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Impact of landslides on transportation routes
during the 2016–2017 Central Italy seismic sequence

Abstract Hundreds of landslides were triggered by the
mainshocks (up to Mw 6.5) that occurred in 2016 in Central Italy
during the seismic sequence that originated in the Apennine and
ended in January 2017. These landslides were studied via fieldbased investigation and remote sensing techniques during the
weeks immediately after the mainshocks occurred. EarthQuaketriggered Landslides (EQtLs) mostly consisted of rockfalls and
rockslides. The spatial distribution of the examined EQtLs with
respect to the epicentres of the main shocks resulted in very good
agreement with the available empirical curves of maximum distance vs. magnitude. Based on the collected dataset, approximately
70% of the landslides impacted transportation routes (national,
provincial and secondary roads linking towns and mountain villages) since they principally detached from road cuts. The landslides caused traffic interruption, and some delayed rescue
vehicles from reaching the zones most damaged by earthquakes;
moreover, some landslides caused the temporary isolation of several localities in the epicentre area. Even if it seems obvious that
road cuts favour slope failure under shaking conditions, the
dataset reported here is the first one for Italy where such an effect
is quantified. Moreover, a statistical analysis was conducted to
explore the relationships between the spatial distribution of EQtLs
and some selected causative factors, including both natural (i.e.,
earthquake and terrain) and anthropogenic factors (i.e., presence
of roads and trackways). Among the considered combinations of
causative factors (both natural and anthropogenic), this study
demonstrates that the occurrence of the uphill road cuts at the
bottom of deep incised V-shaped valleys strongly influenced the
spatial clustering of the EQtL triggered in 2016 in Central Italy.
Keywords Earthquake-triggered landslides . Rockfalls . Road
cuts . Predisposing factors . Statistical analysis . Italy
Introduction
EarthQuake-triggered Landslides (EQtLs) represent one of the most
severe effects induced by seismic shaking. They are generally not only
triggered up to tens of kilometres far from the epicentre but can also
involve areas located up to hundreds of kilometres if specific conditions are verified (Delgado et al. 2011). In particular, the number and
distribution of EQtLs are empirically correlated to earthquake magnitude (Keefer 1984; Rodriguez et al. 1999). This topic has been addressed
by several studies in the last few decades, mainly by predictive models
of the expected distribution of the earthquake-induced ground effects
based on empirical correlations derived from databases collected
worldwide (Prestininzi and Romeo 2000; Jibson and Harp 2012;
Martino et al. 2014; Collins and Jibson 2015; Tanyas et al. 2017). During
strong motions, landslides can cause several casualties that directly
impact the urban fabric, including transportation routes, and can
destroy houses, as in the case of the Las Colinas earth-slide triggered

by the 2001 El Salvador earthquake (Evans and Bent 2004). Occasionally, EQtLs can generate chained effects, such as floods or tsunamis, due
to their impact on lakes or seas (Bozzano et al. 2011; Mazzanti and
Bozzano 2011; Martino 2017).
A specific kind of damaging scenario due to EQtLs is the impact
of landslides on transportation routes, which can slow down or
prevent first assistance during an emergency and inhibit recovery
and safety operations in the villages most damaged by an
earthquake.
Therefore, the evaluation of landslide occurrence along the cut
slopes of transportation routes represents a main topic for risk
quantification in seismic areas; moreover, the assessment of hazards along roads at regional or national scale is a main challenge
for research since the occurrence of these landslides is generally
characterised by high levels of uncertainty (Nayak 2010; Martino
2015; Yifru 2015; Losasso et al. 2017).
On 11 May 2011, the Mw 5.1 Lorca earthquake (Spain) caused
damage to roads close to the epicentral area (Alfaro et al. 2012a, b).
During the Mw 7.8 Kaikōura earthquake (New Zealand), which
occurred on 14 November 2016, thousands of large landslides (including rockfalls and debris slides) were triggered and caused severe
disruptions to the state highway and local road network, leading to
major problems during the emergency phase (Mason et al. 2017).
Severe damage to the road network was also caused by numerous
landslides triggered by the recent Mw 7.1 earthquake in Sichuan
(China), which occurred on 8 August 2017 (Fan et al. 2018).
Recently, a Road Damage Scale (RDS) was proposed
(Anbazhagan et al. 2012) to examine the correlation between
damage on transportation routes (not specifically due to landslides) and earthquake parameters such as magnitude, epicentre
and hypocentre distances.
Near real-time EQtL detection after earthquake occurrence has
been implemented by very fast processes of inventorying, dataset
construction and mapping (Petley et al. 2005; Kirschbaum et al.
2010; Wasowsky et al. 2011; Martino et al. 2014; Martino et al. 2017).
Nonetheless, a widespread and detailed landslide scenario affecting transportation routes has been rarely documented to date.
The seismic sequence in Central Italy took place from 24 August 2016 to 18 January 2017. The major EQtL scenario can be
referred to the mainshocks that occurred on 2016, which caused
almost all of the ground deformation due to the seismic sequence.
This scenario resulted from a detailed survey of EQtL, which was
completed in the days immediately following the main seismic
events of the sequence. Field-based investigations and remote
sensing surveys (by both photogrammetric and interferometric
techniques) were performed for detecting and inventorying coseismic effects in the area affected by the seismic sequence, which
extended within a radius of approximately 50 km. The survey
methodology after the first event of the seismic sequence (i.e.,
Landslides
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Fig. 1 Simplified geological map of the study area. 1—continental Pleistocene-Holocene deposits; 2—continental Villafranchian deposits; 3—Pleistocene volcanic
products; 4—Plio-Pleistocene marine to continental sediments; 5—Tortonian–Messinian pelitic-arenaceous flysch; 6—Triassic–Miocene Latium-Abruzzo platform
limestones and dolomites; 7—Triassic–Miocene Umbria–Marche pelagic limestones and marls; 8—major thrust front; 9—thrust fault; 10—normal fault; 11—individual
seismogenic source (DISS 3.2.0., DISS Working Group 2015); 12—active normal fault in the epicentral area of the Central Italy seismic sequence 2016–2017 (I Mt. Vettore
fault system, II Mt. Gorzano-Campotosto fault system, III Gran Sasso fault system, IV Norcia fault system, V Cascia fault system, VI Montereale fault, VII Mt. Pettino fault VIII
Aquilano fault, XII Rieti fault system, XIII Valle del Salto fault system, XIV Mt. Velino-Mt. Magnola fault system, XV Campo Felice-Ovindoli-Pezza fault system);
13—epicentres (Mw > 4.5) of the AMA earthquake; 14—epicentres (Mw > 4.5) of the CSN earthquake; 15—epicentres (Mw > 4.5) of the NOR earthquake. Major
intermontane basins are also outlined (GT Gualdo Tadino basin, COL Colfiorito basin, TI Tiberino basin, RI Rieti basin, Le Leonessa basin, CA Cascia basin, NOR Norcia basin,
CAS Castelluccio basin, AM Amatrice basin)

