present analysis, the model has preliminarily been
cove?hgvepbeen iven.to the model gs inout mgtrices T calibrated for the Vallicelle HR-zone, by considering the

gV b >S: VP ree principal landslides there triggered on December 1999:
and amount of regolith have been collected through field SUlocation and extent of the source areas have been considered
veying: in particular, the amount of erodable debris, overly- nd the model has been applied to each landslide '
ing the bedrock, has been mapped in terms of thickness of The adopted procedure for calibration is as f0||0.WS'
regolith. The predisposition of the soil cover to be eroded by '
the ﬂowmg mass has been empirically estimated in the field, 1. initial values have been assumed for the g|0ba| param-
by means of visual inspection and expeditious cementation  eters, also on the base of the values previously deter-
tests, along the paths of the December 1999 landslides. mined in other similar study areas (e.g. the Sarno-Pizzo

d’Alvano area, in Campania);

5 Susceptibility evaluation for the “Vallicelle” area

The releaseSs_;., has been tested, by considering several

5.1 Validation of the model

2.

As a rule, in order to apply the model to a given study area
for predictive purposes, it must be first validated: in other

results of simulation have been quantitatively analysed
(in a GIS environment), by comparing the map of the
real cases with the simulated ones. At this purpose, in-
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Table 2. Calibration of the model: indicators of error

case A caseB caseC

area of real landslideR, in square meters) 54063 25006 20213
area of simulated landslidg(in square meters) 78446 20046 36476

R N S (in square meters) 49295 19284 16609
R U S (in square meters) 83214 25768 40080
RNS
e1 =/ RO 0.77 0.86 0.64
e =/ KBS 095 088 001

dicators of error (cf. Table 2) have been defined, by case of a simulation perfectly included into the real case, the
evaluating the landslide-affected area predicted by thendicatore; will have again a small value, as far as the real
model and any difference with the real case. The com-area is more extended than the simulated ghgx S).

parison has been performed by verifying the areas af- An acceptability threshold can be fixed, depending on em-
fected by both cases (the real and the simulated), angbirical considerations (as commonly done in statistical analy-
those affected by only one of them. Moreover, the ero-sis). In the case here presented, a value of 0.7 could represent
sion/deposition character of the flow has also been takersuch a threshold far;, given the quality of the morphologic

into account, in order to better evaluate the performeddata available and also the preliminary phase of analysis per-
simulations. formed. A supplementary indicator of errep] may also be

. considered, defined as:
3. On the base of a trial-and-error method, values of pa-

rameters have been modified, aiming at obtaining bet- RNS

ter results (in terms of indicators of error) through new €2 = —p— @
simulations. In this way, “optimal” values for the pa-

rameters of the model have been iteratively determinedvhere symbols and range are the same as in the Eq. (1). The
through back-ana|ysisi by Systematica”y Comparing thevalue Of€2 will be hlgh, if the area of the real IandSIIdEX
results of simulation with the map of the real cases. IS included into the simulated on&)( For this indicator, an
Simulations were judged “acceptable” only when the acceptability threshold can be fixed as 0.85.

above mentioned indicators showed values not exceed- Note that, as the model can be reliably applied only outside
ing pre-fixed thresholds. the urbanised sector® and S must be computed within a
reference area (delimited by dashed lines in Figs. 6 and 7):
Generally speaking, the quality of a simulation can bejn other words, areas which can be considered in the analyses
evaluated by comparing areas affected by the landslide in th@es above the village and extend from the source zone to the
real (“R”) and the simulated (") cases. At this purpose, a base of the slope.

primary indicator of errordy) has been defined, accordingto  As all the three main landslides triggered in the Vallicelle

the following formula: area on December 1999 have been considered in the cali-
ROS bration phase, the cited optimal parameters allow the best

1= —— (1) results for all the landslides considered as a whole (small-
RUS est being the difference between the simulated and the real

