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The CEDIT catalogue, Italian acronym of Catalogue of Earth-
quake-Induced Ground Effects, is available since 2011. After the Mw 6.0 
Amatrice (Italy) earthquake (occurred at 01:36:32 UTC on 24th August, 
2016) this catalogue was updated with 147 new inventoried ground ef-
fects. Since the first hours after the mainshock, field works and targeted 
remote sensing analyses were performed for recognizing and inventory-
ing earthquake-induced ground effects. To avoid an inextricable overlap 
of ground effects due to either earthquake or rainfall events, intensive 
field activities were carried out and completed within a week, hence be-
fore the first intense rainfalls occurred on 30th of August. Ground effects 
mainly consist of landslides, in particular rock-falls and rock- and de-
bris-slides, whereas less than 2% of the effects consist of ground cracks 
not directly related to landslides. The maximum distance from the 

epicenter of the surveyed ground effects is about 36 km, though more 
than 50% of the effects occurred within 20 km. The plano-altimetric 
distribution of ground effects is rather conditioned by the presence of 
road cuts, as well as by local natural hillslope topographic and morpho-
logical setting. The 73% of the triggered landslides intercepted road-cuts 
and accounted for significant interference with local traffic and emergen-
cy activities. The altimetric distribution of the ground effects covers a 
range of about 1000 m (from 600 up to 1600 m a.s.l.), emphasising that 
the ground effects involved the outcropping rock masses in different 
topographic conditions. Moreover, the homogeneous distribution of the 
ground effects into the different outcropping lithological units suggests 
that lithology did not play a principal role as predisposing factor for the 
earthquake-induced slopes failures occurred in the area. This work pres-
ents the methodological approach used for efficiently recognizing and 
inventorying ground effects triggered by the 24th August 2016 (Mw 6.0) 
Amatrice earthquake, as well as for managing and sharing results online 
on a global, pre-existing and public geo-database.
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Dal 2011 è disponibile per la consultazione, sul sito del Centro di 
Ricerca per i Rischi Geologici (CERI), il CEDIT (Catalogo italiano de-
gli Effetti Deformativi del suolo Indotti dai forti Terremoti). A seguito 
del terremoto di Amatrice (Italia) di magnitudo Mw 6.0 avvenuto alle 
01:36:32 UTC del 24/08/2016, il CEDIT è stato aggiornato con 147 nuovi 
effetti sismoindotti censiti. A partire dalle prime ore dopo la scossa prin-
cipale, rilevamenti di sito ed analisi mediante tecniche di telerilevamento 
sono state effettuate per l’identificazione ed il censimento degli effetti 
sismoindotti. Per evitare la sovrapposizione, difficilmente scindibile, tra 
effetti al suolo indotti dal terremoto e quelli causati da precipitazioni, 
un’attività di rilevamento intensivo è stata condotta e completata en-
tro una settimana dal terremoto, prima degli intensi eventi di pioggia 
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avvenuti a partire dal 30 Agosto. Gli effetti sismoindotti più rappresen-
tati tra quelli censiti consistono in frane, in particolare crolli, scorrimenti 
in roccia e flussi detritici, mentre meno del 2% degli effetti è costituito 
da fratture non direttamente relazionabili a frane. La massima distan-
za dall’epicentro degli effetti sismoindotti rilevati è pari a circa 36 km, 
benché più del 50% degli effetti sia stato rilevato entro i 20 km, mentre la 
loro distribuzione plano-altimetrica appare per lo più condizionata dalla 
presenza di tagli stradali, come anche da specifiche condizioni topogra-
fiche relazionabili all’assetto geomorfologico locale.

La distribuzione delle frane censite non rivela una correlazione 
con l’intensità macrosismica (MCS); ciò potrebbe essere spiegato con-
siderando l’alta concentrazione degli effetti entro i primi 20 km dall’epi-
centro, dove è stata ottenuta un’ampia distribuzione delle classi di inten-
sità macrosismica.

Il 73% delle frane innescate ha intercettato strade, causando una sig-
nificativa interferenza con il traffico locale e le attività di emergenza. La 
distribuzione altimetrica degli effetti deformativi al suolo rilevati ricopre 
un intervallo di quote compreso tra i 600 e i 1600 m s.l.m. (ovvero circa 
1000 m di dislivello), rimarcando che gli effetti deformativi al suolo sis-
moindotti hanno coinvolto affioramenti di ammassi rocciosi in differenti 
contesti topografici.

Inoltre, la distribuzione omogenea degli effetti sismoindotti in cor-
rispondenza delle differenti unità litologiche affioranti, suggerisce che 
la litologia non abbia giocato un ruolo discriminante come fattore pre-
disponente per le frane innescatesi nell’area. Per ciò che riguarda gli ap-
procci metodologici sperimentati, l’analisi di immagini interferometriche 
satellitari (ottenute da Sentinel-1 e ALOS-2) e l’analisi di immagini ot-
tiche, consistenti in ortofoto e foto aeree pre- e post-evento (Copernicus 
EMSR177), hanno reso possibile la visibilità di deformazioni gravitative 
a più grande scala non evolute in collasso (analisi interferometrica) e di 
eventi di frana localizzati nelle “zone rosse” (analisi ottica), interdette 
all’accesso per motivi di sicurezza.

Questo lavoro descrive l’approccio metodologico utilizzato sia per il 
rilevamento e la catalogazione degli effetti sismoindotti dal terremoto di 
Amatrice Mw 6.0 del 24 Agosto 2016, che per la gestione e la condivisione 
in rete di una banca dati pubblica e a libero accesso.

La distribuzione degli effetti sismoindotti dal terremoto di Ama-
trice del 2016 appare complementare alle distribuzioni di effetti censiti 
a seguito dei precedenti forti terremoti dell’Umbria-Marche (1997) e de 
L’Aquila (2009) che hanno interessato aree limitrofe. Queste evidenze 
hanno colmato la lacuna storica sulla potenzialità di sismoinduzione le-
gata a forti terremoti in Appennino centrale.