Landslides

the 24 August 2016 Mw 6.0 Amatrice earthquake) has been described in detail by Martino et al. (2017).
For the first time in Italy, a high-resolution inventory of small
to large size EQtL was provided, which represents a cumulative
effect of an earthquake sequence and highlights the relevant percentage of failures that occurred from road cuts or man-made
trenches (i.e., anthropogenic factors).
We present the results of the statistical analysis of the collected dataset, which was preceded by a completeness analysis.
The inventory was in fact intrinsically based on scattered data;
full spatial and/or temporal coverage is not achievable
(Piacentini et al. 2018).
To account for the anthropogenic factors that affect the EQtL
distribution the evaluation of the role exerted by the different
causative factors on the landslide spatial distribution was performed by considering both natural and anthropogenic factors
(i.e., seismic, terrain and anthropogenic ones). Such an evaluation
aims at a statistical estimation of the worst combination of the
different factors that mainly predisposed the slopes to failure
during the seismic sequence in the considered case study using
the Weight of Evidence (WofE) Bayesian method (Bonham-Carter
et al. 1989).
Study area
The Central Italy seismic sequence of 2016–2017 (Michele et al.
2016) struck a wide area across the regions of Abruzzo, Lazio,

Marche and Umbria. The sequence started with the 24 August
2016 (01:36:32 UTC) Mw 6.0 earthquake and was composed of
thousands of earthquakes up to Mw 6.5 until January 2017.
The main events seriously damaged buildings, transportation
routes and services, as well as cultural and monument heritage
(Hofer et al. 2018). The target area is located between two fault systems
involved in previous seismic sequences known as the Colfiorito sequence (September 1997) that occurred to the northwest and the
L’Aquila sequence (April 2009) that occurred to the southeast.
We focus here on the three mainshocks that occurred in 2016
and caused most of the casualties and damage and triggered
hundreds of ground effects, mainly represented by landslides.
– The 24 August 2016 (01:36:32 UTC), Mw 6.0 Amatrice (AMA)
mainshock with epicentre located at 42.698° N and 13.234° E,
with a hypocentral depth of 8.1 km (INGV). The earthquake
caused 299 casualties and destroyed the historical centres of
Amatrice, Accumoli and Pescara del Tronto municipalities.
– The 26 October 2016 (19:18:05 UTC), Mw 5.9 Castelsantangelo
sul Nera (CSN) mainshock with epicentre located at 42.909° N
and 13.129° E, with a hypocentral depth of 7.5 km (INGV). The
earthquake damaged the municipalities of Camerino,
Castelsantangelo sul Nera, Preci and Ussita.
– The 30 October 2016 (06:40:17 UTC), Mw 6.5 Norcia (NOR)
mainshock with epicentre located at 42.832° N and 13.111° E, with
a hypocentral depth of 9.2 km (INGV). The earthquake damaged

Fig. 2 Average daily rainfall data recorded in the study area between 1 August 2016 and 30 November 2016 and the number of ground effects observed during the same
period distinguished for each earthquake event. The main events of AMA, CNS and NOR are also reported by black bars in the time scale
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and destroyed many buildings, compounding the scenario which
resulted by previous mainshocks (Galli et al. 2017).

