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Landslides triggered after the 16 August 2018 Mw 5.1
Molise earthquake (Italy) by a combination of intense
rainfalls and seismic shaking

Abstract On 16 August 2018, a Mw 5.1 earthquake occurred in the
Molise region (Central Italy) during an intense rainfall event
which cumulated up to 140 mm in 3 days. Within 5 days after the
seismic event, 88 landslides were surveyed and classified in
disrupted and coherent as well as in first-time failures and reacti-
vation. As it resulted by the inventorying, most of the surveyed
ground effects were represented by coherent landslides involving
clays, marly clays, and cover deposits on low dipping slopes. A
spatial distribution analysis of landslides in relation to seismic
action and rainfall intensity was carried out to evaluate the possi-
ble contribution of both the rainfall-induced saturation and the
earthquake shaking to landslide triggering. Based on this analysis,
in the epicentral area, it is not possible to clearly split the role of
seismic and hydraulic destabilising actions, while, at greater dis-
tances, the joined contribution of rainfall and earthquake shaking
could have promoted slope failures. Comparisons among collected
data and existing worldwide catalogues allow to highlight, through
the analysis of the spatial distribution of the surveyed landslides,
the possible and not negligible effect of soil saturation during the
seismic shaking both in epicentral distance vs. magnitude distri-
bution and in number and spatial concentration of triggered
ground effects.
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Introduction
Earthquakes are the primary worldwide cause of multiple-
occurrence regional landslide events (MORLEs, Crozier 2005).
MORLEs are triggered in response to a complex interaction be-
tween several factors that include climate features, local geological
setting, slope geometry, landslide properties, and areal distribution
of seismic shaking. The regional pattern of landslide distribution is
controlled by the aforementioned factors (Nowicki et al. 2014) and
the concurrent occurrence of seismic ground motion and other
destabilising actions (i.e. soil saturation due to rainfall) is a fun-
damental topic to assess landslide hazard and associated risk to
settlements and infrastructure. By their nature, MORLEs shall be
investigated over large areas, where the representation of the
triggering forces and induced effects allows to depict multi-
hazard scenarios.

The spatial distribution of earthquake-triggered landslides
(EQtLs) represents the result of a complex combination and inter-
action of several aspect characterising the type and magnitude of
seismic trigger and ground motion (Keefer 1984; Jibson 2007;
Meunier et al. 2007; Nowicki et al. 2014; Gorum and Carranza
2015) and many controlling or preparatory factors related to

geomorphological, lithological, and hydrological features (Tanyas
et al. 2017; Fan et al. 2019; Valagussa et al. 2019).

The multiple combination of these factors strongly controls the
frequency-size distribution of EQtL (Alfaro et al. 2012), whose
density reflects through a power law correlation the severity of
the earthquake (Malamud et al. 2004). The latter, expressed in
terms of magnitude (Mw) or Arias intensity, are also key factors
controlling co-seismic displacement (Jibson 1993) and the maxi-
mum extent of area affected by landslides in a region or, in other
words, the maximum distances where the farthest induced effects
can be expected (Keefer 1984; Rodriguez et al. 1999).

Despite most of earthquake-induced landslide inventories re-
spond to empirical relations of Mw vs. number of landslides
(Keefer 2002) and Mw vs. maximum expected distance of land-
slides, a number of case studies report anomalous distribution or
outliers with respect to the upper bound limit, due to specific
failure mechanisms (Gorum et al. 2014), local seismic amplifica-
tions (Bozzano et al. 2008b; Bozzano et al. 2010; Delgado et al. 2011;
Del Gaudio et al. 2014; Martino et al. 2016), and low seismic
attenuation (Jibson and Harp 2012; Delgado et al. 2015). Peculiar
morphological or geological site-conditions can result in marked
differences in pattern of failure with respect to what expected by
global empirical relations, as revealed for disrupted landslides on
Italian CEDIT catalogue (Martino et al. 2014) and confirmed after
Central Italy seismic sequence (Martino et al. 2019).

In addition to these factors, the predisposing contributions of
rainfall prior to or directly after the earthquake were rarely
analysed (Sassa et al. 2007; Wang et al. 2007; Faris and Wang
2014). Heavy rainfall able to induce a pore pressures increase
within the slope can affect the local equilibrium between acting
and resisting forces, favouring co-seismic shallow slope failures
(Fan et al. 2019). In this sense, according to Sassa et al. (2007), the
transient increase in pore pressure together with amplification of
ground accelerations at the sliding surface represented the main
factors controlling the 2006 Leyte landslide. The event involved a
volcaniclastic cover, which failed after a small (Mw 2.6) nearby
earthquake occurred after heavy rainfall (571.2 mm cumulated over
5 days). Similar mechanisms of sliding-surface liquefaction were
inferred by the same authors for Mw 6.8 Higashi-Takezawa earth-
quake. Despite experimental evidences, the earthquake triggering
of Leyte is still debated in landslide and earthquake researcher’s
community because of the low ground motion relating the earth-
quake to landslide-induce ground shaking (Suwa 2006). Faris and
Wang (2014), by a stochastic slope stability analysis of the Tandikat
landslide (West Sumatra), infer that rainfall conditions significant-
ly rises the probability of shallow slope failure. However, because
of the lack of complete and detailed landslide inventories referred
to landslides induced by earthquake under saturated soil
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conditions, deep insights on this topics and assessment of causes
controlling landslide scenarios after earthquake are arduous.