Si ritiene, inoltre, che la metodologia qui presentata possa essere es-
trapolata per il censimento degli effetti indotti dai successivi terremoti 
dell’Ottobre 2016 e del Gennaio 2017, che hanno interessato settori adi-
acenti dell’Appennino centrale. 

termini chiAve: frane sismoindotte, censimento, catalogo CEDIT, 
scorrimenti in roccia, crolli, Appennino, Italia.

INTRODUCTION

Earthquake-induced landslides are generally responsi-
ble for severe damages and fatalities. Consequently, more 
than 50% of the total losses due to landslides in the World 
are to coseismic slope failures (Petley, 2012). Moreover, 
Bird & Bommer (2004) reported that the maximum dam-
ages caused by earthquakes are often related to landslide 
events. Several historical earthquake-induced landslides 
demonstrated the severity of such events, as they often in-
volved areas, which have been intensely damaged by the 
seismic shaking. Among other examples, the latter was the 
case of Las Colinas landslide, which was triggered by the 
13th January 2001 (Mw 7.6) El Salvador earthquake and that 
caused about 585 fatalities (Evans & Bent, 2004). Earth-

quake-induced landslides can also trigger co-related phe-
nomena, by a sort of “domino-effect”, among which river 
damming and tsunamis as recently reported by Collins & 
Jibson (2015) for the 25th April 2015 Nepal earthquake. 

Earthquake-induced landslides are also responsible for 
diffused and intense environmental changes, which often 
require high resilience by socio-economical systems to 
recover the status quo ante land-use conditions or modify 
them by readjustment or renovation strategies. 

The most complete database of earthquake-induced 
ground effects in Italy (CEDIT) (Martino & alii, 2014 - 
http://www.ceri.uniroma1.it/cn/gis.jsp) is available online 
since 2011. The catalogue has the peculiarity to be con-
structed based on several historical documents covering a 
period of about one millennium, from 1000 AD to present 
days. The collected data demonstrate that landslides rep-
resent the most documented type of earthquake-induced 
ground failures, corresponding to almost 44% of the inven-
toried effects, which also include ground cracks, liquefac-
tions and surface faulting.

Two different solutions could be jointed for advancing 
risk mitigation strategies concerning earthquake-induced 
landslides: i) inventorying the occurred earthquake-in-
duced landslides, ii) providing a comprehensive hazard 
mapping, also for first-time earthquake-triggered slope 
failures. This jointed strategy takes advantage from past 
memories in order to outline the severity of occurred 
“domino-effect” scenarios driving toward future events. 
This is in agreement with a prevision approach for the risk 
management, which favours time-delayed and out-of-emer-
gency solutions.

Keefer (1984) presented the expected distribution of 
earthquake-induced ground effects through a set of upper 
bound curves for the maximum distance of seismically in-
duced landslides as a function of event magnitude, which 
was based on a dataset of 40 worldwide earthquakes. He 
grouped the types of landslides into three simple catego-
ries: disrupted slides and falls, coherent slides, and lateral 
spread and flows. For each group, he also proposed mag-
nitude thresholds for earthquakes to induce landslides; the 
minimum magnitude of an earthquake that would cause 
disrupted landslides would be 4.0, with magnitudes 4.5 for 
coherent slides and 5.0 for flows and lateral spreads. Not-
withstanding, he also indicated that landslides can be trig-
gered by several causes, it would not be uncommon to find 
landslides induced by earthquakes of lower magnitudes 
when shaking occurred concurrently with other triggering 
factors, or when failure of the slope was imminent before 
the earthquake. In this sense, several examples of low mag-
nitude induced landslides have been reported in the liter-
ature (Keefer, 1984; Rodríguez & alii, 1999; Papadopoulos 
& Plessa, 2000). In a recent review, Delgado & alii (2011) 
considered that the proposed upper bounds are appropri-
ate in most cases, even if some outliers started to appear 
with each new dataset.

Several studies were concentrated on mapping inven-
tory of coseismic landslides (Harp & Jibson, 1995; Meunier 
& alii, 2008; Gorum & alii, 2011; Xu & alii, 2014) revealing 
the distribution and density of landslides to be function of 
the distance from the seismogenic source, the earthquake 
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magnitude, and the fault properties (Keefer, 1984; Meunier 
& alii, 2007; Tatard & alii, 2010). Moreover, many studies, 
based on very rich and consolidated datasets (e.g. 1993 
Mw 7.0 Papua New Guinea earthquake, the 1994 Mw 6.7 
Northridge earthquake, the 2004 Mw 6.6 Niigata-Chuetsu 
earthquake, the 2008 Mw 7.9 Wenchuan earthquake, the 
2008 Mw 6.9 Iwate-Miyagi Nairiku earthquake) accounted 
for the magnitude distribution of landslides, in terms of 
magnitude vs. frequency curves, that are largely used 
in seismic and non-seismic settings (Hovius & alii, 1997; 
Hungr & alii, 1999; Malamud & Turcotte, 1999; Stark & 
Hovius, 2001; Guzzetti & alii, 2002; Dussauge & alii, 2003; 
Stark & Guzzetti, 2009; Alfaro & alii, 2012a; Valagussa & 
Frattini, 2016). These studies underline that the frequency 
distribution exhibits power-law scaling for landslides 
larger than a size threshold but it also reveals a deflection 
below the modal peak of the distribution (“roll-over” effect 
by Malamud & alii, 2004) because of the incompleteness 
of the inventory (Guzzetti & alii, 2002). Nevertheless, sev-
eral factors (Ashford & Sitar, 1997; Harp & Jibson, 2002; 
Bozzano & alii, 2011a; 2011b; Moore & alii, 2011; Lovati 
& alii, 2011; Alfaro & alii, 2012b) can condition the earth-
quake-induced landslide distribution among which topog-
raphy, local seismic amplification and anthropic features 
(i.e. road cuts, man fills, previous intervention on slopes 
affected by landslide).

