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Abstract: We investigated the role of the morphostructural setting and seismic and meteorological
factors in the development of landslides in the piedmont of the Abruzzo Apennines. In February
2017, following a heavy snow precipitation event and a moderate seismic sequence (at the end of
the Central Italy 2016-2017 seismic crisis), several landslides affected the NE-Abruzzo chain and
piedmont area. This work is focused on the Ponzano landslide (Civitella del Tronto, Teramo) and the
Castelnuovo landslide (Campli, Teramo) in the NE Abruzzo hilly piedmont. These landslides consist
of: (1) a large translational slide-complex landslide, affecting the Miocene-Pliocene sandstone clay
bedrock sequence of the piedmont hilly sector; and (2) a complex (topple/fall-slide) landslide, which
occurred along a high and steep scarp on conglomerate rocks pertaining to terraced alluvial fan
deposits of the Pleistocene superficial deposits. Both of the landslides are typical of the Abruzzo hilly
piedmont and both of them largely affected houses and villages located on top of the scarp or within
the slope. The landslides were studied by means of field geological and geomorphological mapping,
borehole investigations, geostructural analysis and photogeological analysis. For the Ponzano
landslide, a detail pre-post-landslide air photo interpretation allowed for defining the deformation
pattern occurred on the slope. For the Castelnuovo landslide, the triggering factors and the stability
of the slope were evaluated with FLAC3D numerical modelling, in pre- and post-landslide conditions.
Through this integrated analysis, the triggering factors, the landslide mechanism and the stability
conditions of the landslides and the characterization of two main types of landslides affecting the
piedmont hilly area of the Abruzzo region were investigated.
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1. Introduction

Landsliding is one of the main processes inducing geomorphological changes on slopes in
mountainous, hilly and coastal areas. Landslides are controlled by several predisposing factors (i.e.,
morphology, lithology, structural setting, vegetation, land use, climate, etc.) and are induced by
different triggering factors (e.g., heavy rainfall and snowfall events, snow melting, earthquakes, sea
storms, etc.) [1-7]. When affecting soft and weak rocks, landslides are also largely dependent on
the morphostructural setting of the rocks and/or on the main jointing affecting the rock masses.
The investigation of these factors and of the mechanism/evolution of the landslides is necessary in
different morphostructural domains for the assessment of the areas prone to landslides and of their
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triggering during heavy meteorological and/or seismic events. Moreover, the possibility of a causal link
between seismic events and the triggering of landslides should be investigated, both when landslide
phenomena are concomitant and delayed over a period of even weeks [6-12]. This investigation should
be based on the integration of different approaches (e.g., detailed geological and geomorphological
survey, geomechanical survey, subsurface direct-indirect investigations, remote sensing, numerical
modelling, etc.) [3,7,13-16].

In January 2017, the Abruzzo region, in the eastern side of Central Italy, was affected by a heavy
snow precipitation event (up to >3 m in the mountain area and 1-1.5 m in the hilly piedmont) [17,18]
and by the last strong earthquakes (Mw > 5) of the 2016-2017 seismic crisis of the central Apennines
(National Institute of Geophysics and Volcanology [INGV] [19,20]). After this combination of seismic
and meteorological events, from January to February 2017, several avalanches, landslides and
flooding events occurred in the Abruzzo area, particularly in the NE piedmont hilly area from the
Apennines chain to the Adriatic coast (Figures 1 and 2). These events caused severe damage and many
casualties and evacuees and were declared an official natural disaster at regional government level [17].
These types of events have occurred repeatedly in the last decades in the Abruzzo area as well as all
around Italy and are expected to increase in the next years in connection with climate changes [7-9,21]
and deserve detailed /integrated investigations both at local and at regional level.

This work used an integrated geomorphological analysis for the investigation of two main
landslide cases in the piedmont hilly area of NE-Abruzzo (at ~40-45 km from the January 2017
earthquakes epicentres): the Ponzano landslide on 12 February 2017 (Civitella del Tronto, Teramo) and
the Castelnuovo landslide on 16 February 2017 (Campli, Teramo) (Figure 2). These landslide events,
as well as those, occurred in January-February 2017 (Figure 2), were controlled by a combination of
morphologic and litho-structural predisposing factors and induced by meteorological (e.g., rainfall,
snowfall, snowmelt) and possibly connected to the previous seismicity. The Ponzano landslide affected
the Miocene-Pliocene pelitic-arenaceous bedrock sequence of the Adriatic piedmont hilly sector with
a mainly translational sliding mechanism. In the upper-middle part of the landslides, several houses
of Ponzano village were heavily damaged, inducing their evacuation [22,23]. The Castelnuovo area
is characterized by tabular relief on moderately consistent and jointed terraced alluvial fan deposits
covering the bedrock. The southern side of the tabular relief was affected by a complex landslide.
As occurred several times in the last centuries [24], this landslide involved the urban area of the village;
one building was heavily damaged and several houses very close to the main scarp were evacuated.
The Ponzano and Castelnuovo cases were selected as largely representative of the main landslide types
affecting the different morphostructural setting of the Adriatic piedmont [25,26] and for the analysis
with different integrated approaches according to different types of landslides. The analysis of these
cases is based on an interdisciplinary investigation incorporating field geological and geomorphological
mapping, geostructural analysis, photogeological analysis (unmanned aerial vehicle UAV images
and orthophoto), borehole investigation and numerical modelling. This allowed the landslide failure
kinematics and the main controlling factors (e.g., lithological, structural, meteorological, seismic, etc.)
to be inferred. For the Ponzano landslide, a detailed pre-post-landslide air-photo interpretation allowed
for defining the distribution of the deformation occurred on the slope. For the Castelnuovo case, since
the landslide was sudden and fast, the failure kinematics and the predisposing/triggering factors
were also analysed by means of numerical modelling for stability analysis. Both the pre-landslide and
post-landslide slope models were analysed. The pre-landslide one allowed for the investigation of the
landslide triggering and failure kinematics, while the post-landslide one supported the investigation
of the current stability conditions and expected future landslides.