Therefore, with the aim of contributing to the understanding of
how combined and transient destabilising actions could induce
slope failure, a high-resolution field surveying of landslides oc-
curred after the 2018 Mw 5.1 Montecilfone earthquake (Molise,
Italy) was performed. The study area also experienced before
and during the seismic event intense rainfall in the epicentral area.
Intensity and distribution of rainfall and seismic actions were thus
framed, focusing the analyses on the potential predisposing role of
rainfall in the observed distribution of EQtLs.

Geological and geomorphological setting of the study area
The 16 August 2018 Montecilfone earthquake (Mw 5.1) struck an area
located in the NE portion of the Molise Region, which covers about
1000 km2, enclosed between the FrentaniMountains and the Adriatic
Sea (Fig. 1). The area affected by the seismic sequence is characterised
by gentle hilly reliefs with an elevation up to 1017 m a.s.l. and river
valleys of variable extension, and partly belongs to the lower course
of the Biferno River, while the northern and southern sectors respec-
tively include the Trigno and Fortore River basins.

The study area is located in the easternmost sector of the
Central Apennines, which is characterised by a thrust and fold
structure, formed by a series of tectonic units organised in NE-
verging folds, locally covered by thrust-top deposits and succes-
sions of late Miocene and Pliocene clastic units (Vezzani et al.
2004; Patacca and Scandone 2007; Vezzani et al. 2010). Such a
structure is the result of early Miocene to Pleistocene shortening
of collisional margin, caused by convergence of European plate
and Africa-Adriatic plate (Casnedi 1978; Parotto and Praturlon
2004; Patacca and Scandone 2007).

From the structural point of view (Rapisardi 1978), the external
sector of the Central Apennines is the result of a polyphasic
tectonics connected with the structuring of Apennine chain that
involved both superficial and deeper tectonic units deriving from
deformation of the buried Apulian domain (Ricchetti et al. 1988;
Patacca et al. 1992; Gambini and Tozzi 1996; Corrado et al. 1997;
Scrocca and Tozzi 1999; Di Bucci et al. 1999; Patacca and Scandone
2007) and led to the definition of the current regional
morphostructural setting (Corrado et al. 1997; Di Bucci et al. 1999).

In the studied area, a thick Cenozoic marine succession ascrib-
able to the Lagonegrese-Molisan Basin widely outcrops (Vezzani
et al. 2004; Patacca and Scandone 2007). The lower part of these
sequences is mainly made of scaly clays with subordinate
calciturbiditic intercalations and then followed by neogenic flysch
composed of arenaceous-marly and calcareous-marly deposits
(Vezzani et al. 2004). These successions underlie evaporitic de-
posits and chaotic terrain (Vezzani et al. 2004; Patacca and
Scandone 2007), while the foredeep domain is characterised by a
thick Plio-Pleistocene siliciclastic sequence (Vezzani et al. 2004;
Calamita et al. 2011). Since the middle Pleistocene, the here con-
sidered sector was affected by a moderate tectonic uplift (Ciaranfi
et al. 1983; Doglioni et al. 1994; Spalluto and Moretti 2006; Ascione
et al. 2008) which led to the formation of regressive deposits and
terraced marine deposits (Ciaranfi et al. 1988). Both chain and
foredeep sequences are covered by continental, transitional and
marine quaternary deposits, which reach some tens of metres close
to the Adriatic coast (Cinque et al. 1993; Vezzani et al. 2004; Aucelli
et al. 2009).

Data and methodology
The Italian Molise region is characterised by a very high number of
landslides (IFFI Project, APAT 2007). In fact, over an area of about
4461 km2, more than 28,000 landslides of variable size and char-
acteristics can be detected (Aucelli et al. 2001; Rosskopf and
Scorpio 2013; Borgomeo et al. 2014; Pisano et al. 2017).

In the study area (see Fig. 1), over 7100 landslides have been
inventoried so far, whose areal size range between 100 m2 and
3 km2. Dormant landslides are about 72% of the total number,
while active and stabilised are respectively 24% and 4% (IFFI and
Geoservizi S.r.l. database). Landslides mainly show low to very low
velocity and can be classified as flows, slides, and complex earth
phenomena (Hungr et al. 2014). Moreover, the gently dipping
slopes are also characterised by soil creep and/or solifluction.
The high landslide concentration in the study area is strictly
related to lithological and geo-structural features. In such a con-
text, gravity-induced deformations mainly involve quaternary cov-
er deposits and the more shallow and weathered portions of the
bedrock, while deep phenomena involving thick sequences of clays
and marls affect considerable sectors of the coastal areas (e.g.
Petacciato and Vasto landslides; Fiorillo 2003; Della Seta et al.
2013; Miccadei et al. 2019).

