geosciences

Article

Engineering-Geological Features Supporting a Seismic-Driven
Multi-Hazard Scenario in the Lake Campotosto Area

(L’Aquila, Italy)

Benedetta Antonielli!
Roberto Iannucci 1

check for

updates
Citation: Antonielli, B.; Bozzano, F,;
Fiorucci, M.; Hailemikael, S.;
Tannucci, R.; Martino, S.; Rivellino, S.;
Scarascia Mugnozza, G.
Engineering-Geological Features
Supporting a Seismic-Driven
Multi-Hazard Scenario in the Lake
Campotosto Area (L’Aquila, Italy).
Geosciences 2021, 11, 107. https://
doi.org/10.3390/ geosciences11030107

Academic Editors:
Jesus Martinez-Frias and

Mauro Caccavale

Received: 31 January 2021
Accepted: 20 February 2021
Published: 27 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Francesca Bozzano
, Salvatore Martino 1*(®, Stefano Rivellino ! and Gabriele Scarascia Mugnozza

1 1

, Matteo Fiorucci 119, Salomon Hailemikael 22,

1

Dipartimento di Scienze della Terra e Centro di Ricerca per i Rischi Geologici CERI,

Sapienza Universita di Roma, Ple A. Moro 5, 00185 Roma, Italy; benedetta.antonielli@uniromal.it (B.A.);
francesca.bozzano@uniromal.it (F.B.); matteo.fiorucci@uniromal.it (M.E); roberto.iannucci@uniromal.it (R.L);
stefano.rivellino@uniromal.it (S.R.); gabriele.scarasciamugnozza@uniromal.it (G.5.M.)

Agenzia Nazionale per le Nuove Tecnologie, 1’Energia e lo Sviluppo Economico Sostenibile ENEA,
SSPT-MET-DISPREYV, via Enrico Fermi, 45, Frascati, 00044 Roma, Italy; salomon.hailemikael@enea.it

*  Correspondence: salvatore.martino@uniromal.it

2

Abstract: This paper aims to describe the seismic-driven multi-hazard scenario of the Lake Campo-
tosto artificial basin (Abruzzo Region, Central Italy), and it can represent a preparatory study for a
quantitative multi-hazard analysis. A comprehensive multi-hazard scenario considers all the effects
that can occur following the base ground shaking, providing a holistic approach to assessing the real
hazard potential and helping to improve management of disaster mitigation. The study area might be
affected by a complex earthquake-induced chain of geologic hazards, such as the seismic shaking, the
surface faulting of the Gorzano Mt. Fault, which is very close to one of the three dams that form the
Lake Campotosto, and by the earthquake-triggered landslides of different sizes and typologies. These
hazards were individually and qualitatively analyzed, using data from an engineering-geological
survey and a geomechanical classification of the rock mass. With regard to the seismic shaking, a
quantitative evaluation of the seismic response of the Poggio Cancelli valley, in the northern part of
Lake Campotosto, was performed, highlighting different seismic amplification phenomena due to
morphologic and stratigraphic features. Some insights about the possible multi-hazard approaches
are also discussed.

Keywords: seismic multi-hazard; engineering-geological modeling; landslide inventory; local seismic
response; Lake Campotosto; Central Italy

1. Introduction

Strong earthquakes in mountainous regions trigger chains of surface processes that
modify the landscape, bringing differing degrees of hazard, which pose a risk when
interacting with infrastructures, settlements, and, in general, human life. A comprehensive
seismically-induced multi-hazard scenario should consider all the effects that can occur,
in addition to the base ground shaking, that can be distinguished in two main groups:
(i) amplification of the seismic motion and (ii) occurrence of permanent deformations.
Effects of seismic motion amplification were recognized due to specific features of the
site, such as steep topography [1,2], morphology of buried valley [3], presence of soft soils
infilling the valley [4,5], or intense jointing of rock masses [6]. Commonly, permanent
deformations related to earthquakes are surface faulting [7,8], soil liquefaction [9,10],
and earthquake-triggered landslides (EQTLs) [11,12]. The latter can interact with the
surrounding environment [13] and infrastructures [14] and start other threats (cascade
effect). In the case of an artificial basin, for example, EQTLs interfering with the lake
can trigger a flood wave and the overflow of the dam. This seismic-driven multi-hazard
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scenario can be further aggravated by the simultaneous or subsequent occurrence of heavy
rainfall that can remobilize slope deposits [15,16].

The simultaneous occurrence and interaction between different hazards can strongly
influence the estimation of the real hazard affecting a region. Multi-hazard methodolo-
gies [17,18], should ideally evaluate all identified individual hazards possibly affecting
an area and characterize the interactions between them, providing a holistic approach
to assessing the real hazard potential and helping to improve management of disaster
risk mitigation [19].

Usually, the evaluation of geological hazards is carried out through independent
analyses, adopting non-uniform procedures and different space-time resolutions. This
makes it difficult to compare different types of hazards and leads to neglecting possi-
ble interactions between threats. The relationships between the various types of haz-
ard may range from a contemporary occurrence or interactions to cascade or domino
effects [15,19-21]. The total hazard of the area under examination can be underestimated
considering only one hazard at a time, because it could result in higher than the simple
addition of different hazards, described as independent from the others [22].

The identification of areas of spatial overlap by superimposing hazard layers can
be called a “multiple-hazards analysis” (e.g., [17,23,24]), and can be described as a multi-
layer single-hazard approach [25]. The identification of areas likely to be most affected by
several hazards is based on spatial analyses carried out by geographic information systems
(GIS) [26-28]. The literature includes several methodologies to compare natural hazards
(e.g., [17,20,26,29,30], and some methods to investigate the potential hazards interactions
are also available (e.g., [18,19,25,31]). Qualitative or semi-quantitative approaches that
use thresholds, interaction matrices, and hazard/process flow diagrams are used. A
quantitative estimation of the frequency of the natural hazard can be included in these
methods, while some works go towards a quantitative analysis of the hazard [22,32].

A multi-hazard study represents a valuable tool for risk mitigation land planning.
For this purpose, it is possible to create maps showing the spatial distribution of all the
geological hazards that can occur in a determined time interval. This approach is based
on a fixed probability of occurrence for all the involved processes (i.e., using a given
return time). Then, the effects of different processes can be combined in both “multiple-
hazard” method and multi-hazard method (i.e., considering chain effects). Moreover, the
scenario studies can be also effective for managing emergency plans. This analysis concerns
a given calamitous event (with its probability of occurrence and its intensity), and the
related induced effects, allowing to manage the cause—effect relationships between different
hazards and to produce maps of multi-hazard and/or multiple-hazard effects.