THE 24th AUGUST 2016 EARTHQUAKE

After the 24th August 2016 (Mw 6.0) Amatrice earth-
quake an extensive scenario of earthquake-induced ground 
effects appeared in the Central Apennines region struck by 
the earthquake shaking. As it resulted by the instrumental 
records (Lanzano & alii, 2016) the epicenter is located to the 
south of the municipality of Accumoli (Latitude 42.70° N, 
Longitude 13.23° E, depth 8.1 km) and the fault plane solu-
tion indicates normal faulting (strike 156°, dip 50°, rake 
-85°, length 26 km, width 16 km), which is in agreement 
with the regional tectonic style of the area, as well as with 
the complex structural setting including thrusts, blind nor-
mal faults, antithetic normal faults, which could be poten-
tially reactivated in an extensional stress field (Boncio & 
alii, 2004a, 2004b; Meletti & alii, 2008; Bonini & alii, 2016). 

The Italian Accelerometric Network (RAN) provided 
the records of the mainshock by 14 stations within 30 
km and 42 within 50 km from the epicenter. The largest 
recorded PGVs are about 30 cm/s and 27 cm/s at two 
stations located in the Norcia intermontane basin. Values 
higher than 20 cm/s were also observed at the near-source 
stations of Amatrice (AMT- PGV = 21.5 cm/s) and at the 
farther station of Colfiorito, (CLF - PGV = 11.6 cm/s), both 
of them located 20 km far from the epicenter inside inter-
montane basins. The observed horizontal PGAs generally 
match the predictions according to the Sabetta & Pugliese 
(1987) attenuation law.

The seismic sequence spreads over a NNW-SSE trend-
ing, ~30 km long, ~15 km wide area. Interferometric Syn-
thetic Aperture Radar (InSAR) elaborations based on 
various sensors and processing strategies (available at the 

web-site http://www.eorc.jaxa.jp/ALOS-2/en/img_up/dis_
pal2_ita-eq_20160825.htm) depict a gently asymmetric, 
coseismic ground displacement pattern having two sub-
sidence maxima of 15-20 cm east of Norcia and north of 
Amatrice. The first post-earthquake field surveys (EMER-
GEO, 2016) revealed an alignment of surface breaks (fis-
sures, open fractures and centimeter cracks). As it regards 
the macroseismic field (Galli & alii, 2016a), the most severe 
effects are focused south of the instrumental epicenter, in 
the Amatrice intermontane basin, where intensity (IMAX) 
reached 10-11 MCS; the epicentral intensity (I0) is 10 MCS. 
According to the DBMI 2015 database (available at the 
web-site http://emidius.mi.ingv.it/CPTI15-DBMI15/), the 
Amatrice area felt several historical strong earthquakes 
since the first half of the 17th century. On 7th October 1639 
a first event (MW 6.2, I0 9-10 MCS) hit many villages close 
to Amatrice (9-10 MCS), causing severe damage in Amatri-
ce itself (9 MCS) and Accumoli (8-9 MCS). On 28th April 
1646, a second event hit once again some of the villages 
(9 MCS) causing severe damage also in Amatrice (8 MCS). 
The catastrophic 1703 and 1730 seismic sequences of Nor-
cia and Valnerina caused once again a MCS 8-9 intensity 
in the Amatrice area. After these events and until the 24th 
August 2016 the MCS intensity recorded at Amatrice was 
up to 7.

GEOLOGICAL AND GEOMORPHOLOGICAL
SETTING OF THE EARTHQUAKE AREA 

The 24th August 2016 earthquake struck an area of 
about 2458 km2 in the Central Apennines encompassing 
the Marche, Latium and Umbria administrative regions, 
delimited to the SE by the Mt. Gorzano ridge, to the NE by 
the Mt. Vettore ridge, to the SW by the Mt. Giano Massif 
and, finally, to the S by the Reatini Mts. The area also in-
cludes the Cascia, Norcia, Castelluccio, Amatrice, Campo-
tosto, and Montereale intermontane basins (fig. 1a). Minor 
effects were inventoried westward of the Reatini Mts. and 
in the southern sectors of the area (i.e. Gran Sasso Mas-
sif). The considered area is characterised by a structural 
setting that is the result of a multi-phase tectono-strati-
graphic evolution (e.g. Cantalamessa & alii, 1982; Bally & 
alii, 1986; Ghisetti & Vezzani, 1991; Calamita & alii, 2003; 
Bigi & alii, 2011) including: i) the uplift of the imbricate 
fold-and-thrust architecture of the Apennine chain from 
the Miocene to the lower Pliocene, which involved a me-
so-cenozoic stratigraphic succession of limestone, marl and 
turbidites; ii) the normal faulting that, starting from Late 
Pliocene-Early Pleistocene, originated the Amatrice basin, 
SW of the Mt. Gorzano ridge, as well as the intermontane 
basins, SW of Mt. Vettore.

The sedimentary sequence outcropping in this sector 
includes Jurassic-Cenozoic deposits referred to the pelag-
ic (Umbria-Marche basin) and carbonate platform (Lati-
um-Abruzzi platform) domains (Ciarapica & Passeri, 2002; 
Pierantoni & alii, 2013), and the eastward migration of the 
Apennines chain caused the formation of eastward younger 
foreland basin systems (Ricci Lucchi, 1986; Argnani & Ricci 
Lucchi, 2001). The foreland basin formed in the area struck 
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by the Amatrice earthquake is filled by Cenozoic terrigenous 
turbiditic deposits (e.g. Laga fm., Upper Miocene; Falcini & 
alii, 2009) and evaporite formations (e.g. Gessoso-solfifera 
fm.). During Middle Pliocene-Early Pleistocene, the inner 
axial part of the Apennines chain emerged as a continental 
domain, while in the eastern sector, i.e. the Periadriatic ba-
sin, the marine environment persisted (Centamore & Nisio, 
2003), leading to the deposition of thick pelitic successions. 
Several intermontane depressions, originated by the exten-
sional tectonics progressively migrating eastward (Bigi & 
alii, 1997; Nisio, 1997), were filled by Quaternary lacustrine, 
landslide and alluvial deposits. 