The seismic sequence occurred in an extensional geodynamic
regime: epicentres were distributed along a main axis, approximately
65 km long, that follows the NW–SE trending morphostructure of
the Apennine ridge. The area affected by the seismic sequence (Fig. 1)
recorded a long-term, multi-phase tectono-stratigraphic evolution
(e.g., Ghisetti and Vezzani 1991; Calamita et al. 2003; Bigi et al. 2011),
including (i) the growth and northeastward migration of the imbricate fold-and-thrust Apennines Chain from the Miocene to the lower
Pliocene and (ii) the onset of an extensional still-northeastwardmigrating tectonic wave that started from the Late Pliocene–Early
Pleistocene and is associated with normal faulting.
The sedimentary sequence includes Jurassic–Cenozoic limestones and marls of the Umbria–Marche pelagic basin, the limestones and dolomites of the Latium-Abruzzi carbonate platform
(Ciarapica and Passeri 2002; Pierantoni et al. 2013) and the pelitic-

arenaceous flysch of the Upper Miocene Laga Fm. deposited in a
foreland environment (Falcini et al. 2009, and references therein).
During the compressional tectonic phase, the Umbria–
Marche domain was emplaced onto the Lazio-Abruzzi and
foreland domains (Bigi and Costa Pisani 2005; Pace et al.
2015) along the Sibillini Thrust Front (Fig. 1).
During the Middle Pliocene–Early Pleistocene, most of the
inner axial part of the Apennines emerged as a continental
domain. The most striking morpho-structural features related
to the Quaternary extensional tectonics are the widespread
intermontane depressions, such as the Cascia, Norcia,
Castelluccio, Amatrice and Montereale basins (Fig. 1).
The intermontane basins are bounded by segments of the
Central Apennines Fault System (CAFS), which is a multiscalar seismogenic fault structure that includes strike–slip
and normal/transtensional active fault segments (Tondi and
Cello 2003; Boncio et al. 2004) (Fig. 1). After the Early–Middle
Pleistocene, drainage networks favoured by the regional uplift
began to deeply entrench the ancient landscape, thus implying

Fig. 3 Frequency density f(Vr) vs. volume (Vr). The grey area reports the bibliographic range (β value from 1 to 2). The bars compare the sampled volumes of this study
(a) with previous datasets (b–k): (b) Hungr et al. (1999); (c) Wieczorek et al. (1992); (d) RTM, 1996 cited in Dussauge-Peisser et al. (2002); (e) Jeannin et al. 2001 cited in
Dussauge-Peisser et al. (2002); (f) Dussauge et al. (2003); (g) Guzzetti et al. (2004); (h) Stock et al. (2013); (i) Barlow et al. (2015); (j) Royánet al. (2015); and (k) Corominas
et al. (2018)
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Second derivative value of
the input surface on a
cell-by-cell base

Difference between
a cell elevation and
the average elevation
of the neighbourhood
around the cell

TPI value distinguished
into slope position
classes considering slope
value on a cell-by-cell base

Landforms types determined
by classifying the landscape
using two TPI output at
different scales

Topographic
Position Index

Slope Position

Landform
classification

Description

Curvature

Causative
factor

LAND 300/3000

SP 3000

SP 300

Weiss 2001; Jenness
et al. 2011

Weiss 2001; Jenness
et al. 2011

Weiss 2001; Jenness
et al. 2011

TPI 300 (taking
into account
a surrounding
area of 300 m)

TPI 3000 (taking into
account a surrounding area
of 3000 m)

Moore et al. 1991

References

Curv

Abbreviation

TPI 300 AND TPI
3000 derived
from SRTM
with resolution
of 30 m

TPI 3000 AND
SLOPE
derived from
SRTM
with resolution
of 30 m

TPI 300 AND SLOPE
derived from
SRTM
with resolution
of 30 m

SRTM (Shuttle
Radar
Topography
Mission)
with resolution
of 30 m

SRTM (Shuttle
Radar
Topography
Mission)
with resolution
of 30 m

SRTM (Shuttle
Radar
Topography
Mission)
with resolution
of 30 m

Derived from

>0

3

Midslope
drainages
Headwaters

2
3

Deepy incised
valleys

Ridge

6
1

Middle slope
Upper slope

4

Flat slope

3
5

Lower slope

2

− 0.2336
Ridge
6

Valley

Upper slope

5
1

− 1.1721

Middle slope

4

− 0.5364

0.0000

0.8486

− 0.9383

0.0000

− 0.5164

0.0000

− 1.2763

1.0214

− 0.2863

0.0000

Lower slope
Flat slope

2

− 0.8000

0.5891
3

Valley

>0

3

1

≈0
2

− 0.9547

1.0089
− 1.8223

<0

1

− 0.3187

− 1.0436

≈0
2

− 0.1312
0.5154

Convex

3

− 1.0216

<0

Flat

2

0.3592

C value (704
landslides as
supporting
evidence)

1

Concave

Class

1

No. of
classes

Table 1 Terrain and anthropogenic controlling factors considered in this work and relative results from the WofE analysis. The statistical analyses were performed using 704 landslides as supporting evidence. Positive contrast
values are in italics

6.0915
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1

− 0.8147
Mountain tops
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− 0.4463
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9
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0.0000
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Table 1 (continued)
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DR
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classes
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C value (704
landslides
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supporting
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the widespread presence of deeply incised V-shaped valleys
(Aringoli et al. 2014).
Dataset and methodology
After the 2016 mainshocks of the seismic sequence, a total of 814
earthquake-induced ground effects, including landslides and
ground cracks, were geolocalised and inventoried according to
the criteria adopted for the CEDIT database (Fortunato et al.
2012). The study was carried out by a task force of the CERI
(Research Center for the Geological Risks of Sapienza University
of Rome), which operated by direct field surveys and remote
sensing; 147 earthquake-induced ground effects were related to
the AMA earthquake, 244 were related to the CSN earthquake
and 423 were related to the NOR earthquake.