The modelling of complex gravitational phenomena is based on the study of the geotechnical
behaviour of a 3D soil /rock moving mass, which assumes more relevant interest than classical stability
analysis methods. Numerical methods allow the investigation of the deformative behaviour both
of rigid blocks [27-29] and ductile masses [30,31] providing a broader definition of the evolutionary
process. In the numerical modelling, a soil/rock mass is considered a complex system, resulting
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for example from weathering (see among many others [32]) and erosion, studied through either
Computational Fluid Dynamics or the more simplified but effective Cellular Automata tool [33],
supplemented by closure laws [34]. This would require statistical approaches, considering the
possible numerical values of the geotechnical parameters as random variables [35-37]. However,
in order to simplify the simulations, we adopted a deterministic approach aimed at characterizing
the numerical values of the selected geomechanical parameters. For the purpose of this work, we
have selected the FLAC family computer code, in its 3D version. It is based on Finite Difference
Method applied to continuum mechanics (among many others [38]) and is widely used for slope
stability studies, in which the slope is generally analysed as a continuous [39,40]. In this work, the
slope was instead considered as a complex geological volume, including the main discontinuities
resulting from the geomorphological-structural analysis, inserted in order to evaluate their influence
on landslide mechanism. Moreover, adding the pore water pressures, the numerical modelling allowed
to simulate the water infiltration (after rainfall and snowmelt). Finally, the influence of the earthquake
was evaluated. In order to consider such dynamic effects, it is possible to insert both sinusoidal seismic
waves at different frequencies and real accelerograms [41,42]. In our case, real accelerograms were
used in the model.

The integration of different types of investigations has allowed us to reconstruct a geological
and geomorphological model of the Ponzano and Castelnuovo landslides and to characterize
mechanisms and factors that have controlled their evolution in different orographic, geological
and morphostructural conditions. Through these case studies, the landslide events that occurred
in NE-Abruzzo in January—February 2017 after seismic and meteorological heavy events were
characterized, focusing on the triggering/predisposing factors, the landslide mechanism in connection
to the morphostructural setting and the current stability conditions. Since earthquakes and
meteorological events occurred several times in the last decades in Abruzzo and all over Italy, this
work provides a contribution, in terms of local case studies, factors/mechanisms investigation, for
the understanding of the landslides largely and repeatedly affecting the piedmont hilly area of
the Apennines.

2. Study Areas
2.1. Regional Setting of the Apennine Piedmont Hilly Area of NE-Abruzzo

2.1.1. Morphostructural Setting

The study areas are located in the piedmont of the Central Apennines in the NE-Abruzzo region
(Figure 1) between the Tordino River and the Salinello River. The front of the chain is located along the
Montagna dei Fiori ridge and the Gran Sasso ridge and drops down to the piedmont area. This sector,
as well as the entire Adriatic piedmont, shows a cuesta, mesa and plateau landscape resulting from the
evolution of the Adriatic foredeep domain of the Apennine orogenic system [43-46]. The elevation
ranges from 0 m to ~600 m a.s.l. along the main drainage divides between the main rivers and the
terrain gradient (derived from a 10 m cell digital elevation model [DEM] [47]) ranges from flat along
the river and coastal plains to >40° with local vertical scarps along the slopes. From the mountain
area to the piedmont, the landscape is carved by the main river valleys (featuring fluvial plains up
to 4 km in width), roughly perpendicular to the coast and by minor catchments flowing toward the
main valleys and the coastal plain (featuring radial, trellis and angular drainage patterns) [25,48].
The coastal area is characterized by wide coastal slopes and a coastal plain up to >1 km in width [49].

The bedrock consists of a sequence of marine pelitic-arenaceous rocks (Upper Miocene-Lower
Pliocene) arranged in a fold and thrust setting, affected by regional NNW-SSE oriented Pliocene thrusts
and high-angle normal faults, which are still connected to active moderate seismicity. It is overlain by
a sequence of marine clayey-sandy-conglomeratic rocks (Upper Pliocene-Lower Pleistocene) in a gently
NE-dipping homoclinal setting. Patches of travertine deposits and entrenched fluvial and alluvial fan
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deposits, as well as slope, colluvial and landslide superficial deposits (Middle Pleistocene-Holocene)
extensively cover the bedrock [25,50-55] (Figure 2).

ltaly | Abruzzo

_ Coastal plain

[ | Fluvial plains
l:\ Coastal slopes
I:l Hilly-piedmont area
I:l Intramontane basins
- Chain area

Abruzzo

Figure 1. Location map and main physiographic domains of the Abruzzo region (the study areas are in
the black box).
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Figure 2. Lithological scheme of the NE-Abruzzo region and distribution of the main landslides.
The study area is in the black box. Previous landslides derived from IFFI Project [26]; January—February
2017 avalanches and landslides provided by Protezione Civile Abruzzo Region and from local chronicles
and field survey.
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The piedmont-coastal hilly landscape is incised by approximately WSW-ENE-oriented consequent
valleys (i.e., the Salinello valley and the Tordino valley) that are characterized by fluvial deposits
arranged in flights of at least four orders of terraces (Middle Pleistocene-Holocene) [52-54]. The valley
sides, as well as the coastal slopes, are extensively affected by different types of landslides (e.g., mostly
rotational-translational slides, flow, complex slides) [26,49,55,56].

The geomorphologic processes are mainly fluvial, gravity-induced and mass wasting.
These processes are frequently activated by the heavy rainfall events that affect the region and by
seismic events. Fluvial processes affect the main rivers, alternating channel incisions and flooding.
The slope processes due to running water mostly affect the clayey and pelitic-arenaceous hills of
piedmont and the coastal areas, generating badlands and minor landforms such as rills, gullies and
mudflows [54,57]. Mass-wasting processes have induced the formation of a widespread landslides
and mass movements, mostly affecting the hilly piedmont area and the coastal area [1,26,49,56,58].

2.1.2. Climate and Meteorological Features

The Abruzzo climate is generally Mediterranean type. However, it is largely affected by the
orography, changing from a Mediterranean type with maritime influence along the coasts and in
the piedmont hilly area to more continental-like in the inland Abruzzo region [59]. The rainfall
distribution is also controlled by the relief arrangement; the highest annual rainfall values (up to
1500-2000 mm/year) occur along the main ridges and on the west-exposed mountainsides, while the
annual rainfall decreases down to ~600 mm/year along the Adriatic coast. The hilly piedmont-coastal
area is characterized by a maritime Mediterranean climate [60]. The average annual precipitation is
600-800 mm/ year, with occasional heavy rainfall (>100 mm/d and 3040 mm/h) [21,61]. In recent
decades, this area has been affected by flash flood events, which were induced by heavy rainfall
ranging from 60-80 mm in a few hours to >200 mm in one day (e.g., January 2003, October 2007, March
2011, September 2012, December 2013, February—March 2015, January-February 2017 [21]).