Concerning the structural setting, the NNE-SSW strik-
ing Olevano-Antrodoco regional paleo-structure (Cipollari 
& Cosentino, 1991) was reactivated as the lateral ramp of the 
Sibillini thrust front, which emplaced the Umbria-Marche 
domain onto the Lazio-Abruzzi domain (Bigi & Costa 
Pisani, 2005; Pace & alii, 2015). Several active extensional 
fault segments (fig. 1b) can be observed in the hanging wall 
and footwall of the outermost sector of the Olevano-An-
trodoco-Sibillini Mts. sheet. They pertain to the Central 
Apennines Fault System (CAFS), which is a multi-scalar 
seismogenic fault structure including strike-slip and nor-
mal/transtensional active fault segments (Tondi & Cello, 
2003; Boncio & alii, 2004a). Among them, the NNW-SSE 

striking Mt. Vettore normal fault is about 18 km long and 
formed a major intermontane basin, i.e. the Castelluccio 
Plain. The NW-SE-trending Mt. Gorzano-Campotosto 
normal fault is 30 km long, bounding two intermontane 
basins (i.e. the Amatrice and Campotosto plains), which are 
located along the northern and southern portions of the 
fault, respectively (Cacciuni & alii, 1995).

The activity of these systems during Holocene has 
been testified also by different geomorphological and pa-
leoseismological studies (Pizzi & Galadini, 2009 and ref-
erences therein). However, while historical surface faulting 
occurred along the Norcia-Mt. Fema segment during the 
1703 earthquake and possibly during the 1979 earthquake 
(fig. 1b), the Mt. Vettore-Mt. Bove fault system seems to 
have been silent in historical times, since the latest surface 
faulting event is not more recent than the 6th-7th century 
AD (Galadini & Galli, 2003).

The long-term landscape evolution of this sector of the 
Apennines has been controlled, with progressively decreas-
ing importance, by regional uplift, normal faulting and cli-
mate oscillations over the Quaternary. Uplift and normal 
faulting have caused the deactivation of this ancient land-
scape (testified by relict remnants according to Demangeot, 
1965) through the entrenchment of the Tronto River drain-
age network that underwent frequent and strong re-organi-

Fig. 1 - a) Simplified geological map of the study area; 1 continental Pleistocene-Holocene deposits; 2 continental Villafranchian deposits; 3 Pleistocene 
volcanic products; 4 Plio-Pleistocene marine sediments; 5 Tortonian-Messinian terrigenous deposits; 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. 
b) 24th August 2016 (Mw 6.0) earthquake epicentral area; 1 major thrust front; 2 normal fault; 3 active normal fault (1a: Mt. Bove fault, 1b: Mt. Vettore 
fault, 2a: Mt. Gorzano fault, 2b: Campotosto fault, 4b: Notoria-Mt. Pizzuto fault, 5a: Cascia fault, 5b: Castel S.Maria-Cittareale fault, 6: Montereale fault); 
4 intermontane basin (1: Cascia Plain, 2: Norcia Plain, 3: Castelluccio Plain, 4: Amatrice Plain, 5: Campotosto Plain, 6: Montereale Plain); 5: earthquake 
epicenters.
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zation phases, as already testified for other sectors of cen-
tral Apennines (Aringoli & alii, 2014; Fubelli & alii, 2014). 
Geomorphic evidence of drainage flow inversions and 
lateral thinning of the continental deposits testify to the 
presence of also smaller basins originally closed and then 
captured by headward eroding rivers, as a consequence of 
normal faulting that cut also the continental deposits (Cac-
ciuni & alii, 1995). 

The structural control on the morphogenesis is also am-
plified by the outcrop of contrasting lithological units with 
high dip angles. Therefore, selective erosion favoured the 
formation of narrow and deep valleys alternated to linear 
ridges, on top of which some historical villages have been 
built. Such morphostructures, along with the high spatial 
variability of lithological units, concurred to the site effects 
of the 24th August 2016 Amatrice earthquake.

EARTHQUAKE-INDUCED GROUND EFFECTS

Field evidence and geo-localisation of the records 

The field surveys devoted to inventorying the ground 
effects triggered by the 24th August (Mw 6.0) earthquake 
were carried out within a 50-km large buffer centered on 
the epicentral area and they were intensively performed 
for one week after the seismic event, to avoid the superpo-
sition of effects caused by the first intense rainfall event, 
up to 6.5 mm cumulate in one day, started on 30th August 
(fig. 2). 

The field surveys allowed inventorying 147 earth-
quake-induced ground effects (see the dataset reported in 
the supplementary material): 145 landslides and 2 ground 

cracks. Based on morphological evidence, the landslides 
were classified for type of mechanism, according to Var-
nes (1978): 128 rock falls, 10 rock slides and 7 debris slides 
were recognised (fig. 3a, 3b, 3c, 3d).

The adopted surveying criteria were focused on dis-
tinguishing the most recent landslides respect to the older 
ones, as well as to provide a high reliability of the earth-
quake trigger interpretation. In this regard, specific field 
evidence were considered for the different landslide mech-
anisms. 

In case of rock falls and rock slides the following were 
considered:
– a clearly visible source area: clean and white surfaces, 

not weathered or vegetated scarps;
– a clearly visible rock mass debris: clean debris, not 

weathered or vegetated blocks, blocks over vegetation;
– a clearly visible track of rolled blocks;
– a detectable impact point of blocks.