Field and remote sensing surveying
The field surveys for inventorying EQtL were carried out some
hours after the mainshocks and concluded in a few days to avoid
interference with rainfall events.
Regarding possible connections between inventoried landslides
and rainfall, the plot in Fig. 2 does not show significant relations of
slope failures with peaks and/or long-lasting periods of rainfall
before the seismic events.
For the observed ground effects farther than 50 m from roads
or pathways, the locations of the effects were corrected with
respect to the GPS coordinates of the point of observation by
shifting them along the azimuthal direction of the source area.
Due to the reduced size of the rockfalls and debris slides, the
volume of each inventoried EQtL was measured from highresolution pictures taken in the field with scale references; in this
way a dimensional class analysis could be performed by several
surveyors to compensate for biases due to subjective observations.
The landslide debris volume was grouped into size classes, and the
total volume was computed after (i) attribution of a geometrical
shape (i.e., spheroidal, prismatic, cubic) to the objects of the same
size class (i.e., blocks and/or debris masses), (ii) counting of the
number of objects of the same size class and (iii) dimensioning of
the size class via scale references that are not detectable by remote
surveying. A check of the attributed dimensions was performed by
remote surveying only in the case of large-size objects.
Some slope failures and deformations located in inaccessible
sites and triggered by the seismic sequence have been detected by
means of different typologies of remote sensing data and methodologies (Martino et al. 2017), including optical and synthetic aperture radar (SAR) analyses.
Specifically, an analysis of the interferograms was performed
using the D-InSAR methodology; Sentinel-1A, Sentinel-1B, ALOS-2
and COSMO-SkyMed satellites SAR imagery were used. The 1arcsec SRTM (Shuttle Radar Topography Mission) DEM was taken
into consideration. Different interferograms, specifically built by
Sentinel-1 (ESA, both for descending and ascending geometry),
ALOS-2 (JAXA, both for descending and ascending geometry) and
COSMO-SkyMed (ASI, both for descending and ascending geometry), were generated and used.
Moreover, with the aim of integrating the landslides identified by
the DInSAR methodology, optical satellite images (high-resolution
orthophotos and Copernicus EMSR177 thematic maps) were used for
traditional photo interpretation aimed at performing change detection

Landslides

Description

Regularly
spaced
zones of
10 km
with
respect to
epicentre

Regularly
clockwise
north
oriented
zones of
10°
with
respect
to the
epicentre

Causative factor

Distance from
epicentre

Azimuth from
epicentre

Location of epicentres
(AMA 24 August
2016—Mw 6—Lat.
42.7° Long. 13.23°;
CSN 26 October
2016—Mw 5.9—Lat.
42.91° Long. 13.13°;
NOR 30 October
2016—Mw 6.5—Lat.
42.83° Long. 13.11°)
Location of epicentres
(AMA 24 August
2016—Mw 6—Lat.
42.7° Long. 13.23°;
CSN 26 October
2016—Mw 5.9—Lat.
42.91°
Long. 13.13°; NOR
30 October
2016—Mw
6.5—Lat. 42.83°
Long. 13.11°)

AM-AZ (taking into
account the AMA
earthquake); NO-AZ
(taking into account
the NOR earthquake);
CSN-AZ (taking into
account the CSN
earthquake)

Derived from

AM-DI (taking into
account the AMA
earthquake); NO-DI
(taking into account
the NOR earthquake);
CSN-DI (taking into
account the CSN
earthquake)

Abbreviation

120
130
140
150
160
170
180
190
200

14
15
16
17
18
19
20

110

11
12

100

10

13

80
90

8

70

7
9

60

30

3

6

20

2
40

10

1

50

50

5

4

40

4

5

20
30

2
3

10

Class

1

No. of
classes

0.0000
0.3595
− 0.1630

0.7991
0.3204

− 1.2751

0.3207

− 0.5734

0.1321

0.8514
0.3208

0.1322

0.8514

− 0.7970

1.0911
0.0000

1.0438

0.1322

1.0437
0.6183

− 1.2722

− 1.2751

0.0946

− 0.7976

0.0000

0.0000

− 0.7975

− 0.5750

0.0000

− 0.5779

− 0.1626

1.7984
− 0.0946

0.0000

2.3802

1.3517

0.3208

0.0625

2.1185

1.3517

− 0.6467

1.2241

1.8027

− 1.0570

0.6952

2.6720

− 1.7554

0.7876

− 0.6464

0.0626

0.7864

− 1.7543

1.2254

0.2219

− 0.3534

− 0.6463

0.6952

0.4839

1.9155

0.6188

− 4.5409

0.0000
0.0000

0.0000

− 1.1376

0.6169

2.5853

3.2023

C value (350
landslides
post NOR
earthquake
as
supporting
evidence)

0.0000

0.6417
− 2.2508

1.9413
− 0.0588

5.9283

C value (218
landslides post
CSN earthquake
as supporting
evidence)

3.8195

C value (136
landslides
post AMA
earthquake
as supporting
evidence)

Table 2 Seismic controlling factors considered in this work and relative results from the WofE analysis. The statistical analysis was performed separately for the three earthquake main shocks (i.e., AMA, CSN, NOR) using 136, 218
and 350 landslides, respectively, as supporting evidence. Positive contrast values are in italics

Causative factor

Table 2 (continued)

Description

Abbreviation

Derived from
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320
330
340
350
360

