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ABSTRACT: The Probabilistic Approach to pRovide Scenarios of earthquake-Induced slope
FAiLures (PARSIFAL) is a comprehensive methodology providing scenarios of earthquake-
induced landslides at large-scale. PARSIFAL overcomes several limits of previous approaches,
allowing to: i) analyze first-time landslides and re-activations; ii) account for different rock- and
soil- failure mechanisms; iii) map landslide scenarios through probability classes. For the first
time, PARSIFAL was applied for a seismic microzonation study in the municipality of Accumoli
(Central Apennines, Italy), intensely struck by the 2016 seismic sequence. More in particular, by
PARSIFAL were defined Attention Zones (ZAFR) and Susceptibility Zones (ZSFR) for land-
slides, following the guidelines by Italian Civil Protection. The screening from ZAFR to ZSFR
consisted in define as ZSFR the ZAFR involved in the most of the considered saturation scenarios.
The PARSIFAL scenarios resulted in good agreement with empirical frequency distribution vs.
volume of earthquake-triggered rock falls and sliding referred to Central Apennines.

1 INTRODUCTION

One of the most suitable tools for mitigating the risk associated to earthquake-induced land-
slides, is the formulation of scenarios describing how the induced ground effects are spatially
distributed. The so-reconstructed scenarios can support risk assessment as they provide crucial
information for evaluating potential interferences with main infrastructures as well as for
planning the countermeasures to mitigate the related risk.
However, mapping susceptibility or analyzing spatial distribution of related damages is not a

sufficient action, since for risk mitigation strategies a probability of earthquake-triggered ground
effects should be estimated. Moreover, the analysis of slope conditions, including saturation of
eluvial/colluvial covers as well as water pore pressure distributions usually generated by impulsive
heavy rainfall events, cannot be neglected. In the framework of risk mitigation studies, the PAR-
SIFAL (Esposito et al., 2016) allows returning scenario maps by combining the probability of
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seismic action and slope failures, expressed as a probability of exceedance respect to a displace-
ment threshold of maximum admissible deformation before the landslide triggering. Some test
sites have been already considered: the coastal sector of southwestern Tyrrhenian Calabria in
Southern Italy (Bozzano et al., 2013), three municipalities in Central Italy (Esposito et al.,
2016), the Alcoy (Alicante) municipality in Spain (Martino et al., 2018). Following the Ordin-
ance 24 of the 12th of May 2017 issued by the Italian Presidency of the Council of Ministers
after the 2016–2017 seismic sequence in Central Apennines (OPCM 24/2017), technical support
was provided for 15 municipal areas of the Lazio Region of Italy for the microzonation studies,
in which the perimeter of ZSFR (i.e., existing landslides or slope sectors where critical displace-
ments can actually occur under seismic loading) is outlined starting from the inventory of land-
slides areas (ZF) and potentially unstable slopes (ZPF) which together define the zones of
attention for the landslides (ZAFR).

2 CASE STUDY

2.1 Geological setting

The Municipality of Accumoli is located in the headwater sector of the Tronto River valley, in
the piedmont zone of the Central Apennines, between the Sibillini Mountains to the west and
the Laga Mountains to the east.
This area is characterized by the outcrop of geological units belonging to two main Meso-

Cenozoic depositional environments: the Umbria-Marche basin and the Lazio-Abruzzi car-
bonate platform (Cosentino e Cipollari, 2010).
The Umbria-Marche units (made up of marls, marly limestone and limestone) mainly crop

out in the western portion of the administrative territory of Accumoli, while the remaining
part of the area is characterized by the outcrop of the flysch-like Laga Formation, made up by
an alternation of sandstone and marlstone, in a very variable proportion.
The marked lithological variability in the study area, in general accounts for the different

erosional response along slopes (Figure 1).