This paper aims to develop a general cognitive framework to a multi-hazard analysis,
starting from the study of the geological hazards that could involve the Lake Campotosto
basin (Abruzzo Region, Central Italy) and surrounding slopes (Figure 1). The Campotosto
artificial basin represents the second largest artificial lake in Europe, with 0.3 km3 of reser-
voir volume and an area of 14 km?. This important reservoir is located in a mountainous
region characterized by high seismic hazard (expected peak ground acceleration at the
seismic bedrock equal to 0.250-0.275 g for a return period of 475 years, according to the
Italian seismic hazard map [33]), and it is crossed by the active Gorzano Mt. fault sys-
tem [34,35] (Figure 2a), which was activated during 2009 and 20162017 seismic sequences.
Therefore, this basin might be affected by a complex earthquake-induced chain of geologic
hazards, such as the seismic shaking, the surface faulting hazards of the Gorzano Mt. fault,
which is very close to one of the three dams that form the reservoir (Rio Fucino dam) [36],
and by the EQTLs of different sizes and typologies (e.g., deep-seated gravitational slope
deformations (DsGSD)). A further cascade effect triggered by the landslides may consist
of a flood wave that interferes with the lake, and that can induce a collapse of the dam or
overtop it and cause downstream flooding.
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Figure 1. Satellite view of the Lake Campotosto area; the location of the following maps and

photographs is also shown.

Figure 2. Panel of photographs of the study area: (a) Panoramic view of Lake Campotosto with, on the right, the Sella

Pedicate dam and, in background, the Gorzano Mt. fault system; (b) view of the Gorzano Mt., where the triangular facets

roughly indicate the Gorzano Mt. fault trend; (c) lowered ground surface indicating a main trench in the upper part the

deep-seated gravitational slope deformations DsGSD (ID.9) of Figures 4 and 5; (d) seismic ambient noise measurement

carried out in the Poggio Cancelli valley with, in background, the Poggio Cancelli dam.
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2. Geological Setting

The Lake Campotosto basin is located in the Central Apennines, between the Gran
Sasso d’Italia Massif (in the south) and the Laga Mts. (in the north). The Campotosto basin
hosts an artificial reservoir, which covers 14 km? with a depth of 30-35 m, at an altitude
of 1313 m a.s.l. Lake Campotosto represents a hydroelectric plant’s head reservoir into
which converge the natural inflows of the catchment basin directly subtended by the lake,
by the slopes of the surrounding mountain systems, and by the presence of the middle
sector of the Vomano river; it is bordered by three artificial dams: (i) Rio Fucino dam on
the eastern corner; (ii) Poggio Cancelli dam on the northern corner; (iii) Sella Pedicate dam
on the southern side.

In the slopes surrounding the Lake Campotosto basin, a siliciclastic synorogenic
sedimentary succession known as Laga Fm. [37,38] widely crops out and characterizes
the whole complex of Laga Mts. north of the basin. The Laga Fm. was deposited since
the Messinian age and represents the filling of the foredeep basin, with a thickness up
to 3000m, of the east verging Apennine fold and thrust belt. In the study area, the Laga
Fm. is characterized by a peculiar member known as Lake Campotosto with a thickness
up to 1700 m [37,39,40]. It is composed of several turbiditic sequences: at the base, there
is the arenaceous sequence with a sand—clay ratio much greater than 1, resulting in a
very thick tabular stratification. Above, a turbidite stratigraphic marker (key bed with a
thickness of 10-15 m) follows, highlighting the transition between the lower arenaceous
facies and the upper arenaceous-clayey and clayey-arenaceous facies. The turbidite key
bed is composed of coarse sand with laminations at the base and a thick clayey part at
the top. The arenaceous-clayey sequence (I) is present below the stratigraphic marker,
characterized by a sand—clay ratio between 3 and 10, with a thick tabular arenaceous strata.
The arenaceous-clayey sequence (II) lays above the sequence I and is characterized by a
sand—clay ratio between 1 and 3, with medium to thick tabular arenaceous strata, which
contains a complete Bouma sequence. Finally, the clayey-arenaceous sequence occurs at the
top of the Lake Campotosto member, characterized by a sand—clay ratio less than 1 with
thinner tabular layers.

Starting from the Quaternary age, intense normal faulting phenomena generated the
intermontane Campotosto basin [41]. This depression was first filled by fluvial deposits,
consisting of coarse gravel layers alternated with silty-sandy ones, and then by silt-clayey
lake deposits. Subsequently, a peat bog was formed and lasted long enough to produce a
layer of peat of about 10 m, covered by recent deposits of very small thickness [42].

The geological-structural setting results from Quaternary post-orogenic extensional
tectonics [41,43—45] which involved the northeast-verging thrust and fold chain [46,47].
The extensional tectonism is still active as evidenced by the intense seismicity of the
area, landslides phenomena and mass rock creep processes that are set on fresh scarps;
anomalies in the hydrographic system. The Laga Fm. is involved in regional folds with
N-S trend: the main anticline has vergence to the east and has the axial culminations of
the Montagna dei Fiori and Montagnone mounts, where the Marne a Orbulina Fm. and
the Marne con Cerrogna Fm. outcrop below the Laga Fm. The Marne con Cerrogna Fm. is
affected by the detachment structures of the Laga unit [48], represented by shear zone in
the marl-clayey lithofacies.

The Campotosto basin is bordered by Laga Fm. reliefs, which are often covered
by debris at the foot of the slope. In general, the morphology of the area is controlled
by different morphogenetic agents. The action of gravity is not particularly noticeable,
but some gravitational deformations, often linked with tectonic extensional activity, and
shallow landslides occur. The structural control of the normal fault system shapes and
characterizes the western slope of the Laga Mts. (in the eastern sector of the study area)
with evident morphological scarps (Figure 2b). Moreover, several landforms are linked
to the action of the Rio Fucino river, as, for example, some river scarp edges on the left
bank of the river and erosion due to surficial runoff of waters in the hydrographic right. In
addition, alluvial fans cover the alluvial deposits at the transition between the ridge slopes
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and valley edges, where fan deposits overlay the alluvial deposits. These latter give rise to
a continental succession that sedimented from the lower-middle Pleistocene and represent
soft soils in view of the local seismic response, when instead the Laga Fm. represents a
seismic bedrock.

Seismotectonic Setting

The Gorzano Mt. fault (Figure 3a) is the main tectonic element of the study area: it
originated in the intermountain basins of Amatrice and Campotosto [35] and extends from
Amatrice basin in the north to the Gran Sasso Range in the south. The literature also refers
to this fault system as Laga Mts. fault system, or Campotosto fault for its southernmost
part. It is striking NNW-SSE and dipping 60°-70° SW [38,49] with a total length of about
30 km [41,50], and it caused a maximum downdip displacement of about 2.3 km [50].
This fault system can be considered as formed by two sectors: the 8-km-long Amatrice
Fault and the about 20-km-long Gorzano Mt. (or Campotosto) fault [51-53]. The first
one is believed to be inactive, and no longer able to produce surface faulting earthquakes
after the Pleistocene [54], but the Gorzano Mt. fault has proved to be a seismogenic
source active during the Quaternary [35,51]. The relocated aftershocks of the 2009 seismic
sequence [55] show that the Gorzano Mt. fault dip varies from 55-60° in the shallow
depths to about 20-25° at greater depth, and the aftershock distribution of the 2016-2017
seismic sequence depicted a SW-dipping (average 45°) seismogenic source, which becomes
listric at depth. The width (downdip fault length) is ~14 km, which is a conservative
estimation, as the listric geometry would result in a slightly larger width [53]. According
to the Wells and Coppersmith [56] regressions, the maximum expected magnitude of the
20-km-long Gorzano Mt. fault is 6.5-6.6 [53]. Recently, Tondi et al. [57] suggested a lower
seismogenic potential, of the order of maximum M 6.0. These authors interpret the Gorzano
Mt. fault as a system of seismogenic structures that act as a linkage fault zone between
the Paganica fault and Vettore Mt. fault. Moreover, this fault would be active since the
Miocene, representing, therefore, a syn-thrusting extensional fault formed by gravitational
collapse of the backlimb of a thrust-related anticline. The Gorzano Mt. fault would be,
therefore, confined within thrust sheets, at limited depth, and it cannot play a prominent
role in seismic hazard [57]. However, some historical earthquakes are ascribed to Laga
Mts. fault system, such as the 7 October 1639 event (M 6.2 [50,53,58]), which was the most
destructive with Mercalli-Cancani-Sieberg (IMCS) scale = X, the moderate 1646 earthquake
(M 5.9) which struck the northern part of the basin (Amatrice area), and the 1950 earthquake
(M 5.7) which affected several localities (among which, Mascioni and Poggio Cancelli) with
intensity IMCS = VIIL