34
35
36

310

31
32

300

30

33

280
290

270

27
28

260

26

29

240

230

23
250

220

22
24

210

21

25

Class

No. of
classes

1.6369
− 0.6465

− 0.1630
− 0.5754

− 0.0948
0.0000

0.0000

− 1.2707

0.0000
0.0000
0.3612

1.0911
0.1322
1.0912
1.8578
1.0913
0.5520
0.8539
− 0.5770

− 0.0943
− 0.7971
0.0000
2.5133
0.8518
1.0442
1.3508

− 1.7558

0.3612

2.1167

− 0.3530

0.3612

0.3596

− 0.5804
0.0000
0.0000

0.0000

0.0000

1.2745

0.3208

0.4838
− 0.6464

0.1318
− 0.1628

− 0.0947
− 0.7975

1.2251

1.3747

1.0434

C value (350
landslides
post NOR
earthquake as
supporting
evidence)

C value (218
landslides post
CSN earthquake
as supporting
evidence)

C value (136
landslides
post AMA
earthquake
as supporting
evidence)
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Fig. 4 Optical satellite images (left) (source: Google Earth®) and corresponding landform classification (right) in three key areas of the AMA (a), CSN (b) and NOR (c)
epicentral areas. The distributions of the EQtL after the three main events are outlined with different colours. The locations of exemplary rockfalls with small and large size
shown in Fig. 8 are reported here
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optical analyses to compare pre- and post-event images to detect the
intensity variations of pixels (Scaioni et al. 2014).
The dataset discussed herein includes disrupted landslides
(sensu Keefer 1984) with a volume ranging between 2.0E10−14
and 7.0E10−5 km3 (Fig. 3); the largest failure event is represented
by the rockslide that occurred close to Visso (Romeo et al. 2017) in
the Nera River gorge. The lowest end-members of this volume
range that resulted from the remote surveying are not available,
and the highest end-member events were not considered here
since the dataset discussed herein does not include large slopescale deformations, which were detected by DInSAR and photointerpretation and observed by other authors (Polcari et al. 2017).
Landslide datasets are based on scattered data since the full
spatial coverage is not completely achievable; therefore, their

completeness should be evaluated. An acceptable completeness
requires that a landslide dataset includes a substantial fraction of
all landslides at all scales and, in particular, a considerable fraction
of the smallest landslides (Malamud et al. 2004). For estimating
dataset statistical proprieties, several authors have suggested to
focus on the frequency-size statistics of landslides and have proposed different power law correlations (Malamud et al. 2004;
Barlow et al. 2015).
The dataset discussed here is dominated by rockfalls controlled
by processes of fragmentation due to subsequent impacts and
bounces between blocks and with the slope. The rockfall kinematics, different from other landslide types, have an effect on their
frequency density function, which is characterised by a frequencyvolume distribution with a negative power law exponent (e.g.,

Fig. 5 Distribution of EQtLs after the 24 August 2016 AMA earthquake. PGA(g) from the INGV shaking map (www.ingv.it) and MCS intensity values (Galli et al. 2017) are
also reported

Landslides

Malamud et al. 2004; Brunetti et al. 2009; Corominas et al. 2018).
The statistical properties of the entire dataset were evaluated
considering the frequency density distribution (Malamud et al.
2004) and relative power law correlation (Brunetti et al. 2009). A
negative power law coefficient (β) equal to 0.99 was derived
(Fig. 3). This value fits well with the values suggested by previous
authors (Fig. 3) and is particularly comparable with the values
proposed by Marques (2008), Malamud et al. (2004) and Brunetti
et al. (2009), which are 1.005, 1.070 and 1.000, respectively.
The results obtained in this study allow consideration of the
dataset, including the disrupted landslides (rockfalls/rockslides),
as statistically representative of the mass movements triggered by
the three seismic events (i.e., Amatrice (AMA), Castelsantangelo
sul Nera (CSN), Norcia (NOR)) and thus exploitable as supporting

evidence for future statistical analyses aimed at investigating the
spatial association with the considered causative factors.
Statistical and spatial analyses
The statistical and spatial analyses were performed using the WofE
method, which is a Bayesian method that has been demonstrated
to be appropriate for the indication of predisposing factors related
to slope instability by the quantification of the conditional probability, i.e., the likelihood of a given event based on the presence of
predisposing conditions that might be related to the event
(Bonham-Carter et al. 1989; Piacentini et al. 2012 and reference
therein, Piacentini et al. 2015; Hussin et al. 2016; Vakhshoori and
Zare 2016; Razavizadeh et al. 2017). The method considers the
relationships that exist between the occurrence of supporting

Fig. 6 Distribution of EQtLs after the 26 October 2016 CSN earthquake. PGA(g) from the INGV shaking map (www.ingv.it) and MCS intensity values (Galli et al. 2017) are
also reported
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evidence (landslides in this study) and the distribution of different
controlling factors.
The analyses were performed using the freeware ArcSDM 5
Spatial Data Modeller toolbox (Sawatzky et al. 2009; Rönkkö and
Kallunki 2017). The theory, applications and experimental results
of the WofE method have been widely presented and discussed in
the literature (Bonham-Carter 1994, Piacentini et al. 2012 and
reference therein), to which the reader is referred. The analyses
were performed considering a total subset of 704 landslides surveyed after the AMA, CSN and NOR earthquakes, which include
only disrupted landslides (Keefer 1984) and consist of 136, 218 and
350 effects, respectively. There is no universal guideline for
selecting landslide causative factors (Chen et al. 2018; Tien Bui
et al. 2016). In this study, seven controlling factors were selected
and considered based on research aim, spatial scale and available

data: four terrain factors (curvature, Topographic Position Index
(TPI), slope position (SP), landform classification (LAND);
Table 1), one anthropogenic factor (i.e., distance-from-roads
(DR); Table 1) and two seismic factors (i.e., distance (DI) and
azimuth (AZ) from epicentre; Table 2). Terrain factors were derived from the 1-arcsec SRTM DEM.
All landslides (704) were used as supporting evidence for
analysing the terrain and anthropogenic factors, whereas three separate subsets (one for each earthquake event) were considered for
the analysis of the seismic factors (AMA 136; CSN 218; NOR 350).
Each factor class was weighed, and the relative contrast value
(C) was computed to evaluate the importance of the considered
class on the occurrence of landslides. A value of contrast equal to
zero indicates that the considered class of the controlling factor is
not significant for the analysis. A positive contrast indicates a