where cases). Note that we prefer to call them “optimal” and not

) ) _ o “best” values as, at present, the validation phase has not been
— the intersection operatiom] individuates the area (orminated yet. In fact, the required parallel environment is
which is in common between the real and the simulatedgj|| hot available, and the calibration has provisionally been
cases, performed on a standard PC platform, by manually assigning
_ the union operatiorl{) accounts for the area superposi- initial vqlues to the pafameters, and by modifying them on
tion of R ands. the basis of the analysis of the results. Moreover, only three
real cases are available for the considered study area: for
As areas are considered in the evaluation of the indicatowvalidation purposes, a greater sample would be preferable.
of error, square root operation is needed for normalisationThis limit could be overcome by extending the study area to
(cubic roots would be needed for volumes). The indicatorsimilar zones, also affected by similar debris flows (e.g. the
e1 ranges between 0 (i.e. complete unsuccess of simulationYyallone Castello zone, Cervinara).
and 1 (i.e. perfect simulation). It accounts well also for in-  In Fig. 6, the map of the thickness of regolith utilised in the
termediate cases: e.g. a simulation covering all the area ofalibration phase is shown, by means of grey-scale. In Fig. 7,
the real case will have a score which is small, as far as thehe comparison among real landslides and “best” simulations
simulated area exceeds the real case( R). Moreover, in  is shown; obtained values of indicators of error are listed in
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Fig. 6. The Vallicelle area of study: thickness of the regolith utilised Fig- 7. The Vallicelle area of study: analytical comparison (in

for calibration. Key: (1) 0 m (bedrock outcrop, cemented soil cover, ARC/INFO) among the December 1999 landslides (cf. A-C in
and urbanised area); (2) 0.2m; (3) 0.5m; (4) 1m; (5) 1.5m; (6) Fig. 4) and performed “best” simulations. For each of the consid-
2m. Assumed thickness has been extrapolated after detailed fielred landslides, the areaR(") affected by the real case (1) has been

surveying along the paths of the December 1999 landslides (casez°mpared with (2) that obtained through simulatios™{; 3) area

A-C in Fig. 4). Dashed line delimits the areas considered for thecorrectly simulated (affected by the real case and involved in the
calibration of the A—C cases. simulation); 4) area not affected by the real case and not involved

into the simulation. A quantitative comparison, within the same
dashed areas of Fig. 6, has been carried out in a GIS environment:
Table 2. If we consider the cases A and B, acceptable result8Umerical results are listed in Table 2.
have been obtained for both the considered indicators of er-
ror (e1 andep). As regards the case C, an acceptable score
has been obtained only for the indicater Accordingly, the sised within the Vallicelle HR-zone (note that cases A, B and
overall predictive ability of the model in the Vallicelle area of C of Fig. 4 correspond to cases 1, 7 and 10 in Fig. 8, re-
study can, at present, be considered satisfying. sciDpDIcaspectively). Initial volume and location for these new cases
S3_nex can then reasonably be applied — even if only for the has been estimated also by considering the actual statistics of
sake of methodological exemplification — for assessing thethe 1999 hydrogeological event: in other words, it has been
debris-flow susceptibility of the considered area. Better mor-assumed that the severity of the hypothesised event (to be
phological data and detailed stratigraphic information would modelled by applying SCIDDICA3_ ) should be similar
certainly allow an improvement of the values obtained for to the 1999 one, in the Vallicelle HR-zone, in terms of type
indicators of error. Moreover, the model performance wouldand entity of landslide activations; it would be more severe,
certainly benefit from a systematic and automated validatiorin terms of number of landslide activations.
— e.g. in a parallel environment, by means of genetic algo- Source locations have been chosen by taking into consid-
rithms: in this way, a proper definition of the “best” values to eration those of the 1999 landslides, older evidence of land-
be assigned to the model parameters could in fact be attainedlide and the apexes of the HR-zone (as mapped by the Re-
gional Authority — cf. PAI — Hydrogeological setting plan,
5.2 An example of application for susceptibility zonation in press). In Table 3, some details on the source areas hy-
pothesised in the Vallicelle HR-zone are given; the last 2
Through geological and geomorphologic evaluations, sourceows list average and standard deviations (in parenthesis,
locations of n. 12 landslide phenomena have been hypothevalues computed excluding source 1). It must be stresses
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Fﬂ/ f%&%%%////( Table 3. Morphometric characters of the considered landslide
| NN « sources
(( S.\a@r&:lquaudma\ i\
i K\,h EK\\\\ landslide id. length ~ thickness of soil cover ~ area  volume
A i - m m n? md
1(A) 18,6 2 355,6 7112
2 6,3 1 93,9 93,9
3 9,8 0,5 92,4 46,2
4 6,5 0,5 100,2 50,1
5 8,7 0,5 96,2 48,1
6 6,9 0,5 98,9 49,45
7(B) 7,5 2 109,6  219,2
8 7 2 107,2 2144
9 5,7 2 97,3 194,6
10 (C) 6,9 2 94,3 188,6
11 57 2 99,7 199,4
12 5,7 1 96 96
average 7.9 1.3 1201 1759
(7.0) (1.3) (98.7) (127.3)
st. dev. 3.6 0.7 74.3 183.2
(1.3) (0.7) (54) (75.2)
251000 243500 mentioned heterogeneity. Each of the 12 landslides has been
LEGEND simulated “alone”, in order to estimate its own propagation
1E 2\:, a- 4- A path. In other simulations (here not considered), landslides
. o5 have been allowed to start together — aiming at evaluating the
fm relative interference of coalescing phenomena, also in terms