The 20162017 seismic sequence activated the Vettore Mt. fault system and the Laga
Mts. fault system, filling the seismic gap between the 1997-1998 Colfiorito seismic sequence
and the 2009 L’Aquila earthquake, with mainshocks of My, 5.9 and 6.3, respectively [59,60].
The first mainshock (24 August 2016, M,y 6.0, Figure 3a,b) nucleated at a depth of ~8 km in
the Amatrice and Accumoli area [61,62], along the SW-dipping (50°) Vettore Mt. -Gorzano
Mt. normal faults [63,64]. The second mainshock (M, 5.9) took place on 26 October
2016, activating the northern segment of the Vettore Mt. fault system. On 30 October 2016,
another mainshock of M,y 6.5 struck the central area, between the two previous earthquakes,
near the town Norcia. The hypocenter was located at ~7 km depth and activated a SW-
dipping (55°) segment of the Vettore Mt. fault system [61]. Several antithetic (NE-dipping)
normal faults were activated during the sequence, as shown by the aftershock distribution,
and none of the hypocenters exceed 8 km in depth.

On 18 January 2017, a seismic sequence struck the Lake Campotosto basin, including
four events with magnitudes higher than 5 (i.e.,, My 5.1, 5.5, 5.4, and 5.0; Figure 3a) and
anticipated by some foreshocks; the earthquake reactivated the Gorzano Mt. fault, hitting
the area of Lake Campotosto. The hypocentral depths of the mainshocks were 8.5 km for
the M,, 5.5 event and 11 km for the M,, 5.4 event, and the kinematic models [65] indicate
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an updip rupture directivity with a maximum displacement at depth of 40 cm and 60 cm,
respectively. No surface rupture was observed along the Gorzano Mt. fault [53].

In the study area, the fault system consists of three parallel splays which connect
near Lake Campotosto and continue south towards Ortolano town, as a single main fault.
With regard to the splays, the westernmost one can be considered be the most active, with
evidence of displacements from the late Pleistocene-Holocene, such as fault scarps that
involved the arenaceous substrate, as well as terraces formed along incisions perpendic-
ular to the maximum slope [35]. The westernmost splay was investigated by means of
WSW-ENE oriented paleoseismic trenches, 32 m long and 2.5 m deep, dug into sandy soils:
five fault planes were found along the trench walls, testifying to several activations during
the Holocene [35,41]. Nevertheless, during the recent seismic sequences, the Gorzano Mt.
fault did not cause superficial faulting (e.g., [66]), while along the Vettore Mt. fault scarp,
the mean superficial downdip slip was of ~13 cm (in places up to ~30 cm [67]) for the
24 August 2016 My, 6.0 event and up to ~50 cm (in places up to ~200 cm [65]) for the 30 Oc-
tober 2016 My, 6.5 earthquake. This different behavior is explained by Carminati et al. [68]
through a lithological control on the surface faulting: in the Vettore Mt. area, competent
lithologies (limestones) are more prone to faulting, while in the Lake Campotosto area, the
ductile lithologies (marls, clays, and sandstones of the Laga Fm. flysch) accommodated
upward the coseismic slip by a normal fault-propagation fold, and faulting remained blind.
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Figure 3. (a) Main tectonic lineaments of the Laga Mts. and Lake Campotosto basin; active extensional faults in red
epicenters and focal mechanisms of events with My, > 5.0 are also shown (modified after [68], reproduced with the
permission of Elsevier, Journal of Geodynamics 2020); (b) geological cross-sections across the Gorzano Mt. area (from [69],
reproduced with the permission of Elsevier, Tectonophysics 2017); section trace A-A’ is shown in Figure 3a.
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3. Engineering-Geological Analysis of the Lake Campotosto Basin

The aim of the engineering-geological analysis of the Campotosto basin is to define the
geological risks affecting the slopes surrounding the basin, with particular attention to the
landslide hazard. Therefore, a landslide inventory and a geomechanical characterization of
the rock mass were developed along the whole perimeter of the lake.

The landslide survey along the banks was carried out in two main phases: (i) analysis
of the historical aerial imagery and (ii) in situ geomorphological survey. The analysis of the
aerial photographs allowed for investigation of the landslides evolution over the timespan
covered by the available data: the oldest images belong to the “Istituto Geografico Militare
Italiano-Gruppo Aeronautico Italiano IGMI-G.A. L) 1954-1955” flight and the most recent
to the “Regione Abruzzo 2004/2005” flight” (besides Google Earth imagery that was also
used). The stereoscopic analysis of the aerial photographs allowed for the identification of
the landslide bodies and activity indicators, such as scarps and cracks. These observations
were confirmed during the field survey, when other indicators of activity (fallen and
disturbed trees, presence of water, intact and disturbed bedding) were identified.

The geomechanical characterization of the Lake Campotosto basin was based on
47 field measurements of jointing conditions, according to the International Society for Rock
Mechanics (ISRM) [70] recommendations. The joint roughness coefficient (JRC) and the joint
compressive strength (JCS) of the main joint sets, surveyed in each geomechanical station,
were also estimated using a standard Barton comb and a Schmidt hammer, respectively [70].

In each geomechanical station, the parameter Jv (volumetric joint count) was measured,
starting from the averaged spacing values. Jv represents the average number of joints
occurring in 1 m3 of rock and can be obtained through the Palmstrom [71] equation
(Equation (1)):

Jv=1/S51+1/S2+... +1/Sn + Nr/5 1

where S1, 52, ..., Sn are the joint set spacing and Nr is the number of random joints.

The rock mass was divided into classes on the basis of (i) the geological strength index
(GSI) value (from 0 to 100 [72]), (ii) the sandstone vs. clay content, and (iii) according to the
state of weathering of the discontinuities surface.

The rock mass zonation was performed taking into consideration the lithology: within
the Laga Fm. flysch (and, in particular, within the Lake Campotosto member), two classes
were distinguished: the first one with a prevalent arenaceous component, and the second
one with the occurrence of clays with the arenaceous component <70%. Moreover, the
alluvial deposits outcropping exclusively downstream of the Poggio Cancelli dam were
considered as a further specific class.