Fig. 7 Distribution of EQtLs after the 30 October 2016 NOR earthquake. PGA(g) from the INGV shaking map (www.ingv.it) and MCS intensity values (Galli et al. 2017) are
also reported
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Fig. 8 Examples of three different sizes of EQtLs. a Set of several small rockfalls affecting the road connecting Visso and Castelsantangelo sul Nera municipalities in the
CSN earthquake epicentral area. b A medium-size rockfall detached from a steep slope in the deeply incised Nera valley. c The large Sasso Pizzuto rockfall detached from
the left slope of the very narrow and deep gorge of the Nera River (NOR earthquake epicentral area)

Fig. 9 Epicentral distance vs. magnitude: comparison among literature curves and data referred to the Central Italy 2016–2017 seismic sequence
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positive spatial correlation and vice versa for a negative contrast.
As a rule, values between 0 and 0.5 are mildly predictive, values
between 0.5 and 1 are moderately predictive, values between 1 and
2 are strongly predictive and values greater than 2 are extremely
predictive (Bonham-Carter 1994).
Results
From the surveys, 95% of the inventoried effects resulted in landslides and only 5% resulted in ground cracks. Among the 704
disrupted landslides (sensu Keefer 1984), 639 consist of rockfalls
and 65 are represented by rockslides, all of them mainly detached
from the uphill slope of road cuts. Figure 4 shows the distribution
of the surveyed EQtLs with respect to the main landscape units
obtained by the automatic landform classification procedure
(Weiss 2001; Jenness et al. 2011).
Most of the effects occurred less than 20 km from the epicentre
of the CSN and approximately 30 km from the epicentres of the
AMA and NOR earthquakes (Figs. 5, 6 and 7). Moreover, in the
cases of the NOR and CSN earthquakes, the EQtL distribution
shows a NW–SE trend like that of the PGA contour lines, which
already typified past distributions of earthquake-induced ground
effects in Central Italy (Porfido et al. 2007).
Three different types and sizes of EQtLs are shown in Fig. 8, as
surveyed in three epicentral areas of the AMA, CSN and NOR
earthquakes (Figs. 5, 6 and 7). A set of several small-size rockfalls
(Fig. 8a) continuously affected the road cut upslope of Ussita town
and the road connecting Visso to Castelsantagelo sul Nera municipalities in the CSN earthquake epicentral area (Fig. 4b). A
medium-sized rockfall (Fig. 8b) detached from a steep slope and
invaded a road running into the deeply incised Nera River valley.
In the NOR earthquake epicentral area a few kilometres to the
west, a large rockslide (the Sasso Pizzuto landslide; Romeo et al.
2017) detached from the left slope of the very narrow and deep
gorge of the Nera River (a deeply incised valley in Fig. 4c) and
caused its temporary damming (Fig. 8c).

The clustering of EQtLs within deeply incised valleys is also
outlined in Figs. 5, 6 and 7 as an effect of all three main earthquake
events (AMA, CSN and NOR).
The maximum observed distance for the EQtLs (Fig. 9) substantially agrees with the magnitude vs. epicentral distance curve derived
from the entire Italian CEDIT catalogue (Martino et al. 2017).
Based on the performed volume estimations, the curves of
EQtLs cumulative volume vs. epicentral distances were derived
for each earthquake. Figure 10 indicates that the total cumulative
volume is of the order of 103 m3 for the AMA earthquake and
105 m3 for both the CSN and NOR earthquakes. In the first case, the
EQtL volume is gradually accumulated within 40 km of the
epicentre, whereas the volumes are sharply accumulated within
10 km of the epicentre for the second and third cases (Fig. 10).
Regarding the distribution of landslide mechanisms vs. lithology,
approximately 90% of the AMA and CSN earthquakes and more than
80% of the EQtLs surveyed for the NOR earthquake consist of rockfalls
and rockslides (Fig. 11). This large amount of disrupted landslides mainly
involved massive and stratified limestone, which represent more than
80% of the CSN and NOR earthquakes. Failures in arenaceous flysch
reached 30% only in the case of the AMA earthquake. Similar to
disrupted landslides, the reduced occurrence of other landslide mechanisms involved more than 90% of the massive and stratified limestone
in the CSN and NOR datasets. However, other landslide mechanisms
involved arenaceous flysch by up to 78% for the AMA case (Fig. 11).
The weighting tables for each class of the nine controlling factors
were elaborated to evaluate their importance with respect to landslide
distributions by means of contrast value (C) (Tables 1 and 2), as
supported by the evidence from the surveyed effects. The four terrain
factors (curvature, Topographic Position Index, slope position, landform classification) provide similar results, which suggests a moderate
control (contrast values from 0.3593 to 1.0214) of landslide distribution
for the concave morphology (i.e., Bconcave^ class in curvature factor;
class value < 0 in TPI factors; Bvalley^ class in SP factors; Bdeeply
incised valley^ class in landform classification factor).
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Fig. 10 Cumulative volume of the EQtLs vs. epicentral distance for the three considered mainshocks. Several small EQtLs occurred at distances between 20 and 30 km for
both the CSN and NOR seismic events as reported in the zoomed plot
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The landform classification factor, which better specifies landform types with ten different classes, also highlights a mildly
predictive contrast value (0.5084) for the Local Ridge class, which
corresponds to local hills in valleys defined by values ≥ 1 for small
neighbourhood TPIs and values ≤ 1 for large neighbourhood TPIs
(Weiss 2001).
Regarding the distance-from-roads factor, the results confirm
that the presence of a road is a fundamental anthropogenic factor
that strongly controls the landslide occurrence with an extremely
predictive value of contrast equal to 6.0915.
For weighting the class of seismic factors (i.e., distance from the
epicentre and azimuth), three different subsets of support evidence were considered for the comparison of each factor with