In the days after the Montecilfone earthquake, a total of 88
ground effects were observed and inventoried, according to the
Italian catalogue of earthquake-induced ground failures database
(CEDIT) criteria (Fortunato et al. 2012). Typology and style of the
inventoried landslides were defined (Fig. 3), also distinguishing it
between coherent and disrupted types (Keefer 1984).

The collected evidences were geo-localised during the field
activities and then verified by photointerpretation following the
same survey criteria of Martino et al. (2017) and Martino et al.
(2019) that were focused on the distinction of clear evidences for
landslide (re)activation. In this regard, specific field evidences of
recent landforms (e.g. fresh scarps and cracks, slope bulging,
presence of chaotic deposits) were considered for different land-
slide mechanisms, with the aim of deriving reliable information in
view of the following earthquake/rainfall triggering interpreta-
tions. The landslides inventory was checked through a change
detection analysis performed on available satellite images acquired
before and immediately after the seismic and meteorological
events. Afterwards, all surveyed landslides were compared with
available landslides catalogues (e.g. IFFI) to assess the number of
landslide reactivations with respect to first-time occurrences
(Hutchinson 1988). The reactivation of already existing landslides
was also evaluated on the basis of field surveys for those ones that
were not previously catalogued (because of their age).

Intensity and return period of the 14–17 August 2018 rainfall event
were evaluated from a dataset available for 11 thermo-pluviometric
stations operating in the study area and managed by the Molise
Region civil protection. However, due to the temporal overlap be-
tween seismic and rainfall event, a univocal detection of a trigger
factor is challenging. Furthermore, the short duration of the rainfall
event with respect to the revisit time of the available satellite images
did not allow performing remotely sensed surveying to evaluate the
rainfall role in landslide triggering.

However, in the following chapters, data available and the
methods adopted are presented and discussed to assess possible
contribution of the two triggering factors in the inventoried slope
failures. Relative ratios between first-time occurrence of landslides
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Fig. 1 a Historical instrumental epicentres registered in the surroundings of the study area between 1985 and 2019 (red circles; http://terremoti.ingv.it) with pre-2018 location of
earthquake-induced ground effects by CEDIT catalogue. Traces of ITHACA Active and Capable Faults are also reported. b Simplified geo-structural sketch of the study area
(Trivento Geological Map 1:50,000 CARG). Epicentre and focal mechanism of mainshock related to the 16 August seismic sequence of Montecilfone (mainshock Mw 5.1) are also
reported. Locations and magnitudes of historical earthquakes in the area according to the CPTI15 catalogue (Rovida et al. 2016) and Individual Seismogenic Sources from DISS
catalogue (version 3.2.1; 2018) are also shown
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and reactivations were discriminated with respect to their epicen-
tral distance and comparing it with both PGA and cumulated
rainfalls experienced in the place where ground effects occurred.
Such proportion and relative spatial distribution of all types of
ground effects added specific details aimed to better frame the
possible combined action of multiple destabilising actions control-
ling the EQtL scenarios.

The 16 August 2018 Molise earthquake
On 16 August 2018, a Mw 5.1 earthquake occurred at 18:19:04 UTC
in Montecilfone (CB) Molise region (Central Italy) and represent-
ed the mainshock of a seismic sequence beginning 25 April 2018
and lasted until 4 September 2018, which gave rise to a total of 840
Mw < 2 earthquakes (Trionfera 2018; and SISMIKO Group INGV).
Before the 16 August mainshock, the study area was hit by two
other main events of magnitudes, Mw 4.3 and Mw 4.6 which
occurred, respectively, on 25 April 2018 and 14 August 2018
(SISMIKO Group INGV). The two main earthquakes of August
2018 were characterised by hypocentral depths of 19 and 20 km
(Bollettino Sismico Italiano INGV).

The Montecilfone seismic sequence struck an area close to the
one affected by the 2002 San Giuliano di Puglia seismic sequence
(Fig. 1a), located about 20 km south of the Montecilfone epicentral
area. Its focal mechanism also indicated a dextral strike-slip rupture,
which is consistent with the event of 2002, attributed to the Individ-
ual Seismogenic Source ITIS052 (known as San Giuliano di Puglia)
and to the Ripabottoni-San Severo Composite Seismogenic Source
(ITCS003; DISSWorking Group, Fig. 1b), in which rupture took place
on the westward prolongation of the Mattinata Fault Zone, about
15 km west of the presumed western end of the Mw 6.7 rupture of 30
July 1627 (corresponding to the ITIS054, San Severo DISS source).