In the first months of 2017, Abruzzo was affected by intense snowfall and rainfall. In January
2017, cold currents from the Balkans caused an abrupt decrease in temperature (Figure 3), causing up
to 2-3 m of snow cover from the main eastern Abruzzo ridges down to the coastal areas (1-1.5 m in
the hilly piedmont).
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Figure 3. Daily rainfall-temperature diagrams for Civitella del Tronto (a,b) and Teramo (c,d)
meteorological stations (location in Figure 2).
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This induced major damage, civil protection issues (road blockage, large blackout, telephone line
failures, aqueduct failures, etc.) and even casualties [17,18]. Temperature and rainfall data for January
and February 2017 (provided by the Functional Centre and Hydrographic Office of the Abruzzo
Region) were analysed for the meteorological stations of Civitella del Tronto and Teramo, close to
the study areas (Figure 2). In both stations (Figure 3), daily rainfall of ~30 mm was recorded during
the days before the landslides. In Teramo station, the maximum daily rainfall exceeded 140 mm
(18 January, around one month before the sliding) mostly consisting of snow due to low temperature,
with a two-month cumulative value of almost 450 mm. Lower values were recorded in the Civitella
del Tronto station, with a two-month cumulative value of ~200 mm and no very high daily values.
The temperature trend shows two periods with maximum temperatures <0 °C, corresponding to the
main snowfall events (around 7-11 and 16-19 January), when many snow avalanches also occurred.
From 29 January and again around 11 February, temperature rises occurred, inducing rapid snowmelt.

2.1.3. Seismicity

The Central Italy area has been affected by historical and recent strong seismicity [62—64]
connected to the Apennine chain extensional tectonics; moderate seismicity also hits the piedmont
area. In recent decades, the area was particularly affected by the 2009 L’ Aquila earthquake (Mw 6.3)
and by the 20162017 Central Italy earthquakes (maximum Mw 6.5) (Figure 4). Between 2016 and 2017,
Central Italy was struck by a strong and long-lasting seismic sequence that comprised over 65,800
shocks from 24 August 2016 to 30 April 2017. Four main events occurred: (1) on 24 August 2016, two
shocks with Mw 5.3 and 6.0; (2) on 26 October 2016, two shocks with Mw 5.4 and 5.9; (3) on 30 October
2016, the strongest, with Mw 6.5; and (4) on 18 January 2017, four shocks with Mw 5.0-5.5 (INGYV,
www.ingv.it). The latter events were located at 4045 km SW from the Ponzano and Campli landslides.
Moreover, during the first two weeks of February, several minor shocks were recorded (i.e., 283 shocks
of Mw 2-3, 22 shocks of Mw 3—4 and two shocks of Mw >4, at >50 km from the study area; INGV,
www.ingv.it). From 10 to 16 February, in the days before the landslide events, 36 shocks occurred with
Mw 2.0-3.1 and depths of 6 to 21 km (INGV, www.ingv.it) and a single stronger shock (Mw 3.6) was
recorded on 14 February but >40 km from the landslide areas.
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Figure 4. Recent seismicity of the Central Italy area and affecting the Apennines piedmont hilly area of
NE-Abruzzo; earthquakes (Mw > 4) occurring since 1985 (from ISIDe working group (2016) version 1.0,
DOI: 10.13127/1SIDe).
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2.2. The Ponzano di Civitella del Tronto Landslide and the Castelnuovo di Campli Landslide

The Ponzano landslide (Civitella del Tronto, Teramo) and the Castelnuovo landslide (Campli,
Teramo) are located at elevations of 150—400 m a.s.l. in the North-eastern sector of the hilly piedmont
of Abruzzo, between the Montagna dei Fiori ridge to the west, the Salinello River valley to the
north and the Tordino River valley to the south (Figures 2 and 5). The landscape (typical of the
NE-Abruzzo Adriatic hilly piedmont area) is characterized by elongated hills and valleys, generally
with a WSW-ENE orientation and secondary from N-S to NNW-SSE orientations. The elevation range
is that of mid-to-high elevation hills (from <200 m to >600 m). These hills are crossed by the incisions
of the minor watercourses, mostly along NNW-SSE or WSW-ENE orientations. The overall drainage
network is arranged in an angular pattern and locally in a trellis pattern.

390000 395:]00 SQEIUOD

Legend

. \Elevation (m)
i 1170 - 200
3200 - 230
[1230- 260
1260 - 290
[ 290 - 320
1320 - 350
1350 - 380
1380 - 410
. Em410 - 440
440 - 470
[ 470 - 500
- [1500 - 530
1530 - 560
1560 - 590

1590 -

o

473?000
T
4735000

473?000

396000

Figure 5. Elevation and hydrography map of the study area. The black boxes indicate the Ponzano
landslide and Campli landslide areas.

The Ponzano area is located on the Eastern slope of the Civitella-Ponzano WSW-ENE ridge, with
a top elevation ranging from 400-550 m a.s.l. Minor sharp NNW-SSE-oriented ridges are present on
top of the landslide area. The slope affected by the landslide is around 1.5 km in length and ranges
from 400 m to 150 m a.s.l. in elevation with a slope of ~10° (Figure 5). It features flat surfaces in the
upper-intermediate area and steep scarps in the upper part as well as in the lower part of the slope.
It lies on a NNW-SSE oriented hog-back relief developed on pelitic rocks with thick arenaceous beds
(up to tens of meters) pertaining to the Upper Miocene-Lower Pliocene Laga formation. A thick cover
of colluvial deposits blankets the bedrock. On 12 February 2017, a large landslide affected Ponzano
village, close to Civitella del Tronto (Figure 6a,c,e) reactivating a known landslide [26,58]. The landslide
is composed of many connected movements over an area of ~56 ha. The overall mechanism was
a combination of translational sliding, with local rotational sliding in the upper part, which evolved to
flow in the lower part of the landslide. After several years of almost stability or very slow movement
(a 1040 cm deformation was detected in 14 years [22]), the movement developed abruptly in the first
days and very slowly over the following months [23]. The landslide involved both agricultural land
and inhabited areas. The main and secondary roads, as well as utility service and buildings, suffered
serious damage or collapse and consequently, more than 30 buildings were evacuated.



Geosciences 2019, 9, 122 8 of 31

Landslide toe

: . Ponzano
Villa Carosi  di Givitella del Tronto

5 {7 Landslide
" area

7 Fig. () location . ; ' ig. (f) location
and orientation [ 3 = 1 and orientation

Figure 6. (a) Panoramic view of the Ponzano di Civitella del Tronto area (the red dashed line marks
the landslide). (b) Panoramic view of the Castelnuovo di Campli area (the red dashed line marks
the landslide). (c) Orthophoto of the Ponzano landslide derived by unmanned aerial vehicle (UAV)
survey. (d) Orthophoto of the Castelnuovo landslide derived by UAV survey. (e) Panoramic view of
the Ponzano landslide scarp. (f) Panoramic view of the Castelnuovo landslide.