In case of debris slides the following evidences were 
considered:
– remobilized debris: chaotic deposit overlapping the 

older accumulation surface;
– evidence of perimeter ground cracks (due to the detach-

ment of debris above the bedrock);
– evidence of open ground cracks within debris with 

fresh vegetation cover.
In case of reactivation of translational or roto-transla-

tional landslides the following evidences were collected:
– ground cracks cutting paths, roads or soil and involving 

fresh vegetation;
– debris accumulation at the landslide toe over roads or 

paths.

Fig. 2 - Time schedule of field works, with 
the number of ground effects inventoried for 
day and the cumulative daily rainfall.
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Fig. 3 - Examples of inventoried ground effects: rock fall (a); rock slide (b); debris slide (c); ground crack (d). Examples of ground effects interacting 
with infrastructures and lifelines: ground crack due to a landslide observed along a roadway (e); structural damages of a bridge (f); rock block on a 
roadway (g).
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During the field activities, each ground effect was loca-
lised by Global Positioning System (GPS) also by the use 
of open source and user-friendly applications for mobile 
devices. For the induced ground effects near to roads or 
pathways, a GPS waypoint directly on new geomorpholog-
ical features was marked. For the ground effects observed 
farther than 50 m from roads or paths, the GPS coordi-
nates were fixed by considering the azimuthal direction 
and distance (measured by laser rangefinder) between the 
point of view (of the surveyor) and the source area to locate 
it on satellite images (Google Earth) and checking the lo-
cation reliability.

The collected evidence of earthquake triggered land-
slides, was compared with the national landslide inventory 
(IFFI Project, ISPRA - http://www.progettoiffi.isprambi-
ente.it/cartanetiffi/), and checked by the most recent satel-
lites (Google Earth imagery; between years 1984 and 2016, 
depending on the availability in the area of interest), in 
order to exclude effects already existing before the earth-
quake.

The volume of each inventoried landslide was estimated 
by attributing one of the following volume classes (fig. 4a):

– class A: volume lower than 1 m3; 50 landslides were as-
signed to this class;

– class B: volume between 1 m3 and 5 m3; 74 landslides 
were assigned to this class;

– class C: volume larger than 5 m3; 11 landslides were as-
signed to this class.
Only for 10 landslides it was not possible to attribute a 

reliable class because of the reduced visibility of the debris. 
Based on the above reported data, 50% of the inventoried 
landslides can be referred to class A, 34% to class B and 
the remnant 8% to class C.

Moreover, the following three categories of ground 
effects were distinguished based on the interaction with 
roads, pathways and infrastructures (e.g. bridges, roads) 
(figs. 4b, 3e, 3f, 3g; see also the thematic maps reported in 
the supplementary material):

– interferent: for ground effects that involve infrastruc-
tures; 105 ground effects were assigned to this category;

– not interferent: for ground effects that do not involve 
infrastructures; 26 ground effects were assigned to this 
category;

– possible interference: for the ground effects capable to 
involve infrastructures for secondary mobilization; 13 
ground effects were assigned to this category.

As it regards the administrative distribution of the in-
ventoried effects, 27% occurred in the Arquata del Tronto 
municipality, 22% in the Norcia municipality, 20% in the 
Accumoli municipality and 12% in the Amatrice munici-
pality. Other 17 municipalities were involved in the earth-
quake-triggered effects. For the Arquata del Tronto and 
Amatrice municipalities, the density reached 0.5 invento-
ried ground effects over 1 km2. The cumulative estimated 
volume is of almost 100,000 m3, mostly occurring within 20 
km from the earthquake epicenter.

Interferometric and optical analysis by satellite remote sensing

Some slope deformations triggered by the 24thAugust 
2016 (Mw 6.0) Amatrice earthquake were detected by the 
satellite D-InSAR (Differential Synthetic Aperture Radar 
Interferometry) technique, which uses SAR images at dif-
ferent time to obtain interferometric differential maps. 
Such an interferogram implies the same acquisition geom-
etry and the resulting output summarises different contri-
bution expressed in the form:

φint = φflat + φtopo + φdisp + φatmo + φerr

where φflat is the flat earth phase, φtopo is the topography 
phase, φdisp is the displacement phase, φatmo is the phase 
related to different athmospheric conditions and φerr rep-
resents the error related to uncontrolled effects (e.g. decor-
relation, position along the satellite orbit). By subctracting 
the contributions due to φtopo, by the use of a Digital Eleva-
tion Model (DEM), as well as to φflat, by the use of specific 
algorithms, it is possible to obtain the contribution at the 
interferogram due to φdisp. Nevertheless, in the so derived 
interferogram both the φatmo and the residual height con-
tribution (related to the difference between the topogra-
phy and the DEM) still remain, which can be estimated 
through an advanced (A-DInSAR) processing. 

We used SAR images available from Sentinel-1A, Sen-
tinel-1B and ALOS-2 satellites. The Shuttle Radar Topog-

Fig. 4 - a) Percentage distribution of volume classes of the ground ef-
fects inventoried. b) Percentage distribution of interaction between the 
ground effects and the main infrastructures.
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raphy Mission DEM (SRTM DEM) at a ground resolution 
of 30 m was used for subtracting the topography phase.

The interferograms from Sentinel-1A and 1B satellites 
were obtained by the software SARPROZ (SAR PROcess-
ing tool by periZ) while the interferograms for the ALOS-2 

satellite images were available by the JAXA Earth Obser-
vation Research Center (EORC) (at the web-site - http://
www.eorc.jaxa.jp).