The seismic sequence of 2002 lasted 2 days, since 31 October to 1
November, and consisted of two mainshocks, Mw 5.8 and Mw 5.7.
The two seismic events were similar to Montecilfone one in terms
of hypocentral depths (ca. 16–20 km) and strike-slip focal mecha-
nisms (Chiarabba et al. 2005; Pondrelli et al. 2006). Interesting
similarities about depth and fault-rupture between the San
Giuliano di Puglia and Montecilfone earthquakes exist, giving
space for more detailed scientific studies.

In the epicentral area of both 2018 and 2002 Molise earth-
quakes, evidences of past earthquake-induced ground effects are
not documented in the CEDIT catalogue (Fig. 1a). Few landslides
and ground ruptures are referred to historical 1805 (Sant’ Anna),
1627 (Gargano), 1894 (Lesina), and 1980 (Irpinia) earthquakes (Fig.
1a).

The mainshock of 2018 event caused a peak ground acceleration
(PGA) up to 0.12 g (http://shakemap.rm.ingv.it). Macroseismic
surveying was achieved after the main Mw 5.1 event by the INGV
QUEST group (Castellano et al. 2018) and MCS intensity values in
main localities within the epicentral area were attributed. Limited
damages on buildings were registered with a maximum for both
MCS and EMS98 scales, with macroseismic grades up to V–VI in
Montecilfone, Acquaviva Collecroce, and Castelmauro municipal-
ities. Despite these low values of macroseismic intensity, according
to Environmental Seismic Intensity—ESI 2007—scale criteria
(Michetti et al. 2007), a higher intensity level, up to VII, can be
attributed considering the presence of ground cracks and land-
slides observed within an area of tens of squared kilometres.

The 14–17 August 2018 rainfall event
During and after the seismic sequence, the north-eastern part of
Molise region was also affected by intense rainfall. The rainfall
data recorded by 11 stations operating during the seismic sequence
highlighted rainfall values ranged between 120 and 160 mm. Such
values have been recorded between 09:00 a.m. UTC of 14 August
2018 and 09:00 a.m. UTC of 17 August 2018; however, in this time
interval, two main 24-h sub-events may be distinguished (Table 1).
The first one started in the morning of 14 August and was
characterised by an average cumulated rainfall of 51.7 mm, even
though the stations located in the central part of the study area (i.e.
Palata and Guardalfiera-Ponte Liscione) recorded much higher
values (81.8 and 77.6 mm respectively). The second sub-event
started from the evening of 15 August and the early hours of 16
August, affecting the westernmost part of the study area. This
event was characterised by a slightly lower average rainfall inten-
sity (48.2 mm); however, in both cases, quite high 1-h rainfall peaks
have been recorded (Table 1). As regards the rainfall cumulated in
the 30 days prior to the seismic sequence (15 July—14 August), the
resulting values are generally lower than those recorded during the
14–17 August event, except for the data reported by Trivento
Station (Table 1), which is, however, one of the farthest stations
from the epicentre.

Continuous maps of cumulated rainfalls were derived by IDW
method from the recorded data, in order to quantify the spatial
distribution of the cumulative rainfall experienced by the epicen-
tral areas and evaluate the role of rainfall as possible trigger or
predisposing factor for the landslides surveyed in the epicentral
areas (see the “Spatial distribution of triggered ground effects”
section).

To evaluate the exceptionality of the above-described rainfall
event, a statistical analysis of maximum daily and hourly rainfall
intensity data was performed. To this aim, data recorded by
Guardalfiera-Ponte Liscione monitoring station, which is the rain
gauges closest to the epicentral area, were used. This type of
analysis requires sufficiently long and continuous time series of
rainfall data (at least 20 years of recorded data according to
Houghton et al. 2001 and Serrano 2010) for its reliability; therefore,
the Guardalfiera-Ponte Liscione station can be regarded as suitable
to perform such an analysis, since it has been recording since 1926.
The hydrological–statistical model is based on the analysis of the
maximum values assumed by the chosen hydrological variable (i.e.
cumulative rainfall at different time intervals). Specifically, we
used the generalised extreme value (GEV) distribution
(Jenkinson 1955), which is widely used in extreme event frequency
analysis rather than the Gumbel distribution, as the literature
increasingly suggests that the distribution of extreme events may
be more heavily tailed (Fowler and Kilsby 2003). The cumulative
distribution function of the GEV distribution is:

F xð Þ ¼ exp − 1þ ξ
x−μ
σ

� � 1
ξ

� �
ð1Þ

where μ, σ, and ξ are referred to as the location, scale, and shape
parameters, respectively. These parameters have been determined
by applying the probability weighted moments (PWM) method
(Hosking et al. 1985), on the basis of the maximum values of each
“cumulative rainfall” variable (i.e. 3, 5, 10, 20,…180-day rainfall for
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daily analysis; 1, 3, 6, 12, and 24-h rainfall for hourly analysis)
extracted, year by year, from the dataset. Finally, the inversion of
the probability function yields the values of cumulated rainfall x
for each of the variables and for different return periods (RPs).
Then, these values have been fitted by a power law distribution in
order to build the rainfall probability curves.