The second step of the classification takes into account the degree of the rock mass
jointing, using the values of Jv and GSI. For this purpose, 113 GSI values were collected
in the study area. The geomechanical classes were marked with a letter that goes from
A to H as the fracture increases: class F represents indeed heavily-fractured rocks. The
coarse arenaceous flysch (arenaceous component >70%) was further detailed by separating
it into two sub-classes, based on the level of jointing. The fine-grained member of the flysch
(arenaceous component <70%), on the other hand, presented always similar geomechanical
characteristics (medium degree of fracturing), and no further subdivision was necessary.
The abovementioned classification criterion allowed to distinguish five different classes, as
shown in Table 1.

Class V (Table 1) represents the intensely-fractured rock mass, where the expected
deformation is mainly driven by the fracturing rather than by lithology. For this reason,
class V is based exclusively on the GSI values and the degree of fracturing of rock masses,
without taking lithology into account.
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Table 1. Geomechanical classification of the rock mass outcropping in the slopes surrounding the

Lake Campotosto basin.

Class Lithology GSI Jv
1 alluvial deposits - -

I arenaceous facies > 70% B65-B75 <10

111 arenaceous facies > 70% B40-B65 >10

v arenaceous facies < 70% C40-C60 5-2

\% no F25-F45 >20

3.1. Results of Engineering-Geological Analysis

3.1.1. Geological Mapping and Landslide Inventory

Basing on the information achieved by the field survey and on the geological map of
literature [73], a geological and geomorphological map of the Lake Campotosto basin and
surrounding slopes (Figure 4) was outlined. Furthermore, a geological cross-section astride
the Campotosto active fault system was drawn (Figure 4).
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Figure 4. Geological and geomorphological map of the Lake Campotosto basin; section A-A" across

the active Campotosto fault system in the bottom panel.

The geomorphological survey led to the identification of nine landslides (Figure 4)
that are also cited in literature [38,73], and were recognized by both in situ investigations

and aerial photos interpretation.
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The earthflows ID.1 and ID.2 (Figure 4) are located in an area devoid of vegetation
and are characterized by a lobed shape in their central part. They involve the pelitic-
arenaceous facies of the Laga Fm. flysch that consist of a predominant silty-clayey matrix
and arenaceous pebbles ranging from some cm to few m. Although their velocity is
very low, both the earthflows can be considered as active, since they are damaging the
containment walls on the roadside. Only some moderate changes in shape and in the
drainage pattern indeed are shown in the aerial photos of the “IGMI-G.A.I. 1954-1955” and
“Abruzzo Region 2004-2005” flights: in particular, the earthflows seem to have moved with
retrogressive direction (uphill) and formed some drainage lines caused by the washout
waters’ action (Figure 5a,b).

Legend

landslide
perimeter

drainage
system

landslide perimeter
from Saroli and
Moro, 2017

landslide
terraces

Figure 5. (a,b) Earthflow ID.1 represented in the aerial photographs “IGMI-G.A.I. 1954-1955” and
“Abruzzo Region 2004-2005" respectively; (c) DsGSD ID.9 represented in the aerial photograph “Volo
Base 1954”, with perimeter provided by Saroli and Moro [74]; (d) satellite view and (e) 3D view of
the DsGSD ID.8 and ID.9 (from Google Earth).
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Landslides ID.3 and ID.4 (Figure 4) were classified, respectively, as translational and
roto-translational slides. The first one developed in the arenaceous facies of the Laga Fm.,
while the second one involves the arenaceous-pelitic facies.

An area affected by surface instability (landslide ID.6 in Figure 4) was identified east
of the Sella Pedicate dam, where the pelitic component of the flysch outcrops.

Landslides ID.5 and ID.7 (Figure 6a), classified respectively as a roto-translational
landslide and earthflow, were identified in the eastern part of the study area. Such slides
do not directly interfere with Lake Campotosto, but they show some evidence of recent
reactivation. In particular, these landslides were activated after 2010, as they are not present
in the aerial photos of the “Abruzzo 2010” flight, and probably date back to the winter
of 2016, following heavy snowfalls. The roto-translational landslide ID.5 involves the
road that links Lake Campotosto to Ortolano town, displacing the road surface by several
meters and completely interrupting the road system (Figure 6b,c). According to the report
of EMERGEO Group of National Institute of Geophysics and Volcanology (INGV) on the
coseismic effects of the seismic sequence of Central Italy of 20162017 [75], this slide was
reactivated by the seismic events that occurred in August 2016.

Lake . Landslides
_Campotostgf™ = ) 7] earth flow

Case'Isaia .
P i, Y roto-translational

slide

Figure 6. Landslides ID.5 and ID.7: (a) satellite view; (b,c) photographs of the landslide ID.7
(from [75]).

The largest landslides affecting the slopes of the Lake Campotosto basin are located on
both sides of the narrow valley of the Rio Fucino river (landslides ID.8 and ID.9, Figure 4).
Both landslides were classified as deep-seated gravitational slope deformation (DsGSD)
driven by creep phenomena and characterized by very slow movement, involving large
volumes of rock mass, even affecting entire slopes [76].

The landslide ID.8, on the slope north of the river (hydrographic left), was not recog-
nized through photo-interpretation of historical images, as it occurs in a highly vegetated
area, but it was identified during field survey, through the presence of some evidence of
instability: isolated blocks (even of several cubic meters in size), presence of two landslide
terraces, trenches and morphological counter-slopes, and a very steep and concave shaped
surface in the uppermost part of the hill, with the presence of uprooted trees.

The DsGSD ID.9 (Figure 5c—e) occurs on the slope south of the river (hydrographic
right) and could directly interfere with the Rio Fucino dam. The DsGSD ID.9 involves
the whole hill, and inside its perimeter, it is possible to note three superficial landslides
(Figure 5¢,d) with movement direction towards NW and WNW that form landslide terraces.
In the uppermost part of the hill, several pieces of geomorphological evidence were found:
parallel large trenches (Figure 2c), morphological counter-slopes up to several m long,
2 m wide, and about 1 m deep. This DsGSD was mapped in the geological maps of
literature [73] and was also recognized by Saroli and Moro [74]. Through the analysis of
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geomorphological forms, it was possible to extend the perimeter of the landslide with
respect to Saroli and Moro’s [74] mapping. The different mapping solutions proposed
for the DsGSD are represented in Figure 5c—e. In both interpretations, the Rio Fucino
dam would be located within the perimeter of the landslide. With regard to the activity
of this massive landslide, no evidence of movement was observed from the analysis
of aerial photos covering the last 60 years. However, due to the occurrence of active
geomorphological forms and of various damages of recent anthropic works, the authors
consider the DsGSD ID.9 as active.

3.1.2. Geomechanical Features

The main result of the geomechanical characterization of the rock mass consists in
the geomechanical map (Figure 7), which proposes a zonation of the study area based
on peculiar geomechanical characteristics. This map was drawn using the classification
assigned to the points where the geomechanical parameters were measured. A buffer of
maximum 300 m from the measurement station was chosen in order to outline the parts
with the same geomechanical features of the rock mass.

O GSlstations [ ] class i alluvial deposits
geomechanical ] Glass Il aren>70%: GS1-885
Faults [ Class i: aren >70%; GSi<B65
—— Campotosto active
g e [ Ciass IV: aren.<70%; C40<GSI<CE0
—— [ Class - Gsi<F45

Figure 7. Map of the geomechanical features of the Lake Campotosto basin; section A—A’" across the
active fault system in the bottom panel.