For the analyses here presented, 3 interferograms by 
Sentinel-1 satellite (1 for the descending and 2 for the 

Fig. 5 - Ground effects inventoried by interferometric satellite images from Sentinel-1 (a) and ALOS-2 (b) images. Polygons 1 and 2 enveloping the 
deformation effects are compared with the field inventoried ground effects (c). Ground effects inventoried by interferometric satellite images from 
Sentinel-1 (d) images. The polygon 3 enveloping the deformation effects are compared with the field inventoried ground effects (e).
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ascending geometry) and 2 interferograms by ALOS-
2 satellite (1 for the descending and 1 for the ascending 
geometry) were used. The Sentinel-1 images, captured in 
TOPSTAR acquisition mode, have a resolution of 5 x 20 m 
in the range and azimuth direction respectively. The inter-
pherograms ALOS-2 were obtained from images, captured 
in Stripmap mode, have a resolution of 10 m. 

The Sentinel-1 images are characterised by a wavelenght 
(λ) of 5.6 cm (C Band) while ALOS-2 by a λ of 23.6 cm (L 
Band); therefore, the Sentinel-1 images allowed a higher 
resolution to be reached in terms of deformation mapping.

By comparing the interferograms obtained from the 
different wavelenght images it was possible to point out 
deformation evidence on slopes to be related with earth-
quake-triggered effects. These elements are character-
ised by fringes having a higher gradient respect to adja-
cent zones. Figure 5 shows three examples of polygons 
where interpherometric evidence of displacement are 
present; two of them (polygons 1 and 2) were identified 
on both the Sentinel-1 and ALOS-2 interferograms (figs. 
5a, 5b) while the third one (polygon 3) is evident in the 
higher-resolution Sentinel-1 interferogram only, by the C 
Band (fig. 5d).

The interferometric evidence represent wide slope 
deformations characterised by centimeter-scale displace-
ments along hillslopes. Polygons 1 and 2 are located on the 
Mt. Vettore (i.e. high-mountain area) (fig. 5c), while poly-
gon 3 is located in the Forca Canapine area (fig. 5e). This 
last polygon does not correspond to specific ground effects 
surveyed in the field and inventoried in the CEDIT, since 
the resolution of the interferometric images is not suitable 
to distinguish the class A of rock falls detected in the field. 
On the contrary, polygons 1 and 2 correspond to ground 
cracks already surveyed in the field activities by direct ob-
servations (fig. 5).

To perform a more complete detection by remote sens-
ing of the earthquake-triggered ground effects, optical sat-
ellite images available on the official web-site “Copernicus 
– Emergency Management Service” (http://emergency.co-
pernicus.eu/mapping/list-of-components/EMSR177) were 

also used. In this case, a more traditional aerial-photo in-
terpretation led to a change detection optical analysis.

As an example, the results obtained in the case of Pes-
cara del Tronto area are here discussed by comparing the 
field observations and the aerial photo-interpretation. In 
particular, a couple of images from the following Coperni-
cus EMSR177 thematic maps were considered:
– pre-earthquake orthophotos, taken on 2014 by the Con-

sorzio TeA (e-GEOS S.p.A., CGR S.p.A and Aerodata 
Italia Srl formats) with a spatial resolution of 50 and 20 
cm/pixel;

– post-earthquake aerial photos, taken on 25th August 
2016 by Aerial data © European Commission, with a 
spatial resolution of 10 cm/pixel. 
In the Pescara del Tronto area, 10 landslides were in-

ventoried by the photo-interpretation which include only 3 
effects inventoried by field surveys (fig. 6). In this case, the 
aerial photos intrepretation has been more effective with 
respect to the field surveying, even because the access to 
the village was prohibited or prevented due to either the 
collapsed buildings or the ongoing emergency actions. 

DATABASE AND INVENTORY

The surveyed ground effects were collected for up-
dating the CEDIT database, already integrated with the 
effects related to the 2012 Emilia earthquake (Martino 
& alii, 2014). The database was organised into datasheets 
(Fortunato & alii, 2012). Each datasheet contains data 
about earthquakes and associated ground failures. The 
original relational database consists of tables at different 
levels of detail. A first table gathers seismological data, in 
chronological order, about events from which data con-
cerning ground failures were obtained. Parameters de-
scribing the severity and location of the events are also 
given. The following catalogues were used: catalogues 
of earthquakes NT4.1.1 (Camassi & Stucchi, 1997) and 
CPTI04 (Gruppo di Lavoro CPTI, 2004), as well as cat-
alogue of macroseismic effects DBMI04 (Stucchi & alii, 

Fig. 6 - Examples of ground effects inventoried by aerial-photo interpretation from Copernicus EMSR177 thematic maps. Pre-earthquake (a) and 
post-earthquake (b) images were considered to perform a change-detection optical analysis.
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Fig. 7 - a) Example of CEDIT Web-GIS querying interface applied to the 24th August 2016 earthquake (the earthquake epicenter is shown by a red 
pointer). b) Example of CEDIT Web-GIS querying interface applied to the 24th August 2016 ground effects (blue pointers).
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2007). With respect to the previous release of CEDIT, 
data were added about seismogenic sources retrieved 
from the DISS catalogue (INGV, 2010). A second table 
lists sites of ground failures associated with the seismic 
event. The sites are identified according to the ISTAT 
municipal code (available on the web-site http://www.
istat.it/it/). A third table gives the quotations (e.g. orig-
inal sentences), retrieved from historical sources, which 
describe the ground failures produced by the inventoried 
earthquakes. Each quotation refers to a single site and to 
one or multiple phenomena. To give a more detailed pic-
ture of the phenomenon, quotations by various authors 
about the same effect are also reported. The fourth table 
provides the details of the bibliographic sources used to 
search data about seismically-induced effects. Finally, a 
fifth table collects data on earthquake-induced ground 
failures obtained from the cited sources and includes 
macroseismic intensity assigned to the site (MCS), epi-
central distance and involved lithology. Where available, 
also the intensity on the ESI scale (Environmental Seismic 
Intensity scale: Michetti & alii, 2004) is given.

In the CEDIT catalogue the ground failures are clas-
sified into five macrocategories in the following hierarchi-
cal order: landslides, ground cracks, liquefaction, surface 
faulting, ground level changes, each divided into subcate-
gories which provide more details about phenomenological 
features (e.g. landslide mechanisms, punctual or linear liq-
uefaction evidences). 