The resulting daily rainfall probability curves (Fig. 2a) show
that the highest RP of maximum rainfall values recorded in August
2018 is equal to 13 years and refers to the shorter duration (i.e.
3 days), while for major periods (such as 30-day cumulated rain-
fall), the return period is in the order of a few years (Table 2). This
evidence suggests that the August 2018 rainfall event cannot be

Table 1 Maximum 24-h and 1-h rainfall amounts recorded between 14 and 17 August 2018

Station
number

Station name 24-h
rainfall
(mm)

From To 1-h
rainfall
(mm)

From To

1 Bonefro 46.4 14 August
09:00 am

15 August
09:00 am

35.4 14 August
10:15 am

14 August
11:15 am

2 Castelmauro 68.8 14 August
09:00 am

15 August
09:00 am

22.4 14 August
09:00 am

14 August
10:00 am

3 Lucito 62.6 16 August
01:00 am

17 August
01:00 am

39.8 16 August
01:15 am

16 August
02:15 am

4 Mafalda 56.4 14 August
10:45 am

15 August
10:45 am

39.2 14 August
12:45 pm

14 August
01:45 pm

5 Palata 81.8 14 August
11:00 am

15 August
11:00 am

32.4 14 August
01:30 pm

14 August
02:30 pm

6 Montemitro 66.8 16 August
07:00 am

17 August
07:00 am

20.2 16 August
07:00 am

16 August
08:00 am

7 Guardalfiera-Ponte
Liscione

77.6 14 August
10:15 am

15 August
10:15 am

33.6 14 August
11:15 am

14 August
12:15 pm

8 Serra Capriola 7.6 14 August
11:15 am

15 August
11:15 am

4.4 14 August
03:30 pm

14 August
04:30 pm

9 Termoli 23.4 14 August
01:15 pm

15 August
01:15 pm

15.8 14 August
01:15 pm

14 August
02:15 pm

10 Trivento 37.2 15 August
08:45 pm

16 August
08:45 pm

15.6 15 August
08:45 pm

15 August
09:45 pm

11 Civitacampomarano 26.4 16 August
01:30 am

17 August
01:30 am

18.4 16 August
01:30 am

16 August
02:30 am

Fig. 2 Rainfall probability curves for return periods of 2, 4, 10, 20, 50 and 100 years resulting from the historical daily (a) and hourly (b) data recorded at Guardalfiera-
Ponte Liscione monitoring station
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classified as an exceptional event, considering the relatively low RP
calculated for each duration. Same conclusions result from hourly
rainfall curves (Fig. 2b), albeit the highest RP (which is also in this

case related to the shorter rainfall period, i.e. 1 h) is slightly greater
(17 years).

To compare the here considered rainfall scenario with another
significant one occurred in the same area and related to similar
widespread landsliding conditions, the 24–26 January 2003 rainfall
event was also analysed. In that case, thousands of landslides were
triggered, generally characterised by reduced thickness and prop-
agation (Fiorillo and Simeone 2004). The RPs of the corresponding
rainfall values, which have been estimated through the daily
curves, are significantly higher than those obtained for the 2018
event, since they exceed 30 years for duration of 3, 5, and 10 days
(Table 2). Even if no hourly data were recorded by the
Guardalfiera-Ponte Liscione station on 2003, according to Fiorillo
and Simeone (2004), the January 2003 rain storm was quite regu-
larly distributed over several days, with low-intensity peaks, and
thus, the landslide occurrence may be related to long-duration/
medium-intensity rainfall rather than short-duration/high-inten-
sity rainfall.

Landslides field surveying and inventorying
Based on field surveys, 88 earthquake-induced ground effects were
detected and classified (Keefer 1984) as 9 disrupted landslides (Fig.
3a), 75 coherent landslides (Fig. 3b), and 4 ground cracks mostly
related to slides. The most represented landslide mechanisms are
earth slide and earth flow (49 and 15 occurrences, respectively),
with only 5% of the failures affecting road cuts (Fig. 3c). The slope
angle in correspondence of the landslide areas is homogeneously
distributed and ranges between 5° and 40°, with most of the
failures occurred between 10° and 15° (Fig. 4a). The latter datum
agrees with the type of lithological units outcropping in the study
area. Specifically, landslides mainly affected soil cover in gentler

Table 2 Computed return period (RP) for the maximum values of rainfall accu-
mulated in time range from 3 to 180 days and from 1 to 24 h according to the data
recorded at Guardalfiera-Ponte Liscione station during the August 2018 and
January 2003 event

August 2018 event January 2003 event

Cumulated days Rainfall RP Rainfall RP

3 123.8 13 150 38

5 123.8 9 150 29

10 135.8 4 180 30

20 135.8 < 2 190 11

30 139.2 < 2 201 6

60 205 < 2 311.2 10

90 255.6 < 2 338.4 4

120 303.4 < 2 371.6 5

180 398.2 2 430.4 5

Cumulated hours Rainfall RP Data not available

1 33.6 17

3 35 6

6 47.2 7

12 47.2 3

24 77.6 7

a

c

b

Fig. 3 Examples of a disrupted and b coherent first-time activation inventoried after the seismic events. Retrogressive reactivation of roto-translational landslides (c) was
also highlighted
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slopes made up of clays and shales (60%), and only to a lesser
extent marls and arenaceous flysch (27%), and alluvial and debris
deposits (13%) (Fig. 4b). In this respect, it is worth noticing that the
disrupted landslides only affect flysch lithologies with slope angles
greater than 26°.