the consequent earthquake-triggered landslide events: 136 landslides for the AMA earthquake, 218 for the CSN earthquake and
350 for the NOR earthquake.
The distribution of positive contrast values (C > 0 in Table 2)
for the classes of the azimuth factor shows that landslides are
prevalently localised in the NW to NE sectors for the AMA earthquake (azimuth range 330–40°) and the CSN earthquake (azimuth
range 310–30°). Moreover, for the AMA earthquake the SE sector
(110–170°) displays positive contrast values.
On the other hand, the distribution of landslides triggered by
the NOR earthquake is rather scattered. In fact, for this event, the
weight analysis does not show a well-defined sector covered by
landslides with continuity. However, a positive, moderately
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Fig. 11 Distribution of EQtL mechanisms (left) and involved lithologies for both disrupted landslides and other mechanisms (right) in the case of a AMA earthquake, b
CSN earthquake and c NOR earthquake
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predictive contrast value in the SSW sector (210°) may be noticed
for the three earthquake events.
Concerning the distance factor, extremely predictive contrast values
were measured within distances lower than 20 km for each earthquake
epicentre, whereas beyond this class, landslides are almost absent.
Receiver operating characteristic (ROC) curves and relative
area under curve (AUC) values (Chung and Fabbri 2003) are
provided for checking the performance of the post-probability
models, derived by considering a single controlling factor or a
combination of factors (Bonham-Carter 1994) (Fig. 12a, d). In
addition, to verify that the calculated post-probability models do
not over-perform, a sensitivity analysis was performed that divided the entire dataset of landslides into a training set and a validation set (Saltelli et al. 2000) (Fig. 12b, c, e, f).

The AUC values obtained considering the total amount of landslides, as well as the landslides surveyed after each single earthquake
event (AMA, CSN, NOR) (Table 3), show that the factors that provided
the highest values can be listed as in the following: i) the distance from
the epicentre (AUC ranging from 0.97 to 0.84), ii) the distance-fromroads factor (0.83) and iii) the azimuth around the epicentre (value
ranging from 0.73 to 0.65). The best performing terrain factor is the
landform classification (0.64). Considering that a post-probability
model depends on the probability of finding the supporting evidence,
only combinations that have the same supporting evidence can be
combined. Thus, seismic factors (distance and azimuth from
epicentres) were combined for each earthquake event (Table 3), which
resulted in an AUC value of 0.87 for the AMA earthquake, 0.98 for the
CSN earthquake and 0.96 for the NOR earthquake.

Fig. 12 ROC curves of the models obtained considering a terrain and anthropogenic factors using the total amount of landslides, b terrain and anthropogenic factors
using the training set, c terrain and anthropogenic factors using the validation set, d seismic factors using the landslides related to each single earthquake event, e seismic
factors using the training set of each single earthquake event and f seismic factors using the validation set of each single earthquake event
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The AUC values obtained by separate consideration of the
training and the validation sets confirm the previously described
results (Table 3).

According to Pereira et al. (2012), the best model must have
good performance and must simultaneously use conditionally
independent variables. For this reason, in this study, the Agterberg

Table 3 AUC values obtained for each single factor and the factor combinations

Causative factor

Supporting evidence

Curvature

Total amount of landslides (704)

0.55

Training set (493)

0.65

Topographic Position Index 300

Topographic Position Index 3000

Slope Position 300

Slope Position 3000

Landform classification 300/3000

Distance from Roads

Distance from Roads and Landform classification 300/3000

Azimuth (AZ)

Distance (DI)

AUC value

Validation set (211)

0.62

Total amount of landslides (704)

0.52

Training set (493)

0.59

Validation set (211)

0.54

Total amount of landslides (704)

0.61

Training set (493)

0.60

Validation set (211)

0.59

Total amount of landslides (704)

0.58

Training set (493)

0.59

Validation set (211)

0.54

Total amount of landslides (704)

0.61

Training set (493)

0.61

Validation set (211)

0.59

Total amount of landslides (704)

0.64

Training set (493)

0.65

Validation set (211)

0.62

Total amount of landslides (704)

0.83

Training set (493)

0.86

Validation set (211)

0.83

Total amount of landslides (704)

0.89

Training set (493)

0.90

Validation set (211)

0.86

Post AMA earthquake landslides (136)