_ _ _ of volume/discharge and impact potential at the base of the
Fig. 8. The Vallicelle area of study: example of debris-flow sus- massif. Results of simulations have been merged into a sin-

ceptibility zonation using SCIDDICA3_j. Onthe whole, n. 12 g1a map  aiming at depicting a deterministic susceptibility
landslide sources have been considered (cf. Table 3): three of ther?onation of the study area

correspond to the December 1999 debris flows (id. 1, 7, and 10);
the remaining sources have been selected by considering evidence
of pre-1999 landslide events (id. 3, 5, and 8) and by taking into In Fig. 8, the resulting zonation is shown, by assigning
account the landslide-risk zonation recently carried out by the Re-different grey-tones to zones affected by one/more simulated
gional Authority (id. 2, 4, 6, 9, 11, and 12; cf. PAI-Hydrogeological phenomena: some sectors are affected by only one of the
setting plan, in press). simulated landslides, while others are involved in more phe-
nomena (up to seven). More in detail, the areas affected by
only one/few landslides are mainly located in the upper por-
that the considered sample of landslides is not strictly ho-tion of the study area, along. the NE S'OPe of Mt; Pizzone.
mogeneous: six of them are real cases, triggered either Zyxcept for cases of contermln_ous Iand_slldes, Whlch can af-
the December 1999 event (id. 1, 7 and 10) or by previou ect the same area, the areas involved into multlple_phenom-
historic events (id. 3, 5 and 8); the remaining sources havéna are generally located at the base of the slope, either along
been hypothesised on the base of geological consideratiorf§€ Main drainages or in the large valley right above the vil-
(id. 2, 4, 6,9, 11 and 12). Moreover, field evidence Suggesl!age of_ San Martino V. C. In particular, the sector; located on
a peculiar development for the phenomenon 1: the originafP®th Sides of the playground, and the road which connects
source would be in fact located in the middle portion of the the village to the Vallicelle area (i.e. where one victim was
slope; after the first slide of soil, the scarp migrated severaf@useéd by one of the December 1999 debris flows) resulted
meters upslope (retrogressively), significantly modifying the {© P€ the most susceptible to debris flows.
initial morphometry of the source. On the other hand, the
mechanism of landslide development associated to the other Note that, as the results obtained by contemporarily simu-
surveyed phenomena (and assumed for those hypothesiseld}ing adjacent phenomena have not been considered in this
would be “normal”, from the scarp downslope. Accordingly, phase of the project, the zonation shown in Fig. 8 should be
morphometric characters of the considered sample reflect theonsidered, in this respect, only as a “minimum?” scenario.
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6 Discussion victim was caused during the December 1999 event resulted
to be among the most susceptible to debris flows.

Landslide hazard assessment requires the evaluation of time FOr Simulating a given debris flow through SCIDDICA

of occurrence and location of a given phenomenon, once itg3-ex, thickness of erodable soil cover and topographic in-
dimension and severity have been defined, as well as both thfermation have to be given to the model, as input matrices.
area and the temporal window which the prevision is referreg-0cation and extent of the landslide source must also be de-
to (Varnes and IAEG, 1984). In case of a debris flow, thecided, on the basis of the ggologlcal s.l. knowledge of the
assessment of the “initial” characters of the landslide is com-2réa of study. In the analysis here presented, sources char-
monly not enough: this type of phenomenon can in fact travef2cters have been hypothesised by taking into consideration
very far from the source area, either along open slopes or i€ statistics of a severe hydrogeological event, occurred in

channels, and is commonly able to erode materials along th&'e Study area on December 1999, and information related to
path, thus notably increasing its original volume. For risk Previous landslide activations in the same zone. Moreover,