The geomechanical classes includes the following outcropping lithologies, and concern
the following range of geomechanical parameters:

e  C(Class I: recent alluvial deposits, from fine to coarse, with the presence of peat lenses,
that outcrop mainly in the Sella Pedicate Valley and in the northern part of the basin.

e  C(lass II: rock mass with an arenaceous component much greater than the pelitic one
(arenaceous content > 70%); GSI values are typical of poorly-fractured rock masses,
i.e., GSI > B65; Jv < 10. It outcrops in the northern part of the study area.
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e  C(lass III: rock mass with arenaceous content > 70%, but with lower GSI values, typical
of a fractured rock mass, i.e., GSI < B65 and Jv > 10.

e  C(lass IV: arenaceous rock mass with a relatively abundant pelitic component, slightly
to moderately fractured. In particular, the arenaceous component is between 50% and
70%; C45 < GSI < C60; 5 < Jv < 20.

e (lass V:intensely fractured rock mass, with F25 < GSI < F40 and Jv > 20; the rock mass
of class V represents a strip about 1 km wide that cross-maps the study area (in purple
in Figure 7) along the Campotosto active fault system.

Figure 7 shows a geomechanical profile, which also reports the most significant GSI
values. The geomechanical cross-section was drawn orthogonal to the direction of the
Campotosto faults in order to highlight the variation of the rock mass characteristics as a
function of the distance from the main tectonic element.

The lateral transition from geomechanical classes is mainly gradual in the central
part of the study area. It is worth noting in the map and section of Figure 7 that the rock
mass belongs to class V near the fault zone and passes into the IV class and then into the
III moving away from the fault. The fracturing affects the quality of the rock mass up to
about 500 m distance from the fault, and it is therefore related to the action of the fault.
In the areas away from the active fault system, the high fracturing is strongly controlled
by lithology.

4. Local Seismic Response Study of the Poggio Cancelli Valley

During the 2009 L’ Aquila and 2016-2017 Central Italy seismic sequences, especially
after the 18 January 2017 mainshock, different grades of structural damages were observed
in the Lake Campotosto area, with a non-regular damage distribution suggesting that site
effects influenced the seismic response of the buildings located in the area [77]. In this
regard, a quantitative evaluation of the expected seismic motion amplification was carried
out by a local seismic response study focused on the Poggio Cancelli valley, where a major
embankment dam and the Poggio Cancelli settlement are located.

In recent decades, a large body of literature (e.g., [78-81]) and national guidelines
for seismic microzonation studies (e.g., [82-84]) evidenced the reliability of evaluating
the expected seismic response of a site in the case of seismic shaking using engineering-
geological modeling, near-surface geophysical investigations, and numerical modeling.

With this aim, three main analysis steps were followed. First, seven cross-sections
for the Poggio Cancelli valley were reconstructed detailing the engineering-geological
model previously provided to define a seismostratigraphic model of the local subsoil.
Simultaneously, geophysical investigations, including 35 single-station seismic ambient
noise measurements and one multichannel analysis of surface waves (MASW) survey, were
carried out to confirm and calibrate the reconstructed subsoil model. Finally, numerical
modeling of the seismic waves (input) propagation to define the seismic local response
within the Poggio Cancelli valley was performed.

4.1. Engineering-Geological Modeling

Between October 2018 and July 2019, starting from the engineering-geological map
obtained for the whole Lake Campotosto basin, a specific engineering-geological map
was implemented for the Poggio Cancelli valley area by analyzing data of previous and
new surveys. For the first item, a stratigraphic log of a borehole recently carried out
in the Poggio Cancelli settlement was collected; this borehole was performed in the
framework of the Seismic Microzonation study at level 3 for the Campotosto Munici-
pality, which is available at the Abruzzo Region website (www.regione.abruzzo.it/content/
microzonazione-sismica-di-terzo-livello accessed on 22 February 2021). Regarding the sec-
ond item, several surveys were carried out onsite to recognize the outcropping lithologies
and reconstruct their contacts; at the same time, several samples of the outcropping soils
were collected for performing laboratory tests with the aim of assessing their grain-size
distribution as well as liquid limit, plastic limit, and plasticity index according to the Amer-
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ican Society for Testing and Materials (ASTM) International norms D422-63e2 [85] and
D4318-10e1 [86], respectively.

The interpretation of the past and new collected data allowed for reconstruction of
the engineering-geological map at a scale of 1:5000 for the Poggio Cancelli valley area
(Figure 8); seven sub-parallel engineering-geological cross-sections with direction roughly
NE-SW were obtained by this model (Figure 9).
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Figure 8. Engineering-geological map with geophysical investigations of the Poggio Cancelli valley.
Legend: GM: alluvial fans; SW: eluvial-colluvial deposits; SWDEF: debris deposits; SM: tilled soil and
anthropic material; ALS: Laga Fm. flysch.
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Figure 9. Engineering-geological cross-sections A-A’ and F-F’ produced for the Poggio Cancelli valley; vertical axis with 5x
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exaggeration with respect to horizontal axis.
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The valley is bordered by reliefs of the Laga Fm. flysch (ALS) and is filled by a
succession of fluviolacustrine deposits of Holocene age that directly overlie the Laga Fm.
From the bottom, this valley filling is composed of two main layers of clayey silt (LASL)
and sandy silt (LS) and a thin layer of tilled soil and anthropic material (SM); in addition,
several lateral bodies represented by alluvial fans (GM), eluvial-colluvial deposits (SW),
and debris deposits (SWDF) were recognized at the transition between the ridge slopes
and valley edges on both sides of the valley. The valley filling thickness decreases moving
toward the Poggio Cancelli settlement, while the valley width is rather variable.

4.2. Geophysical Investigations

Simultaneous to the engineering-geological modeling, 35 single-station seismic ambi-
ent noise measurements and one multichannel analysis of surface waves (MASW) were
carried out in the Poggio Cancelli alluvial valley.

The single-station seismic ambient noise measurements were performed along sev-
eral NE-SW-oriented sections across the Poggio Cancelli valley, to cover all the different
outcropping litotechnical units. Two seismic instrumental pieces of equipment were em-
ployed: (i) three-component LE-3D/5s seismometers (0.2 Hz eigenfrequency) by Lennartz
Electronic GmbH (Tiibingen, Germany) coupled to Reftek 130-01 (San Diego, CA, USA)
dataloggers (Figure 2d); (ii) SL06 24-bit digitizers with built-in 5520 three-component
velocimeter (2.0 Hz eigenfrequency) by SARA Electronic Instruments (Perugia, Italy). The
measurements with 1 hour duration and a sampling frequency of 200 Hz and 250 Hz,
respectively, were carried out.

The single-station seismic ambient noise measurements were analyzed according
to the horizontal-to-vertical spectral ratio (HVSR) method, proposed by Nogoshi and
Igarashi [87,88] and analytically implemented by Nakamura [89] to evaluate the site fun-
damental resonance frequency (fy). The HVSR technique analyzes the ratio between
horizontal and vertical Fourier spectra at each frequency and can be applied to evaluate
the 1D stratigraphic resonance of a low S-wave velocity layer on a seismic bedrock [90,91],
evidenced by a clear peak in HVSR function [92] without polarization effects and formed by
an increase of the horizontal Fourier spectra and a decrease of the vertical Fourier spectrum,
a feature known as “eye-shape” according to Castellaro and Mulargia [93].