Many of the surveyed earthquake-induced ground effects (up to
37.5%) consisted of reactivated landslides (e.g. in Fig. 3), some of
which already catalogued in the official Italian inventory (IFFI - Fig.

4d), while a large proportion correspond to first-time failures on
slope. In this sense, pre-earthquake landslide density, which was
calculated over a 1–5-km side Fishnet, confirms and testifies the
medium-high proneness of the area to slope instability (Fig. 4d).

The surveyed ground effects showed a directional distribution
of with a slight NE-SW directivity, corresponding to the main
morphostructural alignments (i.e. main drainage network as well
as fault systems). Ellipses of directivity revealed a more
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pronounced direction of first-time failure with respect to landslide
reactivations (Fig. 4c).

Regarding the distribution of the earthquake-induced ground
effects with respect to the epicentral distance, a typical exponential
decay of number of effects with the increasing distance from the
epicentre is observed, with maximum distances of occurrence of
observed ground effects equal to 7 km for disrupted landslides and
up to about 18 km far for coherent landslides (Fig. 5). These
distributions were analysed in the following with respect to the
intensity of both the triggering factors, trying to derive causative
relations with destabilising forces and infer possible single or
mutual interactions controlling slope failures.

Based on these data, it results that the totality of disrupted
landslides occurred below the distance threshold provided by Keefer
(1984) and by Martino et al. (2014) from the CEDIT Italian catalogue
for disrupted landslides only (Fig. 6a). On the contrary, 43 out of 75
coherent landslides occurred beyond the maximum expected dis-
tance for this mechanism with a Mw 5.1 earthquake fixed at 3.5 km
from the epicentre (Fig. 6b). In particular, 25 out of 43 coherent
landslides that took place at distance greater than the Keefer thresh-
old were consisted in landslide reactivations, while only 4 out of the
remaining 32 occurred below it. This outputs that first-time coherent
landslides mainly occurred below the maximum distance provided
by the Keefer’s curve, while reactivations are predominant at greater
epicentral distances, with maximum frequency between 3 and 6 km
from epicentre, and frequently consist in earth-slides.

Spatial distribution of triggered ground effects
Figure 7a shows the distribution of the ground effects surveyed
after the 16 August 2018 Molise earthquake with respect to the
seismic action. In particular, the spatial distribution of the sur-
veyed events was analysed taking into account the PGA (g) values
provided by the INGV shaking map (http://shakemap.rm.ingv.it)
that represent the maximum acceleration produced at the ground
by the earthquake. The ground effects distribution shows a slightly
NE-SW trend, which has no correspondence with the PGA contour
lines that showed a linear decrease with distance (Fig. 7a). All the
disrupted landslides occurred at higher PGA values (3 effects in
0.075 g and 6 effects in 0.09 g - Fig. 7a). On the contrary, coherent
landslides mainly occurred for higher PGA values with 27 effects at
0.09 g (within 4.5 km from the epicentre) and 21 effects at 0.075 g
(within 8.5 km from the epicentre). Other 15 coherent effects

occurred at lower PGA values within a distance of 10.5 km from
the epicentre. To evaluate the seismic damage to the buildings, we
also analysed the MCS intensity values for each municipality
(www.questingv.it); however, no significant correlation has been
derived, given that the distributed proportion of ground effects lies
within classes V and VI, with 45 and 37 effects respectively.

The analysis of the spatial distribution of ground effects with
respect to the interpolated contours of cumulated rainfall at 17
August 2018 (Fig. 7b) shows that the maximum rainfall values are
almost located within the area defined by the Keefer distance for
coherent slides, in particular where the intermediate-to-high peak
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of ground acceleration (0.06–0.075 g) shows an offset from inner
epicentral areas where the maximum PGA (higher than 0.09 g) was
recorded.

The rainfall intensity distribution revealed a slight NW-SE
alignment, which is opposite to the one observed for the ground
effects (Fig. 7b). The rainfalls experienced in this area occurred in
full summer season after a long-lasted period characterised by dry
conditions. In fact, according to data, the rainfall cumulated prior
to the seismic sequence are generally lower than those recorded
during the 14–17 August event, with values varying between 0 and
20 mm in the preceding 30 days (15 July–14 August), and between 0
and 3 mm within 20 days before the seismic event (25 July–14
August).