0.65

Post AMA training set (95)

0.69

Post AMA validation set (41)

0.53

Post CSN earthquake landslides (218)

0.73

Post CSN training set (153)

0.69

Post CSN validation set (65)

0.67

Post NOR earthquake landslides (350)

0.73

Post NOR training set (245)

0.72

Post NOR validation set (105)

0.68

Post AMA earthquake landslides (136)

0.84

Post AMA training set (95)

0.92

Post AMA validation set (41)

0.78

Post CSN earthquake landslides (218)

0.97

Post CSN training set (153)

0.93
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Table 3 (continued)

Causative factor

Distance and azimuth (DI + AZ)

and Cheng Conditional Independence Test (ACCIT) was performed for each combination of controlling factors (Agterberg
and Cheng 2002).
Combinations of factors showing the ratio 1-(ACCIT/100) below
0.5 have some conditional dependence, and those below 0.05
should be rejected. Moreover, considering that (i) the terrain
factors are not conditionally independent because they represent
the same landscape/terrain variable and are partly autocorrelated
and that (ii) the independence between factors is a basic concept
of the WofE method, the only landform classification factor that
presents the highest AUC value among the terrain factors was
selected for the multi-factor post-probability model, together with
the distance-from-roads factor.
The independence between the two considered factors provided a 1-(ACCIT/100) equal to 0.74, which confirms their

Supporting evidence

AUC value

Post CSN validation set (65)

0.89

Post NOR earthquake landslides (350)

0.93

Post NOR training set (245)

0.83

Post NOR validation set (105)

0.87

Post AMA earthquake landslides (136)

0.87

Post AMA training set (95)

0.93

Post AMA validation set (41)

0.78

Post CSN earthquake landslides (218)

0.98

Post CSN training set (153)

0.95

Post CSN validation set (65)

0.92

Post NOR earthquake landslides (350)

0.96

Post NOR training set (245)

0.91

Post NOR validation set (105)

0.92

conditional independence. The AUC of this combination is
equal to 0.89, which improves the results obtained in the
single-factor model and confirms this combination as the best
performing among the possible combinations between the
terrain and anthropogenic factors.
Discussion
Although the role of man-induced cuts on slopes in increasing
their susceptibility to failure (Delgado et al. 2017; Fan et al. 2018) is
intuitive, it is not obvious whether and how such a proneness
depends on the location of artificial cuts in different positions on
slopes, i.e., from the hill-top to the valley bottom (Fig. 13).
In this regard, the results presented here outline a notnegligible role of the position of road cuts on slopes in the spatial
distribution of earthquake-induced landslides. More specifically,

Fig. 13 Conceptual sketch of landslide susceptibility to failure in correspondence with road cuts within a typical river valley of the epicentral area of 2016–2017 Central
Italy seismic sequence
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the main outcomes show that the road cuts located in the lower
portion of V-shape valley slopes result in a higher proneness to
rock failures. Although theoretical explanations could be provided
assuming local seismic amplification effects, the role of the interaction between seismic waves and slopes is far from being completely
defined and understood to date. The inference of anthropogenic
landforms, such as road cuts or trenches, with topography is very
rarely discussed, and it is difficult to find common conclusions
among authors on this complex topic (Sanchez-Sesma and
Rosenblueth 1979; Geli et al. 1988; Athanasopoulos et al. 1999;
Zaslavsky and Shapira 2000; Kamalian et al. 2008; Bakavoli and
Hagshenhas 2010; Burjanek et al. 2012, 2014).
Moreover, due to the general lack or weakness of information about EQtL for road cuts from historical earthquakes, the
output that resulted from the 2016 seismic sequence in Central Italy represents a remarkable lesson in the perspective of
reconstruction to best tune strategies for reducing the vulnerability of life-lines in mountain regions and, more generally,
civil protection strategies.
The possible implications of these findings are evident since in
mountain areas the roads are preferentially built along rivers, i.e.,
at the valley bottoms, and rarely across middle slopes or top hill
zones. Despite the fact that earthquake-induced rock failures from
natural slopes are often documented at the hill tops where rock
walls or cliffs generally exist, the anthropogenic cuts (generally
distributed for kilometers along roads) which are located at the
bottom of V-shaped valleys, increase the severity of seismic topographic effects, causing a higher concentrations of earthquaketriggered landslides.
Conclusions
The seismic sequence that occurred in Central Italy in 2016
allowed the collection of a unique inventory of EQtLs, including
704 disrupted landslides (rockfalls and rockslides). For the first
time in Italy during the historical age, a systematic and high
precision inventorying of EQtLs was conducted within an area of
almost 4500 km2. The small EQtLs were responsible for the interruption of the main roads connecting the small villages and towns
in the mountain areas struck by the earthquakes, which implied a
delayed emergency intervention.
From statistical analysis conducted to evaluate the role of
predisposing factors on EQtL occurrence, the road cuts located
at the bottom of the V-shaped valleys had a higher proneness to
rock failure than the ones located elsewhere.
Based on these findings, the combined effect of seismic amplification and anthropogenic cuts (i.e., along roads or trackways) could not
be neglected for urban and/or infrastructure planning, i.e., for providing a priority of intervention to consolidate transportation routes and
life-lines in the delay-time management of the seismic risk. As a future
perspective, the approach proposed here could be applied to other
EQtL scenarios to improve the knowledge about possible inference of
topography and landforms in conditioning the efficiency of anthropogenic factors such as road cuts.
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