The HVSR analysis was carried out using Geopsy software [94] version 2.9.1 for
each single-station seismic ambient noise measurement as follows: (i) computation of
the fast Fourier transform (FFT) for the three motion components on non-overlapping
time windows of 40 s with 5% cosine taper; ii) application of the smoothing function
by Konno and Ohmachi [95] on the single-window FFT spectra; (iii) computation of
the single-window HVSR as FFT spectra ratio between the quadratic mean of the two
horizontal components (H) and the vertical component (V); (iv) computation of the mean
HVSR function by averaging the single-window HVSR. In addition, Geopsy was applied
also to analyze the possible polarization of the HVSR peaks: using the specific tool, the
average HVSR was computed from 0° to 180° every 10°, and the HVSR distribution was
reconstructed in the horizontal plane as function of azimuth.

Figure 8 also shows the main results obtained by the HVSR analysis on the single-
station seismic ambient noise measurements performed in the Poggio Cancelli area; the
HVSR functions satisfied the reliability criteria provided by SESAME [92] for 26 measure-
ments, whose results were examined considering the different outcropping lithologies on
which they were performed.

The measurements carried out on the valley filling show a clear HVSR main peak in
the range 1.6-4.5 Hz (Figure 10, left). The absence of polarization and the typical “eye-
shape” of the FFT spectra allowed to associate this HVSR peak with the main resonance
frequencies (fp) of the valley, likely produced by a significant seismic impedance contrast
between the soft soil deposits filling the valley and the seismic bedrock, which may be
represented by the Laga Fm. Higher f values were found near the valley edge as well
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as toward the Poggio Cancelli settlement, testifying to a reduction of the valley filling
thickness as reconstructed by the engineering-geological modeling.
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Figure 10. Examples of fast Fourier transform (FFT) spectra, horizontal-to-vertical spectral ratio
(HVSR) function (the dashed black lines show the standard deviation of the curve), and HVSR rotate
plot at the Poggio Cancelli valley obtained on fluviolacustrine deposits (left panel), alluvial fan
(middle panel), and Laga Fm. flysch (right panel).

The HVSR analysis on the measurements carried out on the lateral deposits, i.e., GM,
SW, and SWDF, outputted a fy value from 3.5 to 5.0 Hz (Figure 10, middle), probably
related to the seismic impedance contrast between the valley deposits and the underlying
Laga Fm., confirming a reduction of the filling thickness in the lateral parts of the valley
according to the proposed engineering-geological model. The seismic ambient noise
measurements performed on the outcropping Laga Fm. do not show any resonance
frequency (Figure 10, right), confirming the hypothesis that this formation acts as a seismic
bedrock. Some measurements evidenced HVSR peaks at frequencies higher than 9.0 Hz
that show polarization and no FFT with “eye-shape”; these HVSR peaks are probably
related to local site effects due to topographic, morphologic, and/or fracturation conditions
of the relief, as evidenced by other studies carried out on jointed rock masses (e.g., [96-99]).

The active multichannel analysis of surface waves (MASW) survey was carried to
infer the shear-wave velocity (Vs) structure at the site based on the dispersive nature
of Rayleigh waves [100-102]. The survey consists of (i) observing the seismic wavefield
generated by an artificial source by a linear array of equally-spaced geophones, (ii) mea-
suring the dispersion properties of Rayleigh waves by transformation of the wavefield
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from the time-offset domain to different domains where such measurements are more
easily performed [103], and (iii) inversion of the obtained dispersion curve (estimating the
frequency-dependent effective phase velocity of Rayleigh waves) to obtain the Vs structure,
assuming an horizontally-layered Earth model.

The test was carried out using a linear array of 32.5 m composed of 36 vertical
geophones (4.5 Hz eigenfrequency) with spacing of 1.5 m connected to 16-bit DoReMi
seismic acquisition system by SARA Electronic Instruments (Perugia, Italy). The array
was deployed on the filling deposits in the middle of the Poggio Cancelli valley (Figure 8);
23 symmetric shot gathers (forward and reverse) generated by a sledgehammer source
with different offsets (5, 10, and 15 m) were carried out to evaluate the similarity between
the dispersion images obtained by symmetric shots and therefore verify the 1D subsurface
structure assumption on which the method is based. Three repeated shots were recorded
and stacked for each source position (Figure 11a).
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Figure 11. Multichannel analysis of surface waves (MASW) survey results: (a) shot-gather with
source 15 offset; (b) dispersion image in the f-c domain with identification of both fundamental
and first higher mode of Rayleigh wave; (c) best model Vs profile resulting from Rayleigh wave
dispersion curve inversion.

The 4-s-length seismic signals were acquired with sampling frequency of 3000 Hz and
using a trigger geophone close to the source to ensure correct timing.

Signals were analyzed by MASWaves Dispersion code [104] which implements slant-
stacking [105,106] to retrieve the maxima of the normalized slant-stack amplitudes in the
frequency—phase velocity (f-c) domain corresponding to the Rayleigh wave dispersion
(Figure 11b). Dispersion curves, related to the fundamental mode and first higher mode,
were automatically picked in the f-c domain and inverted by the Dinver software tool
version 0.5.6 of Geopsy, which implements an improved neighborhood algorithm [107].
Model parameters were allowed to vary in a wide range, and the inversion result is
presented in Figure 11c in terms of minimum misfit shear-wave velocity profile. The
investigation depth is around 25 m, in which Vs varies in a narrow range between 120
and 300 m/s.
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4.3. Numerical Modeling

In order to quantify the seismic local response in the Poggio Cancelli valley area, two-
dimensional numerical modeling along the seven defined engineering-geological cross-
sections was performed by LSR 2D software version 4.4.0; this computation code, produced
by STACEC Srl and licensed at the Department of Earth Sciences of Sapienza University
of Rome, was recently used for several local seismic response studies to simulate two-
dimensional seismic effects [108,109]. In fact, LSR 2D allows to perform two-dimensional
modeling of seismic motion propagation, through an equivalent linear analysis, to finite
elements in the time domain, in total stresses, applying a viscoelastic rheological behavior
of Kelvin—Voigt. Specifically, the following procedure was adopted: assignation of weight
for unit volume (yy), shear-wave velocity (Vs), and dynamic parameters (i.e., shear stiffness
and damping degradation curves) for each layers in all engineering-geological sections;
discretization of the model (cross-section) in quadrilateral meshes with 2-m resolution
grid; application of free-field conditions (i.e., damping conditions in the X and Z) on the
lateral borders and a kinematic constraint on the vertical motion at the base of the domain
(placed at a minimum depth about 50 m from the ground level) inside the infinite half-space
representative of the seismic bedrock from which the propagation of the input occurs up to
contact with the filling soils of the valley (soft soil with viscoplastic behavior).

Table 2 reports the physical and geotechnical parameters associated with each litotech-
nical unit for the numerical modeling. These parameters were obtained by the geophysical
investigations, laboratory tests, and SM study at level 3 for the Campotosto Municipality,
except for the shear stiffness and damping degradation curves that were provided by the
cited authors and associated with the outcropping lithologies based on their similarity in
terms of grain-size distribution and plasticity index; no dynamic parameters were assigned
to the Laga Fm. that acts as seismic bedrock.