CEDIT ON-LINE CATALOGUE 

The updated version of the CEDIT database is pub-
lished online for public access at http://www.ceri.uniroma1.
it/index.php/web-gis/cedit/ and is hosted by the cloud web 
server of the Research Centre for the Geological Risks 
(CERI) of the Sapienza University of Rome. 

The system was developed by using the services of 
ArcGIS® server based on ESRI™ technology. The system 
provides a geo-database consulting and querying interface 
with graph or table outputs (Martino & alii, 2014).

The CEDIT Web-GIS has an upper section including: 
menu for selecting layers and base maps; measuring edi-
tor; print options; search tool and Web-GIS link sharing 
key. The left section of the web-page includes an extensive 
legend of the different map layers selected from the TOP 
section. The earthquake layers and the regional bound-
aries are displayed at national scale. By increasing the level 
of detail, the user may also view the layers of the earth-
quakes-induced effects. Finally, the details section reports 
the metadata of the document and the references for its 
formal citation (Fortunato & alii, 2012).

Figure 7a shows an example of on-line querying of the 
CEDIT database. By clicking on the earthquake layer icon, 
the system will open a pop-up window with the following 
data:
– an upper list containing data about the site: CEDIT 

code identifying the seismic event; date of the event; 
area involved; macroseismic intensity MCS; magnitude 
Mw;

Fig. 8 - Example of CEDIT Web-GIS reference file referred to one of the ground effects triggered by the 24th August 2016 earthquake.
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– a central list reporting the identification codes of the 
Parametric Catalogue of Italian Earthquakes – CPTI04 
and of the Database of Individual Seismogenic Sources 
– DISS3.2.0, both with the related link to web-site of 
INGV (Istituto Nazionale di Geofisica e Vulcanologia, 
www.ingv.it);

– a lower list giving the number of seismically induced 
effects by type. 
Figure 7b shows an example of information that a user 

may view by clicking on the icon of the given type of effect; 
the example is referred to a rock fall inventoried during the 
last field surveys. The pop-up windows, which is opened 
by clicking on the icon present on the map, displays both 
data identifying the effect like code, site name, ISTAT site 
code, and data describing the associated earthquake like 
data, epicenter and local macroseismic intensity (where 
available). On the pop-up window, an upper-bound curve 
(magnitude vs. distance) for each ground effect is also re-
ported, according to Kefeer (1984). A link for downloading 
a *.pdf file with the bibliographic sources available for the 
selected effect is also reported on the effect pop-up win-
dow (fig. 8). For ground effects surveyed after the 24th Au-
gust 2016 earthquake, a picture of each inventoried effect 
was also included in the catalogue which is visible in the 
*.pdf file with the bibliographic source.

After a validation procedure, the CEDIT database will 
be updated and implemented even considering the GEER 
and ISPRA official reports, as well as data from future sci-
entific publications.

DISTRIBUTION OF EARTHQUAKE-TRIGGERED
GROUND EFFECTS 

Based on the inventoried landslides database, the most 
frequent typology is represented by rock fall (87%), fol-
lowed by rock slide (6%) and debris slide (5%) (fig. 9a). 
The homogeneous distribution of effects over different 
lithological units reveals that lithology did not represent an 
exclusive predisposing factor to the landslides triggered by 
the 24th August 2016 earthquake. More in particular, pe-
lagic limestone, marls and travertine were involved for the 
43%, marly-arenaceous flysch for the 36% and limestone 
and dolomite for the 21% (fig. 9b).

According to the CEDIT database (Martino & alii, 
2014) a macroseismic intensity (fig. 10) was attributed to 
each ground effect based on the macroseismic field (Galli 
& alii, 2016a, 2016b), i.e. considering the local macroseis-
mic intensity (MCS) of the closest administrative locality. 
The distribution of landslides does not reveal a co-relation 
with MCS, that can be explained considering the high den-
sity of inventoried effect within 20 km from the epicen-
ter, where a wide distribution of MCS intensity classes was 
obtained. A distribution analysis of total induced ground 
effects, including landslides and ground cracks have been 
carried out evaluating the frequency vs. epicentral distance 
defining a series of 1 km multi-ring buffers up to 50 km. 
Four zones corresponding to epicentral distances of 5 km, 
10 km, 20 km and 50 km (labelled I, II, III and IV respec-
tively), have been defined (fig. 11a).

The distribution of epicentral distance vs. frequency of 
ground effects (fig. 11b) indicates that 49% of the invento-
ried effects occurred in zone I and II, 34% in zone III and 
the remnant 17% within zone IV. 

Since the maximum epicentral distance observed for 
the earthquake-triggered landslides (namely “disrupted”, 
according to Keefer, 1984) is 36 km, this is coherent with 
the maximum expected distance of 80 km for Mw 6.0, ac-
cording to the global upper-bound curve by Keefer (1984), 
as well as with the maximum expected distance of 40 km 
for Mw 6.0 according to the upper-bound curve from the 
CEDIT catalogue (instrumental age 1908-2012) by Marti-
no & alii (2014).

Correlation of seismically induced effects with eleva-
tion indicates that 94% of events occurred in elevation 
range 600-1600 m a.s.l. (fig. 11c), with a maximum in the 
range 1000-1200 m a.s.l. (26% of effects). The 2.7% of 
the effects only is enclosed in the range 350-600 m a.s.l. 
At same time, the 3.3% of total ground effects occurred 

Fig. 9 - Percentage distribution of: a) landslide typology; b) involved 
lithological classes.
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Fig. 10 - Macroseismic field from Galli & alii (2016a, 2016b) and distribution of ground effect frequency vs. MCS local intensity.
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Fig. 11 - Distribution of triggered ground effects after the 24th August 2016 Mw 6.0 earthquake. a) shaking map (from INGV – http://shakemap.
rm.ingv.it/) and inventoried ground effects (location of mainshock epicenter is also reported). Further ground effects  reported by GEER and ISPRA 
working groups are also shown; b) earthquake-triggered ground effects distribution vs. epicentral distance; c) earthquake-triggered ground effects 
distribution vs. elevation; d) earthquake-triggered ground effects distribution vs. maximum slope (Zevenbergen & Thorne, 1987). 
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at elevations higher than 1600 m a.s.l., where the highest 
slope values are observed.