Figure 1. Geological map of the Municipality of Accumoli: 1) Man made fill; 2) Alluvium; 3) Slope-waste

deposits; 4) Colluvium; 5) Terraced alluvium; 6) Terraced and re-incised alluvial fan; 7) Alluvial fan; 8) Sand-

stone (Laga Fm); 9) Arenaceus-pelitic Units (Laga Fm); 10) Pelitic-arenaceus Units (Laga Fm); 11) Marly-

clayey Units; 12) Marly and marly-limestone (Scaglia Cinerea Fm); 13) Micritic limestones and black-shales

(Scaglia Variegata Fm); 14) Marls (Marne a Fucoidi Fm);15) Calcilutites (Maiolica Fm); 16) Lime-

stones-marly debris; 17) Nodular limestone (Rosso Ammonitico Fm); 18) Micritic limestones (Corniola

Fm); 19) Limestones (Calcare Massiccio Fm).
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The geomorphological setting of the area is in general characterized by active incising
V-shaped river valleys and widespread erosional landforms such as sub-vertical rocky cliff,
ridges and crests, in particular where either carbonatic or arenaceous rocks crop out. The
Tronto River flows northwards and presents asymmetric valley-sides due to the different litho-
logical characteristics of the outcropping bedrock and the strata attitude (Figure 1).
In particular, the left valley-side is mostly shaped on the arenaceous member of the Laga For-

mation, while, the opposite valley-flank, is generally composed by the pelitic and most erodible
member of the Laga Formation. It has been observed that the pelitic-arenaceous member of the
Laga Formation is mostly involved in landslides due to the interlayering of stiff arenaceous
levels with more ductile marly-clayey strata. The pelitic levels also represent the weak layers
which can drive sliding failures. The bedrock characteristics, together with the rock masse joint-
ing, due to the presence of tectonic elements and the action of an intense physical rock weather-
ing, strongly control the rock mass wasting along hillslopes. Soils are in general gravels and
sands of i) alluvial deposits (in average < 25 m thick) composing the Tronto River valley-floor,
ii) alluvial fans at tributary junctions, iii) slope deposits (debris cones, talus, colluvium).

3 MATERIALS AND METHODS

The PARSIFAL is designed for analyzing earthquake-induced re-activations of roto-transla-
tional landslides occurring on soil slopes as well as with first-time slope failures involving
rock-slope (planar/wedge slides and toppling) or soil covers overlaying stiffer bedrock (earth/
debris slides). The PARSIFAL results are summarized in a comprehensive mapping expressed
in terms of probability of exceedance of earthquake-induced landslide displacement respect to
an assumed threshold. The results are obtained for different slope hydraulic conditions
expressed by the Bishop coefficient for water pressure distribution (ru – Bishop, 1955) for soils
and by the joint saturation ratio (water height filling the joint/joint length – hw/h) for rock
masses as well as for different seismic hazard scenarios (i.e. for different return times).
PARSIFAL is a sequential procedure structured in three sequential steps:
Step 1. Slope Analysis (SA) - In this step the territory is analyzed in terms of landslide suscep-

tibility, independently of the dynamic input. The susceptibility to re-activation is evaluated by
detecting and inventorying already existing landslides. As it regards rock failures, the territory is
zoned on the basis of geomechanical and geostructural surveys. Each zone corresponds to a
homogeneous area (namely Homogeneous Geostructural Zone - HGZ) in terms of litho-
logical composition and structural features (type, number and orientation of discontinuity
sets). Kinematic compatibility was checked by performing the Markland (1972) tests by
means of a GIS-based, cell-by-cell procedure to detect the suitability for planar or wedge-
slides as well as to toppling with respect to morphometric parameters, such as “slope” and
“aspect” of each grid cell derived by the available DEM. As it regards first-time shallow
earth-slides, a heuristic approach is used to evaluate susceptibility by identifying, within the
areas where soil covers crop out, sub-areas characterized by specific classes of slope and
aspect (namely Unique Condition Units - UCU), whose combination can determine the pre-
disposition to collapse.
Step 2. Slope Stability (SS) - In this step the slope stability under seismic condition is evalu-