The Castelnuovo area is located in the Eastern part of the flat surface hosting the Campli village
and is surrounded by steep scarps along the Fiumicino and Siccagno streams. The flat surface ranges
in elevation from 350 to 400 m a.s.l., the valleys have elevations of 330 to <300 m a.s.l. (Figure 5)
and the scarps are 50-80 m in height and range from very steep (>40°) to almost vertical (>80°).
The landslide area is in the Southern scarp of the flat relief close to a gentle turn of the Siccagno stream.
The scarp is very steep with vertical step and drops from ~375 m a.s.l. down to ~315 m a.s.l. The area
is characterized by an E-W elongated mesa tabular relief on Middle Pleistocene alluvial fan deposits,
incised and terraced during the Upper Pleistocene and Holocene. The deposits consist of moderately
cemented conglomerate and sandstone alternated levels and lenses, lying above a marine Pliocene
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pelitic-arenaceous bedrock. The mesa relief is rimmed by a structural scarp on conglomerate deposits
and its arrangement is controlled by two main systems of joints with WNW-ESE and WSW-ENE
orientations. The scarp, particularly in its southern steeper side, is affected by landslides due to fall
and topple, complex landslides and weathering producing talus slopes and colluvial deposits at the
base. On 16 February 2017, a large collapse abruptly occurred on the southern side of Castelnuovo hill
(Figure 6b,d,f). The main landslide affected a semi-circular scarp 100 m in length and ~60 m in height,
involving the entire slope from Castelnuovo to the Siccagno stream, which was temporarily dammed
by the landslide. The event caused damage such as the collapse of an electric facility and a small house
and many houses next to the scarp were evacuated. To the west of the main movement, other minor
debris falls occurred during the main event in the following days.

3. Materials and Methods

A detailed integrated analysis was performed on the Ponzano and Castelnuovo areas, based
on the combination of topographic investigations, by means of an unmanned aerial vehicle (UAV),
field geological and geomorphological mapping (1:2000 scale), borehole interpretation, geostructural
analysis and photogeological investigation, supported by 3D numerical stability analysis.

The UAV topographic investigation was carried out specifically for this work in order to obtain
a detailed post-landslide orthophoto and topographic model of the landslide areas by means of
structure from motion (SfM) processing. The images were taken from a DJI Phantom 4 Pro quadcopter
(equipped with a 20 Mpx camera) and were processed with Pix4D Mapper. For Ponzano, the images
were taken on 1-10 May 2017, with a ground resolution of 10 cm (DSM and orthophoto) and 1 m
derived contour lines; for Castelnuovo, the images were taken on 14 April 2017, with a ground
resolution of 3.5 cm (DSM and orthophoto) and 1 m derived contour lines. Together with pre-landslide
aerial photos and DEMs, the UAV aerial photo also supported the geomorphological and displacement
analysis of the landslide.

The field geological and geomorphological mapping, with geostructural analysis, was carried
out after the landslides” occurrence at 1:1000 scale according to the guidelines of the Geological
Survey of Italy (ISPRA). It was focused on the definition of: (1) the bedrock units and superficial
deposits involved; (2) the geometry and distribution of joints affecting the rock masses; and (3)
the main geomorphological features developed during the sliding (e.g., major and minor scarps,
cracks, landslide terraces, counterslopes, landslide features, etc.). The field survey was supported
by the analysis and interpretation of borehole data (derived from previous studies for the seismic
microzonation of the Campli area [64]) in order to constrain the thickness of the lithological units.
The main geotechnical parameters were also derived from previous microzonation studies [64].

For the Ponzano landslide, a detailed air-photo interpretation was carried out comparing
pre-landslide orthophotos (Flight Abruzzo Region, 2007 and 2010) and post-landslide UAV
orthophotos [65]. UAV imaging is largely used as a tool for detailed post-landslide monitoring [66,67]
as already done in the Ponzano landslide for a fine post-event displacement analysis [23]. In our
work, however, the UAV images were compared with the available pre-landslide aerial photos
(taken on 2010 and 2013, source http://geoportale.regione.abruzzo.it/Cartanet). From 2010 and
2013, before the 2017 landslide, no or very slow (<40 cm in 14 years.) movements were detected in
the area [22,23], making this comparison suitable to provide an overall displacement analysis of the
landslide. Around 240 homologous points (building, roads and other structures) were defined for the
comparison (avoiding the uncertain ones). The resolution of the analysis is coarse (~£1 m) and, for
this reason, the movement of each point was tracked considering only values above 2 m. Nevertheless,
the points’ comparison allowed defining the distribution of the overall deformation occurred on the
slope from the landslide event to May 2017 and the displacement pattern of the landslide. A more
detailed post-landslide integrated monitoring is provided in Allasia et al. [23].

For the Castelnuovo landslide, a 3D numerical modelling (FLAC3D, Itasca [68]) was carried out,
through several specific pre- and post-landslide stability analyses. The post-landslide 3D geometrical
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reconstruction of the slope was based on the UAV-derived contour lines. For the pre-landslide slope,
the UAV-derived contour lines were integrated, in the landslide area, with contour lines derived from
the 2007 1:5000 scale topographic map and interpolated from aerial photos (Flight Abruzzo Region,
2007) provided by the Abruzzo Region Cartographic office (http://opendata.regione.abruzzo.it/).
According to the results of the geological, geomorphological and geostructural investigations, as well
as borehole data, a 3D model of the slope was defined and summarized in three geomorphological
cross-sections. The main joints, whose geometry was derived from the field survey and remote
investigations, were incorporated in the model defining a set of conglomerate-sandstone polygonal
wedges. The analysis was performed in the pre-landslide condition, taking into account both dynamical
seismic shaking and pore water pressure, in order to investigate the triggering of the landslide and the
connection with previous seismic shaking and snowfall-rainfall events. The post-landslide analysis
was performed specifically to investigate the current stability conditions, both in the landslide area
and in the surrounding scarp, to investigate the residual stability conditions. In order to understand
the contribution of the different factors (lithology and joints, seismic shaking, pore pressure), the
stability analysis of both models (pre- and post-landslide) was carried out for the following scenarios:
(A) simple model with no joints; (B) complete model with joints; (C) dynamic analysis of the complete
model with joints; (D) pore water pressure analysis on the simple model.