The spatial correlation of landslides with maximum slope 
(Zevenbergen & Thorne, 1987) indicates that 45% of events 
occurred in the range 20°-40° degree (with a maximum of 
about 18% in the slope range 30°-35°) while only 20% of the 
events occurred on slope greater than 40° (fig. 11d). 

Nevertheless, the not-null frequency of effects resulting 
for the lowermost slope classes (i.e. < 15°) outlines that the 
DEM resolution is not suitable for detecting topographic 
conditions related to the smallest class of landslide volume.

These results highlight a not direct control of slope on 
the landslides occurrence whereas steep slopes are less af-
fected by seismically induced effects.

This finding seems not in good agreement with the re-
sults from Wartman & alii (2013) after their study on the 
Mw 8.9 Tohoku earthquake in 2011 (Honshu, Japan) and 
Martha & alii (2017) after the Gorkha and Dolakha earth-
quakes (Nepal). In these studies, the most of the invento-
ried events are disrupted landslides (sensu Keefer, 1984) 
occurred at – or near – the crests of steep slopes. 

Based on the above reported results is not possible to 
recognize a specific control factor on the landslide trig-
gered by the 24th August 2016 earthquake; this is coherent 
with the homogeneous distribution of involved lithologies 
as well as with a not negligible effect due to man-made 
cut along roads or paths. Concerning this last feature, it is 
worth noting that 36% of the inventoried ground effects 
involved man-made cuts (fig. 12); this evidence explains 
some anomalous spatial clusters, such as in the case of the 
NW-SE alignment from Arquata del Tronto to Norcia (see 
fig. 11a) which just corresponds to a local road line.

By querying the CEDIT Web-GIS to compare the spa-

tial distribution of effects inventoried after the 24th August 
2016 Mw 6.0 earthquake with the ones related to previous 
Mw 6.0 1997 Umbria-Marche and Mw 6.2 2009 L’Aquila 
earthquakes it is evident their complementarity respect to 
the adjacent seismogenic areas (fig. 13). Such an evidence 
fills the historical gap of the knowhow about such kind of 
earthquake-induced effects in Central Apennines.

The here reported statistical analysis is only referred to 
CEDIT catalogue; it does not include other reports (GEER 
Report, 2016; ISPRA Report, 2016), which represent 5% 
of entire statistical population. This assumption guarantees 
the homogeneity of the considered dataset, avoiding possi-
ble errors due to different survey techniques.

The here discussed methodology for surveying earth-
quake-induced ground effects was also experienced after 
the Mw 5.9, 26th October, the Mw 6.5, 30th October 2016 and 
the last Mw 5.4, 18th January 2017 earthquakes, occurred in 
the same region of the Central Apennines. Hundreds of 
effects were already collected and inventoried in the on-
line CEDIT catalogue (http://www.ceri.uniroma1.it/index.
php/web-gis/cedit/). Based on such a huge dataset, further 
comparative analyses among the plano-altimetric distribu-
tion of all the earthquake-induced ground effects are going 
to be performed.

CONCLUSIONS

The 24th August 2016, Mw 6.0 earthquake that oc-
curred in Central Apennines, caused 299 fatalities and 
heavy damages to several villages and towns, among which 
Accumoli, Amatrice, Arquata del Tronto and Pescara del 
Tronto. Field surveys spanning some days immediately 

Fig. 12 - Distribution of ground effects triggered by the 24th August 2016 Mw 6.0 earthquake with epicentral distance (a) distinguishing occurrence 
on natural slopes and on man-made cuts (b).
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Fig. 13 - Distribution of ground effects triggered by the 24th August 2016 Mw 6.0 earthquake (pink colour) in comparison with the ones triggered by 
the 1997 Umbria-Marche (a) and 2009 L’Aquila (b) earthquakes plotted through the CEDIT Web-GIS masks. The epicenter of the 24th August 2016 
Mw 6.0 earthquake is also shown (red pointer).
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after the mainshock were carried out for inventorying the 
earthquake-triggered ground effects, which resulted to be 
147. The large part consists in landslides which affected 
mainly road cuts (i.e. 73%). The direct field surveying was 
integrated with remote sensing analyses, such as the inter-
pretation of interferometric and optical images, to fill gaps 
due to the strongly limited accessibility both in case of 
high-mountain areas and in case of zones close to villages 
where the access was restricted.

Based on statistical and spatial distribution analyses 
performed in this paper, it seems not possible to single out 
a main local controlling factor in the spatial distribution 
of the inventoried effects, since a homogeneous abundance 
of involved lithologies can be observed, as well as a non-
correlated distribution of effects with elevation and local 
MCS intensity. On the other hand, it is possible to output 
a decreasing frequency of effects with increasing epicen-
tral distance, even if such a distribution does not indicate 
a so regular decay but a threshold close to 20 km from the 
epicentral areas. As it results from spatial analyses, the az-
imuthal distribution of the inventoried effect is strongly 
affected by man-made cut alignments such as roads and 
paths.

The distribution of ground effects triggered by the 
24th August 2016 earthquake is clearly complementary to 
the ones obtained for the previous strong motions which 
struck adjacent areas in the last decades, i.e. the 1997 Um-
bria Marche and 2009 L’Aquila earthquakes, so filling the 
historical gap of the knowhow about such kind of earth-
quake-induced effects in Central Apennines.
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