ated by computing a probability of exceedance of an assumed displacement threshold (P [D≥Dc
| a (t), ay]), i.e. 10 cm for earth-slides and 5 cm for rock failures according to Romeo (2000),
through a pseudo-dynamic Newmark’s (1965) approach. In order to perform slope stability ana-
lysis for soil sliding, according to Dewitte and Demoulin (2005) the shape ratio height/length
(H/L) was defined for each landslide mass: Janbu method (1973) was applied for slides charac-
terized by 00.1≤H/L≤0.1, i.e. with a mainly translational mechanism; Bishop method (1955) was
applied for a roto-translational mechanism (where H/Ls0.1). In order to perform the slope sta-
bility analysis of rock slides and toppling, typical-block volumes were derived on the basis of
the surveyed geomechanical features (i.e. joint spacing and attitude). A critical pseudostatic
threshold (ay) is first of all derived by a sensitivity analysis on horizontal pseudostatic acceler-
ation (ax) at different saturation conditions. For each considered scenario (which couples seismic
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loading and saturation conditions), the results of slope stability are referred to already existing
landslides (polygons) and first-time failures (susceptible grid cell or UCU for rock and soil,
respectively) in terms of P [D≥Dc], if any, or safety factor (SF) if no displacement is computed.
Step 3. Resulting Scenario (RS) - This step provides a synthetic and integrated GIS

mapping of slope stability results, for each considered scenario (i.e. including seismic
hazard and slope saturation conditions). The different territorial units defined as elemen-
tary areas able to represent the slope stability results are represented, in the GIS soft-
ware, by single cells of a raster, as regards the first-generation rock landslides, while
vector shape files are used to represent the slope stability results for the first slides of
the earth and the already existing landslides.

3.1 Seismic input

The selection of natural accelerometric records herein adopted for the evaluation of co-seismic
displacements by Newmark’s (1965) approach, follows the criteria set in Esposito et al. (2016),
Martino et al. (2018) and microzonation studies in Lazio Region Municipalities (OPCM 24/
2017). In this way, a set of time-histories (TH) spectrum-compatible with a target response
spectrum representative of local seismic hazard for a Return Time of 475 years (i.e. a 10%
exceedance probability within a reference time period of 50 years) can be obtained by the fol-
lowing constraints: i) a Eurocode 8 site ground type “A” and “B” which are the most represen-
tative for the thickness as well as for the geotechnical and geophysical parameters of the
deposits outcropping in the study area; ii) magnitude range 5.2÷6.2 MW or ML; iii) focal mech-
anism “normal” or “normal-oblique; iv) hypocentral depth h ≤ 30 km; v) TH PGA =
2/3÷3/2 of local seismic hazard; vi) TH Arias intensities (in log-values) lying inside the 95%
confidence interval of the whole set till now obtained; vii) shape similarity of TH response
spectra compared to the previously mentioned target one. Finally, the resulting time-histories
are scaled to the local seismic hazard PGA, namely 0.26 g. In this way, a set of 25 TH can be
used for the evaluation of co-seismic displacements and the probability of exceedance of the
assumed displacement thresholds (Esposito et al., 2016).

3.2 Resulting scenario

A first scenario consisted of dry conditions (i.e. ru and hw/h equal to zero) and seismic action
for a return time of 475 years and corresponding to a PGA of 0.26 g; the obtained results are
reported in the following Figure 2.

Figure 2. Resulting Scenario obtained by PARSIFAL in the Municipality of Accumoli for

RT=475 years PGA 0.26 g in dry conditions.
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In a second scenario, full saturation conditions (i.e. ru and hw/h equal to 1) where assumed
and the same seismic action accounted as for the previous scenarios of dry conditions. The
obtained results are reported in the following Figure 3.

4 STATISTICAL PROPERTIES OF THE EARTHQUAKE-INDUCED LANDSLIDE
SCENARIO

An acceptable completeness and, thus, reliability of landslide scenarios requires that the data-
set must include a substantial fraction of all landslides at all scales and, in particular, a consid-
erable fraction of the smallest ones (Malamud et al., 2004).
The statistical properties of the earthquake-induced scenario for both rock falls and slides

obtained through the PARSIFAL approach have been evaluated considering the frequency
density distribution (Malamud et al., 2004) that, related to the peculiar kinematic of these
landslide types, is characterized by a frequency-volume distribution with a negative power-law
exponent (Brunetti et al., 2009).
The analyzed scenario reveals a negative power law coefficient equal to 1.38 (Figure 4).

This value is comparable with the results obtained from the dataset of rock-falls and rock-

Figure 3. Resulting Scenario obtained by PARSIFAL in the Municipality of Accumoli for

RT=475 years PGA 0.26 g in full saturations conditions.