The combined analysis of intensity values for both the seismic
shaking and the rainfall registered in the area where coherent
landslides took place highlighted how the maximum number of
effects occurred close to the epicentre, i.e. up to 3 km of distance
(Fig. 8). Such an area experienced cumulative rainfall up to 110 mm
together with the highest range of PGA. In this range of distance,

85% of coherent landslides consist of first-time occurrence, while
the remaining 15% are reactivations of pre-existing landslides.
Therefore, frequency of first-time failures exponentially decreases
with increasing the epicentral distance and decreasing PGA.

This decreasing trend of frequency occurrence for first-time
landslides is not directly related with the rainfall event. In fact,
some of these effects occurred where maximum values of rainfall
and intermediate PGA range are recorded. The coherent landslides
that experienced the maximum of rainfalls occurred at epicentral
distance greater than the distance expected according to the Keefer
curve for coherent landslides, i.e. a distance where the lone role of
seismic action (given the Mw) should not be sufficient to justify by
itself the observed slope failures. In addition, at this distance, the
largest number of reactivated landslides with respect to the total
was verified, if a distribution for regular distance classes is con-
sidered (Fig. 8). Landslide reactivations, in fact, did not show a
linear decreasing trend with distance, but rather a bilinear increas-
ing and decreasing trend with a peak of occurrence between 3 and
9 km, where rainfalls higher than 120 mm were recorded (Fig. 8).
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These evidences suggested how the rainfall played a predominant
role in landslide reactivation with respect to the seismic shaking in
case of distances higher than the ones provided by the Keefer
curve. At distances greater than 9 km, the distributions of both
first-time and reactivated landslides follow the observed decrease
of PGA, while cumulated rainfalls slightly decrease remaining
above 60 mm (Fig. 8). Because of the reduced amount of surveyed
disrupted landslides, a similar analysis for this type of landslide
could not be performed.

Afterwards, to more rigorously weigh the role of the two
destabilising actions in landslides triggering, a landslide density
spatial analysis was carried out over a regular 1.5-km-wide squared
epicentre-centred fishnet for establishing the concentration of first-
time and reactivated landslides with respect to seismic and rainfall
inputs. On the basis of the observations resulting from Fig. 9, the
spatial distributions of first-time landslides as well as reactivations
with respect to both seismic and rainfall action suggest how the
occurrence of landslides of coherent type is controlled by the mutual
action of the two destabilising factors.

For what it concerns first-time landslides (Fig. 9a), the frequency
derived over the all Fishnet’s cells significantly shows the maximum
and intermediate values (red and orange squares in Fig. 9a) spatially
consistent with the PGA maximum values and the expected distances
of occurrence for coherent landslides (Keefer 1984). As regards the
distribution of landslides reactivations (Fig. 9b), the maximum

abundance of this effects resulted beyond the distance for coherent
landslides (Keefer, 1984) in correspondence to the maximum rainfall
values and the 0.06–0.075-g PGA range (Fig. 9b). Moreover, it is worth
noticing that scattered reactivations and/or first-time landslides can be
observed in an independent spatial trend with respect to the analysed
destabilising factors all over the study area.

Discussion
The cross-analysis between landslides, PGA, and rainfall intensity
distributions allowed to better describe single or mutual interac-
tions between preparatory and triggering factors able to control
slope stability.

As it resulted by the analysis performed on the earthquake-
induced ground effects, no peculiar relationship has been found
between their spatial distribution and the outcropping
lithotechnical units able to justify frequency and distribution;
moreover, the effects are homogeneously distributed on the aver-
age acclivity of the struck area. These features seem to indicate a
lower morphological and geological control on landslides genera-
tion when an earthquake occurs.

However, a slight NE-SW alignment of the earthquake-induced
ground effects may suggests at least a partial morphostructural
control induced by the main physiographic features of the area
(e.g. drainage network and fluvial valley), while no trend has been
found with respect to the PGA contours.
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The observed landslide scenario resulted as the coupled effect
of simultaneous destabilising actions (i.e. earthquake and rainfall)
which are characterised by different hazard. The lower hazard level
can be attributed to the seismic trigger characterised by a return
period (RP) between 150 and 200 years, corresponding to a PGA at
seismic bedrock of 0.10–012 g according to Meletti and Montaldo
(2007 - http://esse1.mi.ingv.it/ - OPCM3519/2006).

Higher hazard was instead derived for the concurrent rainfall
event. According to the above-described statistical analysis, it
results in maximum RPs of 17 and 13 years referring to a time
interval of 1 h and 3 days, respectively (Table 2). Such values,
although notable, are significantly lower than RPs derived for the
January 2003 rainfall event, during which the triggering of rainfall-
induced landslides was documented (Fiorillo and Simeone 2004).