Scenarios A and B supported the analysis of the control of lithology and jointing in the stability
and failure kinematics. In order to investigate the critical areas and the failure kinematics, the stability
analyses were carried out progressively reducing the strength parameters taking the slope to the
failure conditions. Scenario C was focused on the analysis of seismic shaking as a triggering factor
of the landslides, choosing one significant input from the 20162017 seismic sequence of Central
Italy (Figures 2 and 4)—specifically, the closest event (i.e., 4045 km) with a Mw > 5 to the landslide
area, that is, the 18 January 2017 event (time 11:14:09), which had a Mw of 5.5 and epicentre in the
Capitignano (L’Aquila) area. The accelerogram was acquired from the ITACA Database (the INGV
accelerometric archive [69]) for the Terelle accelerometric station (Table 1). The station was selected
since it is the closest to the Campli area (located ~12 km south of the landslide site) and the only one
that lies on soil class “A” in the surrounding area (Table 1). The input accelerograms, in the N-S and
E-W components (properly scaled according to Bindi et al. [70]), were applied at the base of the model
respectively in the y and x direction. Scenario D allowed the role of pore water pressures in the stability
conditions and in the landslide triggering to be evaluated. In order to simulate the increasing pore
pressures related to the extreme meteorological events (snow, rainfall) preceding the landslide, as well
as the leaching from urban water pipes, the top 15 m of the model (from the top of the scarp) were
supposed to be saturated.

Table 1. Details of the Terelle Accelerometric Station from the ITACA Database (the INGV
accelerometric archive [69]).

Station Code TER
City, Region Teramo, Abruzzo
Latitude [WGS84] 42.65656
Longitude [WGS84] 13.68954
Soil class (EuroCode8) A

Topography category =~ T1—Flat surface, isolated slopes and cliffs with average slope angle i <= 15°

4. Results

4.1. The Ponzano di Civitella del Tronto Landslide

The Ponzano landslide is a large (1.4 km in length, 0.6 km in width, 56 ha surface area) composite
landslide with multiple complex movements related to mechanism from translational sliding with local
rotational components, in the upper part, to translational sliding/flow in the lower part. The recent
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movement occurred abruptly on 12 February 2017 and slowly in the next few days, as reactivation of
previous large landslides that affected the slope.

4.1.1. Geological Model and Morphostructural Setting

In the Ponzano area, the bedrock consists mostly of a sequence of pelitic-arenaceous layers
(Figures 7 and 8). The ridges to the west of Ponzano consist of 30-60-m-thick layers of sandstone with
thin clay levels (Figure 7).

The layers are arranged in a NNW-SSE orientation, dip at 40-60° in an ENE direction and are
locally folded. The bedrock is blanketed by a cover of colluvial deposits (up to 15 m in thickness) and
landslide deposits (up to 70 m in thickness). The morphostructural setting consists of a NNW-SSE
oriented double hog-back (Figure 8). The landslide involved the whole colluvial cover and the upper
part of the clayey bedrock (Figure 9).

Figure 7. Lithological features of the bedrock arenaceous layers in the Ponzano area: (a) thick sandstone

layers; (b) alternating sandstone layers with thin clay levels.
4.1.2. Geomorphological Features

In the upper part of the slope, two paired sharp ridges outline a NNW-SSE oriented hog-back
connected to the steep ENE-plunging sandstone layers interbedded in the pelitic sequence. These ridges
control the setup and shape of the main landslide scarps. They are arranged in a double arcuate scarp
system. The southern system is composed of at least two-to-three main scarps up to 350-400 m
in width and from 2 m to >10 m in height and outline local counterslopes and rotational sliding
(Figure 10a). The Northern one is a secondary arcuate scarp system (closely affecting Ponzano village).
It is composed of a system of scarps up to 150 m in width and from a few decimetres to 10 m in height
(Figure 10b). Upslope from the main scarp systems sets of minor scarps and tension cracks are present
and outline the regressive trend of the landslide. The middle part of the landslide is composed of many
combined sliding blocks separated by secondary scarp and characterized by counter slopes, ridges
and bulges. The southern lateral scarp of the landslide (Figure 10c) is undulated and characterized
by scarps up to 2 m in height (Figure 10d). On the scarps, strike-slip ENE-dipping grooves outline
a clear translational component of the landslides (Figure 10d) and, along the scarp, local push ridges
are present (Figure 5f).

The centre of the landslide is characterized by counter slopes, ridge or bulging, which outline
a large landslide terrace in the mid-to-upper part of the slope, largely affected by tension cracks and
minor scarps (Figure 10f). This area was the most severely damaged, with several buildings being
destroyed due to a large bulging. During the sliding, this area was pervasively affected by tension
cracks, trenches and occasionally by pseudo mud volcanoes connected to mud ejection. The northern
side of the landslide is a system of minor sliding blocks mostly connected to translational sliding.
The mid-to-lower part of the slopes was affected by several minor scarps (both downslope and
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upslope (Figure 10g), push ridges and bulging outlining the complex movement of the landslide with

translational sliding combined with flow. The mid and lower parts of the landslide are affected by

minor gully features, which affected the area before and after the 2017 sliding.
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Figure 8. Geological and geomorphological map of the Ponzano area.
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Figure 9. (a) Geological and geomorphological cross-section of the Ponzano area (location in Figure 8).
(b) Stratigraphy of the borehole S1 (location in Figure 8).

4.1.3. Displacement Pattern

A photogeological analysis of pre-landslide (2010-2013 orthophoto) and post-landslide (May 2017
UAV survey) orthoimages of the Ponzano landslide area was carried out in order to investigate the
displacement pattern of the landslide and to outline the different blocks of the composite landslide
(Figure 11a). The displacement of ~240 homologous point in pre and post-landslide images (e.g.,
roads, houses, etc., Figure 11b—f), although with a poor resolution (~£1 m), outlined a displacement
varying within the landslide from almost zero to >18 m toward ESE. The analysis outlined the highest
deformation (up to >15 m) to have occurred in three main areas within the landslide. One located in
the upper part close to the main Southern scarp; the second in the central part along the landslide
terrace (south form Ponzano); and the third one in the mid-to-lower part, downslope from Villa Carosi.
The displacement is up to 13 m along the southern lateral scarp of the landslide, while it decreases
to zero in the northern scarp and in the northern side. Downslope, the displacement decreases and
progressively drops to zero in the lower part of the landslide.
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Figure 10. Geomorphological features of the Ponzano landslide. (a) upper part of the main southern
scarp (up to >10 m high); (b) main northern upper scarp close to the Ponzano village (up to 5 m high);
(c) lateral scarp in the southern side of the landslide; (d) detail of the lateral scarp, with groves outlining
the translational movement; (e) push ridges on the southern lateral scarp; (f) tension cracks in the mid
part of the landslide; (g) minor scarps in the mid-lower part of the landslide.
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The deformation is documented to have occurred mostly on 12 February 2017 and in the next few
days (up to >8 were detected by a GPS survey carried out by the Civitella del Tronto Municipality [23],
after a pre-2017 very slow movement [22]), which is congruent with our geomorphological field
observation. Moreover, after 23 February and in the following months, a detailed monitoring of the
landslide documented minor and localized movements connected to the main rainfall events (5-65 cm
in ~5 months [23].