evaluation purposes, the evaluation of the potential path (i.e0ther sources have been hypothesised on the base of a recent
the travel distance and the overall involved area) of a giverstudy on landslide risk in the study area, carried out by the
debris flow is therefore an essential point. Regional Authority (_PAI - Hydrc_JgeoIog|caI setting plgn, in
The family “S” of the Cellular Automata model SCID- press). The scenario adopted in the present study is there-
- . . fore analogous to the Valle Caudina December 1999 event
DICA, originally developed for simulating flow-type land-

slides, has recently been realised in order to simulate th or slightly worse): the results obtained by applymg SCID-
. : A . O ICA S35, refer to such a type of hydrogeological event.
downslope evolution of a given soil slip-debris flow: in the

o . ; o As in Fig. 8 only individual results (i.e. obtained by “inde-
model, the original landslide which originates along a slope .o . . .
. : ., ) : pendently” simulating one single case at a time) have been
is assumed to “immediately” turn into a flowing mass of de-

o ) : : considered, the susceptibility zonation depicts a “minimum”
bris (in CA terms, this occurs into the source cells during the P Y P

. . L - scenario: the area involved by two adjacent contemporary
first step of computation). By considering the availability of flows can in fact be different (larger), if compared to individ-

regolith, the process of erosion (and volume change) alon : . ) :
. al results of simulation, owing to interference between the
the path of the simulated phenomenon can then be modelle lowing masses

In S3, this process has further on been improved with respec . )
to the previous release (cf. lovine et al., 2002): the erosion of With reference to the adopted set of values for global pa

AN . : rameters, as obtained through calibration of the model in the
the regolith is simulated in a progressive way, step by step

according to the enerav of the flowing mass. By properl Vallicelle study area, it should be stresses that they are quite
9 9y g - DY PIOPETY qipijar to those previously determined for the southern slope

assigning valges to the model parameters at the beglnnmgf the Pizzo d’Alvano massif, located in the surroundings of
of the simulation, the energy threshold to be overcome forNIt Somma-Vesuvius (about 25 km eastward of Naples — cf

soil erosion can be selected, as well as the factor of progresIfig. 1): it is a carbonate massif, overlain by a heterogeneous

sive erosion (this latter determines the thickness of soil cover : : .
) . volcaniclastic cover, whose average slope (in the area con-
which can be eroded at each step of computation). Accord-.. . : .
. : sidered for simulations) is generally smaller thaf.30n the
ingly, the regolith can now be eroded step by step, and cases : . .
o ) " other hand, in the Vallicelle zone the average slope is greater

of partial (incomplete) erosion can also be simulated.

than 37: this difference in slope — together with the geotech-

The validation of the model for a particular study area is anpjca| properties of the volcaniclastic material and other geo-
essential phase: afterwards, the model can be “reliably” apmorphologic peculiarities — could explain the observed dif-
plied for predictive purposes — e.qg. for evaluating the debristerences in the set of optimal parameters (cf. Table 1, in
flow susceptibility in a given study area. Note that the set\yhich left and right columns refers to the Pizzo d’Alvano and
of values for global parameters (as determined through valyjjiicelle study areas, respectively). In particular, the values
idation) can only be utilised for applying the model to the getermined for the two study zones are the same, except for
same geologic context (or to a similar one), in order to simu-the parameters,,;, p,; andp ,.; —which are strictly related
late new landslides of the same type as those considered fqp mechanisms of energy transmission and dissipation in the
validation. flowing material. Greater values of both the run-up lgss)(

In this paper, an example of application of SCIDDICA and the factor of progressive erosiom,(;), together with
S3_nex 10 the Vallicelle area of San Martino V. C. is con- a smaller value of the threshold for mobilisation of the soil
sidered. Preliminary results of calibration indicate that thecover (p,,;), Seem to be in good agreement with the observed
predictive ability is quite satisfying, also in terms of indica- lower relief energy which characterises the Vallicelle geo-
tors of error. The possibility of assessing, through a deter-morphological context, with respect to the Pizzo d’Alvano
ministic approach, the relative susceptibility to debris flows one.
of the considered area is shown in Fig. 8: some sectors are The methodological approach utilised in the present study
affected by only one of the simulated landslides, while othersfor debris-flow susceptibility zonation could conveniently be
are involved in more phenomena (up to seven). In the samapplied for risk mitigation purposes. Moreover, by properly
zonation, areas involved into multiple phenomena are gentranslating intaC A terms any planned remedial work, its pre-
erally located at the base of the slope: the sector where onsumed effect on the landslide evolution (and thus its oppor-
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