Figure 4. Frequency density f(Vr) vs. volume (Vr). In red the CEDIT dataset of rock-falls and rock-

slides triggered by the Central Italy seismic sequence (2016–2017) and in green the earthquake-induced

landslides scenario obtained through the PARSIFAL approach. The straight lines are the relative power-

law correlations.
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slides triggered by the 2016–2017 seismic sequence occurred in Central Italy and collected in
the CEDIT catalogue (Martino et al., 2014; http://www.ceri.uniroma1.it/index_cedit.html) as
exemplified by the pictures reported in Figure 5.
The comparison between the frequency density f(Vr) vs. volume (Vr) obtained from

empirical and simulated dataset respectively, shows an overestimation of the frequency dens-
ity for the lower volumes in the simulated scenarios respect to the empirical one. In a future
perspective such a difference could be reduced by performing calibration tests on the
assumed threshold for critical displacements and/or verifying the lowest available rock-
block resolution.

5 FROM ATTENTION ZONES (ZA) TO SUSCEPTIBILITY ZONES (ZS) FOR
LANDSLIDES

Through the PARSIFAL application it was possible to make a screening between ZAFR

(Zones of Attention for landslide occurrence) and ZSFR (Susceptibility Zones for landslide
occurrence). The ZAFR include ZF (already existing landslides) and ZPF (first generation
landslides), i.e. areas prone to landslide to which it is possible to attribute a safety factor (SF)
or exceedance probability (P [D>Dc] a(t), a(y)). The ZF and ZPF also include the landslides
collected in the official regulatory documents provided by the competent Basin River Author-
ity. Only the ZAFR for which (P [D>Dc]|a(t), a(y)>0) for at the least 2 for the 3 considered
saturation conditions are reported in the ZS map. The ZSFR also include landslides inventor-
ied in the official regulatory documents, regardless of the PARSIFAL results. According to

Figure 5. Examples of rock block failures from arenaceous flysch, triggered by the Autumn 2016 earth-

quakes, which involved the roads for Accumoli historical village (a) and for the localities of Tino (b) and

Villanova (c) in the Accumoli municipality. The block size ranges from tens of centimeters up to meters.
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ICMS (2008), the ZSFR are extended by including AE (Areas of Expansion) which, for rock
slides and toppling, are represented by the maximum distances that could be reached by the
detached blocks (runout distance) while, in case of already existing landslides, consist on a
buffer of 10 meters drawn around the landslide perimeter. The so derived ZSFR map
(Figure 6) represents a sub-dataset of the ZAFR. By comparing the total area of the ZAFR

with the total area of the ZSFR, it results that the PARSIFAL screening led to a reduction of
22% of the mapped ZAFR.

6 CONCLUSION

The PARSIFAL approach was experienced in the Municipality of Accumoli (Central
Italy) in the framework of microzonation studies aiming at reconstructing destroyed vil-
lages and towns after the 2016–2017 Central Apennine seismic sequence. The PARSI-
FAL proved to be a reliable tool for screening landslide-prone areas (ZAFR) and
selecting those actually sensitive to the seismic trigger (ZSFR) for microzonation maps,
according to the current guidelines of the Italian Civil Protection. The resulting scenarios
of earthquake-induced ground effects, validated according to magnitude vs. frequency
local empirical relations, were considered for: i) distinguishing severity classes of prob-
ability of exceedance respect to assumed critical displacements; ii) evaluating variation of
severity due to different saturation scenarios; iii) screening attention vs. susceptibility
zones for earthquake-induced landslide. The obtained results and the related maps are
currently part of the official technical documents annexed to the microzonation studies
and available for reconstruction plans.
More in particular, the results obtained consist in a GIS mapping representing the

possibility for a landslide to be induced by an earthquake in different scenarios, related
to different hydraulic conditions, referring to a return time of 475 years and correspond-
ing to to a PGA of 0.26g. Based on the PARSIFAL results, only 41% of the landslide-
prone areas in the municipality of Accumoli are featured by re-activations, while the
remaining 59% are characterized by first-time earth- or rock-slides. In dry conditions
unstable conditions or P[D≥Dc|a(t), ay]>0 resulted for 54% of existing landslides, 17% of
first-time 35 rock-slides and 1% of first-time earth-slides, while in full saturation condi-
tions the results obtained are much more severe, since the totality of the landslide
become unstable at different probability.

Figure 6. Maps of ZAFR and ZSFR. The ZSFR map was derived after the PARSIFAL screening adding

the AE to the screened ZAFR.
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