Legend
|:| Landslide baundary

Displacement (m)
24
[J4-s
s
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[J1wo-12
[ 12-14
[ 14-16
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4737200
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—— Displacement arrow
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Figure 11. (a) Displacement distribution in the Ponzano landslide. (b—f) Significant measurement

points observed in the landslide area; the image is derived from UAV post-landslide orthophoto and the
red dashed lines mark the pre-landslide locations (derived from 2010 orthophotos); the measurement
location is in (a).
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4.2. The Castelnuovo di Campli Landslide

The Castelnuovo landslide is a complex landslide induced by a collapse affecting the moderately
cemented conglomerate and sandstone along the southern side of the Campli-Castelnuovo mesa relief.
Additionally, in this case, the combination of topple/fall and slide movements was controlled by the
morphostructural features of the mesa relief consisting of two systems of main joints (WSW-ENE and
WNW-ESE oriented). The landslide affected a 100 m-wide sector of the structure-controlled scarp
bounding the mesa relief for its entire height from ~375 m to ~315 m a.s.l. and down to the Siccagno
stream for a length of ~80 m (total area ~0.8 ha). It occurred suddenly and very fast in the night of
16 February 2017 and affected several human-made structures, such as minor buildings and facilities
of Castelnuovo village. Some main houses next to the landslide scarp were suddenly evacuated and
demolished in the following months.

4.2.1. Geological Model and Morphostructural Setting

The geological model of the Castelnuovo area consists of a thick conglomerate-sandstone interval,
arranged in decimetre-to-meter-thick conglomerate layers, with minor sand-sandstone layers and lenses
and with weak to moderate cementation (Figure 12). The whole conglomerate-sandstone interval is up
to 70 m in thickness and lies above pelitic-arenaceous rocks of the bedrock, as documented in previous
borehole investigations, with the bottom of the layer lying below the base of the scarp (Figure 13).
The conglomerate-sandstone layer thickness decreases toward the south and north and outlines that
the alluvial fan deposits filled up a paleo valley, whose axis is now below Castelnuovo village.

The morphostructural setting is characterized by a well-defined mesa relief. The geostructural
analysis defined two systems of large joints (several tens of meters in length) affecting the conglomerate
rocks of the mesa relief (Figure 14). The main system is oriented WNW-ESE and is mostly vertical
or dipping at 60-70° to the NE. A secondary system is oriented ENE-WSW and dips at 70-80° to the
NW to the SE. These systems observed at the local scale are parallel to the orientation of the main and
secondary scarps affecting the Castelnuovo relief and the relief top. More generally, these orientations
are consistent with the main orientations of the geomorphological evidence of tectonics documented
in the entire Northern Abruzzo piedmont area [51], which confirm that the joints observed in the
Castelnuovo area are not local features but rather related to major features.

Figure 12. Lithological features of the terraced Middle Pleistocene alluvial fan deposits: (a) alternating
gravel (g), sand (s) and clayey-sand (s-c) on the entire landslide scarp; (b) close up of the lithological
features of the scarp.
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Figure 13. Borehole stratigraphy of the Castelnuovo area (location in Figure 14).

4.2.2. Geomorphological Features

The landslide scarp has an easily visible and homogeneous semi-circular shape and a height
of several tens of meters (Figure 15a,b). The landslide body fell down into the Siccagno valley and
climbed up the opposite side of the valley partially obstructing the valley itself. The entire southern
Castelnuovo slope features talus slopes and minor landslides. Some are old and dormant, while
others (falls and slides) occurred in February 2017 and in the following months. The minor landslides
have variable size (from 15 to 25 m in length and 10 to 30 m in width). After the landslide, the main
accumulation was partly removed and reworked in order to restore the Siccagno drainage (Figure 15c).
In the last year, remediation works have been implemented in order to stabilize the landslide scarp and
the base of the scarp, although they involved the scarp partially and are still in progress. The southern
side of the Siccagno valley features the toe of a large dormant complex landslide. It was partly
reactivated by a minor landslide due to flow after the Castelnuovo landslide.

In addition to the main gravity-induced landforms, structural landforms, landforms induced
by surface running waters and anthropogenic landforms are present. The structural landforms are
mostly related to the mesa relief and to its main scarps (Figure 15c). They are polygenetic landformes,
which originated as fluvial terrace scarps during the incision of the Fiumicino and Siccagno streams.
They were then preserved due to the structural control of consistent conglomerate and sandstone rocks
and were recently largely affected by landslides.

Minor (1-3 m in height) scarps are also present breaking the top surface of the mesa relief.
The arrangement of both minor and major scarps is strictly connected to the orientation and location of
the main joints affecting the conglomerate rocks. This arrangement outlines major and minor structural
surfaces and benches at the top of the mesa relief (Figure 15d). The minor ones are present mostly in
the southern part of the mesa relief and the base of the scarps is partially filled by colluvial wedges.
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Figure 14. Geological and geomorphological map of the Castelnuovo area.
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Figure 15. Geomorphological features of the Castelnuovo landslide: (a) main landslide scarp (western
part); (b) main landslide scarp (eastern part); (c) polygenetic scarps (red arrows) of the Castelnuovo
mesa relief (in the foreground the landslide body); (d) structural surface (red arrows) on top of the
main scarp; (e) fluvial erosion scarp at the base of the main scarp; (f) damaged water pipe along the
landslide scarp; (g) tension crack along a joint affecting the slope; (h) main joints affecting the slope in
the landslide area.

Minor fluvial and water erosion landforms are V-shaped valleys and gullies, which affect the
scarp and outline the present water drainage; fluvial erosion scarps affect the base of the main
scarp (Figure 15e) and incise the southern side of the Siccagno valley. Furthermore, in addition
to the largely reworked top surface of the Castelnuovo relief, which is outlined by the extensive
accumulation of backfill deposits (only those >2 m in thickness are mapped in Figure 14), the main
earthworks and artificial channel are mapped, related to the post-landslide remediation works.
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Damaged drainage pipes are also to be mentioned. Two of them were found in the main scarp
area (Figure 15f) inducing possible water drainage issue and additional infiltration in the scarp area
during the heavy meteorological events and the snowmelt.