Table 2. Physical and geotechnical parameters assigned to the litotechnical units defined in the
Poggio Cancelli area.

Lithological Unit Yn (KN/m?) Vs (m/s) Jv
Alluvial fan (GM) 18 300 Seed & Idriss [110]
Eluvial-colluvial deposit (SW) 18 250 Seed & Idriss [110]
Debris deposit (SWDF) 18 250 Seed & Idriss [110]
Tilled soil and anthropic material (SM) 18 120 Rollins et al. [111]
Sandy silt (LM) 19 250 Rollins et al. [111]
Clayey silt (LASL) 19 300 Rollins et al. [111]

Laga Fm. flysch (ALS) 22 1100 -

The input seismic applied to the models was given by seven accelerograms (horizontal
components) for a probability of exceedance of 5% in 50 years (equal to a return period
Tr of 475 years) deriving from the SM study at level 3 of the Campotosto Municipality.
Finally, for each modeled cross-section, different control points along the topography were
chosen to obtain the output in terms of amplification factors (AF), as defined by ICMS
Working Group [82].

4.4. Results of the Local Seismic Response Analysis

Analyzing the numerical modeling outcomes in terms of maximum values of expected
acceleration (Figure 12), clear amplification effects can be observed at the free surface of
the whole valley filling deposit; the highest acceleration values (until about twice than
those expected for the seismic bedrock according to the Italian seismic hazard map [33])
were found in the valley edge zones, probably due to: i) high seismic impedance contrast
between alluvial fans, eluvial-colluvial, and debris deposits, with weak thicknesses and
low Vs velocity values, and the underlying seismic bedrock; ii) focalization phenomena of
seismic waves; iii) generation of surface waves with horizontal propagation.
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Figure 12. Maximum horizontal acceleration obtained by the numerical modeling of the cross-sections A—A’ and F-F’ (see
Figures 8 and 9) at the Poggio Cancelli valley.

Subsequently, according to ICMS Working Group [82], the AF value was calculated in
0.1-0.55,0.4-0.7 s, and 0.8-1.1 s period ranges for each control point on the seven modeled
cross-sections to better describe and quantify seismic response of the valley.

The AF distribution was similar for all the period intervals, with higher values for
the period interval 0.7-1.1 s. To visualize the zones with different amplification in the
study area as useful tool for planning purposes, the AF values obtained along the seven
cross-sections in the valley for the period 0.7-1.1 s, which contains the higher amplification
values, were interpolated using an inverse distance weighting (IDW) interpolator that
allowed to obtain a seismic microzonation map (Figure 13).

Figure 13. Map showing the amplification factors (AF) value distribution for the period 0.7-1.1 s in
the Poggio Cancelli area.
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In general, considering the AF value distribution for the period 0.7-1.1 s, two main
different zones can be recognized in the Poggio Cancelli valley: a central area of the plain
with AF values higher than 2.0 (locally up to 2.9) attributable to stratigraphic amplification
phenomena, highlighted precisely in this period range for the proximity to the valley
resonant period (about 0.7 s), and to the possible surface waves propagation inside the
basin; valley edges areas, both on the right and on the left hydrographic, that show AF
values generally lower (1.0-2.0) than the valley central area, probably indicating a reduced
contribution of amplification expected for focalization of seismic waves on the buried
valley edges.

5. Discussion

Using the literature data and the results of the engineering-geological analysis, i.e.,
geological-geomorphological map, landslide inventory, and geomechanical classification
map of the rock mass, it is possible to describe the different seismically-induced geohazards
that can affect the Lake Campotosto artificial basin and surrounding slopes. These hazards,
represented by (i) seismic shaking, (ii) surface faulting hazards of the Gorzano Mt. fault, (iii)
EQTLs, and (iv) liquefaction phenomena, are here identified at the scale of the whole Lake
Campotosto basin (Figure 14), and could be integrated hereafter in a multi-hazard analysis.
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Figure 14. Map of the main seismically-induced hazards identified in the Lake Campotosto area.

With regard to the (i) seismic shaking, in addition to the base ground shaking, that can
be only observed where the Laga Fm. outcrops with flat topography, several amplification
effects of the ground motion are expected according to the engineering-geological analysis
of the whole Campotosto basin: amplification in the presence of Laga Fm. outcrops forming
steep slopes and/or intensely jointed rock masses and amplification in the case of valleys
due to their buried morphology and/or to the presence of filling with soft soil layers having
poor geotechnical features.
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The exemplificative local seismic response study carried out for the Poggio Cancelli
valley, located in the northern part of Lake Campotosto, allowed to analyze the expected
amplification conditions due to topographic, morphologic, and stratigraphic features by 2D
numerical modeling. This quantitative analysis allowed to assess amplification phenomena
in the valley, probably related to its fluviolacustrine stratigraphic succession as well as to
the focus of seismic waves in its border areas.

The evaluation of the (ii) superficial faulting hazard of the Gorzano Mt. fault is
particularly important near the Rio Fucino dam, in the southern part of the artificial lake,
where the superficial expression of the fault plane should be near the dam. Therefore,
it is crucial to precisely localize the fault plane, but the presence of the lake and the
outcrop of the marly and clayey members of the Laga Fm. make this task difficult. In fact,
although there is clear geomorphological evidence of the presence of the Gorzano Mt. fault
(Figure 2b), also described in the literature [35,112], this structure does not crop out near the
dam, as highlighted during the field survey. Numerical modeling of the dam behavior in
case the fault intersects the dam foundations, and the worst possible scenario of earthquake
occurs, was carried out by Lai et al. [36]. Under this scenario, the dam would suffer severe
damage or an instant rupture, with water leakage downstream. However, as described
by Carminati et al. [68], the Gorzano Mt. fault did not cause surface rupture during the
recent seismic sequences, probably also due to the occurrence of weak lithologies which
prevent the propagation of the fracture to the surface, and the faulting remains blind. In the
case that the Gorzano Mt. fault generates an earthquake of greater magnitude (maximum
expected magnitude: M 6.4-6.6 [53]), the hazard of surface faulting would increase. As
stated by several authors, such as Falcucci et al. [53] and Vici¢ et al. [113], the total slip
estimated for the M, >5 events of 2009 and 2016-2017 sequences indicates that the Gorzano
Mt. fault was partially reactivated along its deeper portion, and a superficial rupture would
require a larger-magnitude event, as reported also by paleoseismic observations (e.g., [35]).
Some authors (e.g., [114,115]) questioned whether the seismogenic source of 2009 and
2017 events match the superficial expression of the Gorzano Mt. fault, due to the lack of
hypocenters located at shallow depths (<5 km), and suggested that the superficial fault
plane is confined above the Gorzano—-Acquasanta thrust sheet at 4 km depth. Nevertheless,
Cheloni et al. [116] show that shallow slip (up to <2 km depth) is required to explain
the coseismic displacements observed by geodetic measurements, revealing a vertical
continuity of the Gorzano Mt. source fault from hypocentral depths to the shallow sector.