The combined action of earthquake and rainfall results in a lower
hazard level, but the contribution of the earthquake appears to be a
necessary condition for slope failure.Moreover, the co-seismic-induced
effects can also play a control in slope morphological evolution during
the post-seismic phase, up to several years after the earthquake (Hovius
et al. 2011; Marc et al. 2015), as it could be checked in future.

First-time landslides that occurred within the expected distance
according to Keefer’s curve are likely referable to the seismic

shaking. On the contrary, first-time occurrence of landslides be-
yond the Keefer’s distance can be retained as the result of the
combined action of the two transient processes; in other words,
considering their low intensity (also referring to their RP), it is
reasonable to assume that they have not been sufficient to induce
on their own the observed landslide scenario. In this context,
saturation processes occurred within the shallow soils in the days
before the seismic event would have given a valuable contribution
in the strength reduction where the dynamic stress acted. In this
way, the spatial correspondence of rainfall and seismic actions
may justify the far-field occurrence of first-time coherent type
landslides, i.e. beyond the distance expected according to litera-
ture correlations (Keefer 1984; Rodriguez et al. 1999). Such infer-
ences can be supported by slope stability analyses available in
literature, which indicate an increase of failure probability exceed-
ing 60% in response to small earthquakes (characterised by low
peak ground acceleration values, as in the Montecilfone case) and
concurrent rainfalls (Faris and Wang 2014).

The low intensity and the high recurrence of the transient
actions which caused the ground failures on August 2018 in the
epicentral area of the Montecilfone earthquake, as well as the
relative spatial ratio between first-time failure and reactivations
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(Fig. 9), suggest as a possible interpretative model for the observed
landslide scenario, the jointed aggravating contribution of an
earthquake trigger acting on saturated slopes.

Basing on magnitude of seismic action is reasonable to
hypothesise that resulting similar landslide scenario cannot be
achieved without concurrent rainfall (i.e. dry conditions). Despite
this, local primary influence of rainfall in inducing slope failures
cannot be excluded.

Although outliers of landslides occurrence with respect to the
epicentral distance for disrupted mechanism are more frequently
documented to date (mainly due to morphological or anthropic
controls; Delgado et al. 2015; Martino et al. 2019), few are the
studies dealing with predisposing role of rainfall prior to an
earthquake in controlling the spatial trend of coherent failures
(Sassa et al. 2007; Wang et al. 2007; Delgado et al. 2011; Jibson
and Harp 2012; Fig. 10).

Among these studies, Jibson (1996) and Keefer (2002) reported
for the St. George (Utah) earthquake, during which two coherent
slides occurred on a clayey slope, saturated by above-ordinary pre-
earthquake precipitation were triggered.

Based on these considerations, the here reported EQtL scenario
contributes to the catalogue of seismic-induced earthquake-trig-
gered landslides in Italy adding novel information in a zone where
no historical data were available so far (Caprari et al. 2018),
documenting once again how local geological (Esposito et al.
2000; Bozzano et al. 2001), hydrogeological (Bonilla 1959; Jibson
1996), and morphological (Delgado et al. 2011) features together
with local preparatory conditions (Bozzano et al. 2008a, 2008b;
Bozzano et al. 2010; Martino et al. 2019) contribute to landslide
distribution after earthquakes (Fig. 10).

Conclusions
The combination of seismic events and heavy rainfalls notoriously
drives toward an intensification of landslide-triggered scenarios. How-
ever, such combined scenarios have been rarely analysed in terms of
mutual weight of the causal factors. One of the reasons relies on the

scarcity of rainfall data and detailed inventories of seismic-induced
effects over large areas around the epicentre. The study presented here
proposes a combined analysis of the seismic action and the concurrent
rainfall to justify the distribution of seismic-induced ground effects
following the Mw 5.1 Montecilfone (Italy) earthquake. The inventorying
and the analyses performed revealed how, with respect to the observed
and expected distribution of disrupted landslides, based on maximum
distances provided by literature curves (Keefer 1984;Martino et al. 2014),
the coherent landslides, instead, involved clayey gently dipping slopes
located at much greater distances. This evidence can be explained with
the high soil saturation induced by the concurrent intense rainfall event
(124 mm of rain in 3 days) that could have aggravated the slope stability
conditions resulting in a worse seismically induced scenario. Conse-
quently, if within 10 km from the epicentre the contribution of cumu-
lated rainfall and earthquake shaking cannot be distinguished, at greater
distances, the reactivation of earth-slides, against a lower seismic mag-
nitude, can bemore distinctly identified as a consequence of the shallow
soil saturation.

The analysed landslide catalogue testifies the importance of
future studies for a better comprehension of hydrological and soil
saturation factors under intense meteo-climatic event in control-
ling earthquake-induced landslide scenarios at regional scales.

In conclusion, the derived results had better frame the role of
combined destabilising/predisposing factors in controlling
earthquake-induced ground failures, highlighting as a future per-
spective a comprehensive quantification of physically based land-
slide scenarios at regional scales also able to consider potential
future climate-related modifications of rainfall occurrence under
known and unchanged seismic hazard conditions.
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