The overall setting of the main scarp are defined by combined features outlining a polygenetic
scarp surrounding the mesa relief: (1) a step-like arrangement to the top surface given by minor
straight 1-5 m-high scarps, oriented from WNW-ESE to ENE-WSW; (2) an angular arrangement of
the main scarp bounding the top surface along the same WNW-ESE and ENE-WSW orientations,
consistent with the orientation of the main joints (Figure 15g,h).

The main geological and geomorphological features outline the 3D geological and
morphostructural model of the Southern slope of the Castelnuovo mesa relief (Figures 14 and 16). It is
characterized by polygonal conglomerate-sandstone wedges (as large as 20-50 m in width, 80-120 m in
length and ~50-70 m in height) separated by major joints, laying over the pelitic-arenaceous bedrock.
The investigation allowed also to define the pre-landslide geological and morphostructural model
summarized in the section of Figure 17.
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Figure 16. Geological and geomorphological cross-sections of the Southern slope of the Castelnuovo
area (location in Figure 14); in Section C-C’ the dashed blue line show the reconstructed pre-landslide
topography (cfr. Figure 17).
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Figure 17. Pre-landslide geological and geomorphological cross-sections of the Castelnuovo landslide
area (location in Figure 14); the thick black line is the post landslide topography (cfr. Figure 16).

4.2.3. Landslide 3D Modelling

Two 3D models were defined for the numerical modelling: the first in the pre-landslide conditions
in order to investigate the trigger of the 16 February landslide and the second in the post-landslide
conditions to investigate the expected evolution of the landslide and the residual hazard condition.
Both models are 544 m in length (x-axis), 188 m in width (y-axis) and 84 m in height (z-axis) discretized
with variable-sized tetrahedral elements. The models consist of conglomerate-sandstone wedges,
while the bedrock is not included since it lies over 15 m below the base of the slope along the Siccagno
stream (Figure 16). The main physical-mechanical parameters (assumed constant throughout the
model) are [65]: volume weight (21 kN /m?), bulk modulus (66.7 MPa), shear modulus (40 MPa),
internal angle of friction (35°) and apparent cohesion (30 kPa).

Dynamic numerical analysis was also carried out using dynamic modules such as stiffness
parameters calculated by the mean of the S- and P-wave velocity values obtained from down-hole
tests: Vs =500 m/s; Vp = 2300 m/s.

Pre-Landslide Model without Discontinuities

The first analysis was carried out on a pre-landslide simplified model, not including the main
joints, in order to verify the validity and the numerical stability of the model. The analysis of the
displacement diagrams (Figure 18) shows two critical areas: one in the western part of the model
and the other in the area already affected by the landslide event. In order to better understand the
evolution of the entire slope, three significant sections were extracted outlining the kinematic evolution
of the entire scarp. They highlight the potential pseudo-circular slip surfaces that develop from the top
of the scarp (20-30 m from the edge) down to the foot of the slope.

Pre-Landslide Model with Discontinuities

The second analysis was carried out in the complete pre-landslide model with the main
discontinuities outlining polygonal wedges. The displacement diagrams (Figure 19) show the control
of the joints in the evolution of the slope and in the failure kinematics. The most critical areas, in terms
of deformation, are located along the main joints up to 20-40 m from the edge of the scarp, in the area
surrounding the main landslide. The sections extracted from the model (Figure 19) help to identify the
role of the joints in the failure kinematics. The displacement vectors of the outermost slope part, out
of the last joint, range from horizontal to gently downslope dipping, outlining a topple movement.
The inner part of the slope shows steep downslope displacement vectors, outlining a pseudo-circular
slip kinematics, again controlled by the main joints in the inner part of the slope.
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Figure 18. Contour 3D displacements and displacement vectors (sections) of the pre-landslide model
without discontinuities.
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Figure 19. Contour displacements and displacement vectors (sections) of the pre-landslide model
with discontinuities.

Pre-Landslide Dynamic Analysis of the Model with Discontinuities

The dynamic analysis was performed on the complete pre-landslide model (with discontinuities)
introducing the seismic input chosen among those recorded in the long 20162017 seismic sequence of
Central Italy (the Mw 5.5 event occurred on 18 January 2017, around one month before the landslide).
The largest displacement occurs in three main areas (Figure 20), which correspond to those expected
from the field survey. This is particularly evident in the western area and in the Eastern area, which
includes the main landslide area. However, even in dynamic conditions, the model does not reach
the failure. As documented by the displacement vectors in the extracted sections, in this case, the
deformation kinematics are also controlled by the main joints.
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Figure 20. Contour displacements and displacement vectors (sections) of the dynamic analysis with
Mw 5.5 input on the pre-landslide model with discontinuities.

Pre-Landslide Model without Discontinuities and with Pore Water Pressures

The fourth analysis was carried out to evaluate the influence of pore pressures on the slope
stability, introducing water saturation in the upper 15 m of the model from the top of the scarp
(Figure 21a).
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Figure 21. (a) Detail of pore pressures in the pre-landslide model. (b) Maximum unbalanced force in
the model.

In this case, the slope reaches the failure (Figure 21b), highlighting the non-convergence of the
numerical algorithm of the maximum unbalanced force. All of the outermost wedges of the model,
along the main scarp, result to be in failure conditions (Figure 22).

Post-Landslides Model with Discontinuities

A further set of analyses was carried out in the post-landslide model in order to investigate
the residual instability conditions after the main landslide. The stability analysis without or with
discontinuities, also in this case, outline no failure (static model and no pore pressure) and again
suggest the role of the main joint in the expected kinematics of the deformation. The worst critical area
resulting from the model with discontinuities (Figure 23) is located along a main joint in the eastern
side of the February 2017 landslide scarp. Again, the extracted sections outline the complex kinematics
of the expected movement: a combination of toppling in the outer wedge of the slope and sliding in
the inner wedge.
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Figure 22. Contour displacements and displacement vectors (sections) of the pre-landslide model
without discontinuities and with pore pressures.
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Figure 23. Contour displacement and displacement vectors (sections) of the post-landslide model
with discontinuities.

Post-Landslide Dynamic Analysis of the Model with Discontinuities

The dynamic analysis was also performed on the complete post-landslide model (with
discontinuities), again introducing the chosen seismic input (the Mw 5.5 event which occurred on
18 January 2017). The area with the greatest displacements is located along main joints in the left side
of the main scarp of the February 2018 landslide (Figure 24) and corresponds to the area outlined by
the static analysis.
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Figure 24. Contour displacements and displacement vectors (sections) of the dynamic analysis with
Mw 5.5 input on the post-landslide model with discontinuities.