The geomechanical characterization carried out in this work highlights that the more
intensely fractured rock mass (with the lowest GSI values, between F25 and F40) is localized
along a strip with a NW-SE direction and parallel to the Gorzano Mt. fault system strike
(mapped as geomechanical class V in Figure 7). This zone of intense fracturing is up to
1.2 km wide and fully overlaps with the fault strike, showing that the fracturing is due to
the fault action. Therefore, the Gorzano Mt. fault affects the quality of the rock mass up to
a few hundred meters of distance from itself. The Rio Fucino dam is located within the
geomechanical class V strip, on its eastern edge (Figure 7), but it should be entirely on the
footwall of the Gorzano Mt. fault, which should run under the lake, parallel to the dam, a
few hundred meters to the west.

The (iii) landslide hazard was qualitatively assessed integrating the available data with
the results from the geomorphological survey, which substantially confirms the inventory
of the hydrogeological setting plan (PAI) by the Basin Authority. The geomorphological
survey mapped seven landslides along the shores of the lake, characterized by a very low
velocity and small volumes. The risk of lake overflowing due to the remobilization of a
landslide is therefore considered low, also considering that photo-interpretation analysis
of aerial images showed that no reactivations occurred in the past 50 years. However,
the landslides near the Campotosto basin could be potentially reactivated by the seismic
shaking, although they did not reactivate during the last seismic sequences of 2009 and
20162017, as verified by the CEDIT [14,117], EMERGEO [75] and GEER [118] working
groups. Only one of the landslides (ID.5 in Figure 4), which is along the road from Lake
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Campotosto to Ortolano town, southwest of the basin, was remobilized by the seismic
events of 2016-2017 [75].

The EQTLs of the Lake Campotosto basin would involve a relatively low risk, due
to their small sizes, nevertheless, more detailed studies should be carried out to identify
possible source areas and runout zones. The largest and most critical landslides are the
two DsGSDs (ID.8 and ID.9), and, in particular, the ID.9 (Figure 4, Figure 5c,d) located
at hydrographic right adjacent to the Rio Fucino dam, described by Saroli and Moro [74].
In general, a DsGSD occurs in areas characterized by a recent tectonic uplift [119,120], as
the evolution of this process, generally slow, can be accelerated for various causes, first of
all the seismic shaking (e.g., [120-123]). As described in this paper, the DsGSD ID.9 can
be considered as active due to the occurrence of active geomorphological forms and of
damages of recent anthropic works. This DsGSD poses a greater potential risk for the study
area, as the vulnerability and the exposed elements increase significantly since it involves
the Rio Fucino dam and the narrow valley downstream.

The engineering-geological analysis of the Campotosto basin allowed to identify areas
where (iv) earthquake-induced liquefaction phenomena could occur due to the presence of
recent soil deposits such as the fluviolacustrine deposits filling the Poggio Cancelli valley.
Detailed engineering-geological modeling aimed at obtaining specific parameters (e.g.,
groundwater flow depth, soil dynamic parameters, etc.) and analyses following simpli-
fied [124,125] or numerical [126] approaches could be performed to evaluate quantitatively
their proneness to be involved in liquefaction phenomena.

This overview of the geohazards that occur at Campotosto basin can be channeled into
a multi-hazard or multiple-hazard analysis to obtain products useful for risk mitigation
purposes. In this regard, two approaches could be used for a comprehensive analysis of
the different hazards and possible chain effects:

(a) To fix a time interval or a return period (Tr), i.e., use a fixed probability of occurrence
for all the processes. This approach allows to obtain maps of the effects caused by the
processes that could happen during the analyzed time period following a proper multiple-
hazard approach.

(b) To fix the intensity of the effects for the hazards (e.g., peak ground acceleration
value or cumulative coseismic displacement for earthquakes) and combine the probabilities
of the single processes (different Tr) to obtain maps of multi-hazard effects.

Among the abovementioned approaches, the first one (a) implies a concatenated
occurrence of events and a conditioned probability of each one with respect to the other; on
the contrary, the second one (b) assumes that events occur with an independent probability,
i.e., they are not conditioned by each other.

Another approach can be represented by the “scenario analysis”, in which a specific
calamitous event (with its peculiar probability of occurrence) is considered, and the follow-
ing cascade effects are analyzed either by back analysis studies or by forecasting studies,
which can be effective for the management of emergency plans.

In the present study, the possible multi- or multiple-hazard events were identified as a
basis for future quantitative evaluation of combined probability of occurrence by assum-
ing conditioned or independent hazard scheme. On the other hand, for the Campotosto
basin, an analysis of scenario could be also performed for studying the several identified
seismically-induced hazards (i.e., seismic shaking, surface faulting, EQTLs, and liquefac-
tion) and considering the expected earthquake in a fixed Tt, following and extending to
the whole basin the approach used for the local seismic response analysis of the Poggio
Cancelli valley.

The abovementioned approaches will provide different products in the frame of a
risk mitigation management: (i) the multiple-hazard map will provide a spatial rating of
possible occurrent or concurrent effects, i.e., a zonation of predisposing hazard conditions;
(ii) the multi-hazard map will provide a proper hazard map where a fixed Tr can be
selected in relation to the operating time of the considered infrastructures and/or the time
perspective of environmental management plans; (iii) the analysis of scenario will allow to
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manage emergency plans, i.e., by National Civil Protection, depicting spatial distribution
of effects induced by a concurrence of events whose magnitude can be also deduced via
deterministic approaches which provide seismic input from local seismogenic sources by
modeling fault rupture and seismic wave propagation toward the near-surface subsoil.

6. Conclusions

In this paper, a comprehensive analysis of the seismically-induced hazards at Lake
Campotosto formed by three artificial dams (Abruzzo Region, Central Italy) was performed
in order to provide a preparatory framework for a multi-hazard study. An engineering-
geological analysis, based on literature data and results of field surveys, allowed to pro-
duce geological-geomorphological and geomechanical maps and identify the expected
seismically-induced geohazards that can affect the Campotosto artificial basin and sur-
rounding slopes: seismic shaking, surface faulting, EQTLs, and liquefaction.

Amplification effects of the seismic shaking are expected in specific geological contexts:
steep slopes and/or intensely jointed rock masses of Laga Fm. and filled valleys due to their
stratigraphic successions and/or buried morphologies. A local seismic response study was
carried out for the Poggio Cancelli valley, located in the northern part of the Campotosto
Lake, using 2D numerical modeling, that allowed to assess the expected amplification
phenomena in several sectors of the valley due to its stratigraphic and morphologic features.

The superficial faulting hazard could occur at the Gorzano Mt. fault, which does not
crop clearly out in the zone of the Rio Fucino dam, at the southeastern sector of the lake.
The EQTLs of the Lake Campotosto basin would involve a relatively low risk, but despite
the seven landslides mapped did not reactivate in the past 50 years. More detailed studies
should be carried out at two DsGSDs that are located immediately downstream with
respect to the Rio Fucino dam. Finally, the presence of soft soil deposits could be potentially
affected by earthquake-induced liquefaction phenomena, even if more advanced analyses
have to be carried out to assess quantitatively their liquefaction proneness.

All the identified geohazards existing in the Lake Campotosto basin can be jointly
analyzed using multi-hazard or multiple-hazard approaches, aimed at obtaining different
products useful for risk management.
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