5. Discussion

The combination of field, remote and lab analyses (i.e., topographic, geostructural,
geomorphological, photogeological) and 3D simulation modelling allowed for the characterization of
the Ponzano landslide and the Castelnuovo landslide (NE-Abruzzo hilly area, Central Italy), which
occurred in February 2017 after >1 month of heavy snowfall and rainfall and after January 2017
Mw > 5 earthquakes.

The Ponzano landslide affected a NNW-SSE oriented hog-back on alternated arenaceous and
pelitic-arenaceous Miocene—Pliocene rocks with a thick cover of colluvial deposits and previous
landslide deposits. It is a composite landslide incorporating several sliding blocks, mostly due to
translational sliding movements with a rotational component in the upper part and evolving to
flow in the lower part. The development of the landslide scarp system is highly controlled by the
hog-back arrangement. Translational movement documented by push ridges and groves on the slip
surfaces affects the lateral scarps. Sets of minor scarps and tension cracks outline the sliding blocks.
The landslide involved the colluvial cover and also the upper part of the bedrock. The trigger occurred
around one month after the last Mw > 5 seismic event, a few days after the closest rainfall event and
after >1 month of heavy snowfall and during snowmelt connected to temperature rise.

The deformation occurred mostly on 12 February 2017 and in the next few days. The total
recorded slip is up to 15-18 m in the upper and middle parts of the landslide and decreases to
zero in the northern and in the lower parts. Comparing our displacement analysis with previous
investigations [22,23], it is possible to infer the deformation pattern occurred in the Ponzano landslide
and its rate. In the upper part close to the main scarps, the landslide shows the highest deformation
(up to 18 m); the deformation decreases in the central part (up to 10-14 m) and increases again in the
middle-lower part (downstream Villa Carosi); finally, in the lower part the deformation decreases
to zero. The deformation rates can only be estimated comparing all the available data and field
observation to the previous studies [22,23]. Since the deformation detected before 12 February 2017 is
very slow (i.e., up to 3 cm/year on average [22]) and the deformation after 23 February 2017 is also
slow (up to 65 cm in 5 months, 13 cm/month on average and maximum 10 cm/day [23], most of the
deformation has occurred in a 10-days’ time span (12-22 February). Comparing field observation and
remote data is possible to infer a movement up to 0.5~1 m/h in the first day and slower, at <1 m/day,
in the next few days, accomplishing the total translational movement of up to 15-18 m toward the ESE.
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The Castelnuovo landslide involved a mesa relief consisting of a ~60-70 m-thick layer of Middle
Pleistocene alluvial fan conglomerate-sandstone rocks bounded by a 30-60 m-high polygenetic scarp.
Both the relief and the scarp are affected by WNW-ESE and WSW-ENE oriented main joints (consistent
with the regional main geomorphological evidence of tectonics [51]) defining a geological model
consisting of a system of conglomerate-sandstone polygonal wedges. The analysis outlined that the
landslide occurred at the intersection of the main joints; the landslide mechanism is due to topple/fall
of the outer wedges on the slope combined with slide or collapse of the inner wedges bounded by
major joints. As in the Ponzano case, the trigger occurred around one month after the last Mw > 5
seismic event, a few days from the closest rainfall event, after >1 month of heavy snowfall and during
snowmelt due to temperature rise.

The comparison of geological and geomorphological results with the 3D numerical modelling,
performed with the aim of evaluating the main factor controlling the landsliding of the slope,
showed that:

e the occurrence of two systems of major joints trending WNW-ESE and WSW-ENE controlled
the location, geometry and mechanism of the February 2017 landslide; the distribution of the
instability areas along the entire Castelnuovo slope is at the intersection of the main joints, where
only minor landslides occurred so far; the post-landslide modelling confirms the instability areas
outlining again the most critical one at the intersection of the main joints systems with the main
landslide scarp;

e seismic shaking is not found to be a possible triggering factor for the landslide; however, it could
have worsened the slope stability, acting as a predisposing factor for rainfall-snowmelt induced
landsliding (as largely documented worldwide; e.g., [6]).

e snowfall and melting—worsened by poor water drainage on top of Castelnuovo relief—inducing
pore pressure increase in the upper part of the slope are found to be the main triggering factor for
this landslide.

Moreover, the numerical modelling (both pre- and post-landslide) outlined other sectors of the
scarp in critical stability conditions, which may affect the houses at the top of the scarp and allowed
the effective evaluation of the safety and civil protection procedure and more widely to assess the
landslide risk mitigation of Castelnuovo village.

6. Concluding Remarks

In January and February 2017, several landslides occurred in the NE-Abruzzo piedmont hilly
area after a meteorological event with heavy snowfall and rainfall (January 2017) combined with
moderate seismic shaking (the last events of the 2016-2017 Central Italy seismic crisis occurred
on 18 January 2017, with Mw > 5). Through a combination of field, remote and lab analyses
with 3D simulation modelling, we investigated two case studies occurred in mid-February: the
Ponzano landslide and the Castelnuovo landslide (NE-Abruzzo, Central Italy). These cases are
representative of the landslides affecting the piedmont hills of NE-Abruzzo developed on weak
rocks (e.g., pelitic-arenaceous rocks, conglomerate-sandstone rocks). This study allowed to provide
a contribution in the comprehension of the role of the morphostructural setting and seismic and
meteorological factors in the development of landslides in weak rocks.

In summary, the main landslides, that affected weak rocks hills in this area, are controlled by:

e the lithology and morphostructural setting (e.g., hog-back relief, mesa relief affected by
intersecting major joints) as a predisposing factor for the shape of the landslide scarp and geometry
of the landslide (e.g., following the hog-back setting in Ponzano and the intersection of the main
joints in Castelnuovo), as well as in the kinematics of the sliding (e.g., topple and sliding following
the main joints in the Castelnuovo landslide);

e the seismic shaking, which affected the area during the 20162017 Central Italy seismic crisis
is not found to have triggered the landslides but seems to have contributed to worsening the
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stability conditions of the slope acting as a predisposing factor; delayed landslides were triggered
by other events (e.g., meteorological), as largely documented worldwide;

e the meteorological events, which affected the area in January-February 2017 (heavy snowfall and
rainfall events followed by snowmelt), are found to be the main triggering cause (i.e., inducing
the increase of pore water pressure in the slopes).

This integrated study outline how detailed geological and geomorphological field survey
combined with remote UAV investigation, borehole analysis, photogeological interpretation and
with numerical modelling for stability analysis, provides an effective approach in the analysis of the
landslides. This is particularly true in areas, like the eastern piedmont-hilly area of the Apennines,
which are largely affected by meteorological events and seismicity inducing a large distribution of
landslides. This approach provides an effective base for the definition of the 3D model of landslides
and for the correct monitoring as well as for pre- and post-landslide hazard-risk assessment.
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