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Abstract: Many of the urban settlements in Central Italy are placed nearby active faults and, con-
sequently, the ground motion evaluation and seismic site effects under near-fault earthquakes are
noteworthy issues to be investigated. This paper presents the results of site investigations, the
seismic site characterization, and the local seismic response for assessing the effects induced by the
Mw 6.7 2 February 1703, near-fault earthquake at the Madonna delle Fornaci site (Pizzoli, Central
Italy) in which notable ground failure phenomena were observed, as witnessed by several coeval
sources. Even though recent papers described these phenomena, the geological characteristics of
the site and the failure mechanism have never been assessed through in-situ investigations and
numerical modeling. Within a project concerning the assessment of soil liquefaction potential and
co-seismic ground failure, deep and shallow continuous core drilling, geophysical investigations
and in-hole tests have been carried out. Subsequently, the geotechnical model has been defined and
the numerical quantification of the different hypotheses of failure mechanisms has been evaluated.
Analyses showed that liquefaction did not occur, and the excess pore water pressure induced by the
shaking was not the source of the ground failure. Therefore, it was hypothesized that the sinkhole
was likely caused by earthquake-induced gas eruption.

Keywords: Mw 6.7 2 February 1703; earthquake; near-fault earthquake effects; seismic soil character-
ization; liquefaction; site response analysis; effective stress dynamic analysis; ground failure; deep
piping sinkhole; earthquake-induced gas eruption

1. Introduction

Many of the urban settlements in Central Italy are placed nearby active faults and,
consequently, the ground motion evaluation and seismic site effects on the environment
(among which surface fault rupture, landslide, liquefaction, ground rupture, sinkhole
formation, etc.) under near-fault earthquakes are noteworthy issues to be investigated [1–8].

Regarding the ground failure, the widespread sinkholes generated during the recent
Mw 6.4 29 December 2020, Petrinja (Croatia) earthquake, highlighted the importance to
study the sinkhole formation caused by near-fault earthquakes [9–11]. A total of 139 sink-
holes surrounding Borojevići and Mečenčani villages (Croatia) were recorded, collapsed
approximately during the three months after the main shock, but the mechanism of col-
lapse remains unknown, as well as the role of time and seismic load, hydrology, and
seismicity-related pore pressure fluctuations as possible triggers [12].

The sinkhole is a subcircular collapse cavity or surface depression with different
origins mainly related to, but not exclusive of, karst areas and often characterized by
sudden failure [13,14]. The genesis of sinkhole can be roughly due to anthropic activity
(mine or urban settlement), karst processes (rock dissolution or cave collapse), erosion of the
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river bank caused by turbulence of the river flowing, and deep piping phenomena [15–18].
Further, another significant triggering factor is the ascent of aggressive geogases, such
as CO2, and mineralized fluids through deep and buried faults, which may increase the
carbonate dissolution and modify the texture of the bedrock or the sediment cover [19].
This latter factor can be accounted for in many seismic areas, where the sinkholes are
quite widespread and show clustering along the main active faults considering that, within
the active fault plane, deep-seated fluids can uprise, thus reaching the ground surface or
being trapped in shallow zones [20–27]. Above all in Central-Southern Italy, sinkholes are
not a rare phenomenon triggered by earthquakes, so they must be taken carefully into
account for a correct seismic hazard evaluation and to mitigate the seismic risk with proper
urban planning.

This paper presents the results of site investigations, seismic site characterization, and
local seismic response for assessing the effects induced by the Mw 6.7 2 February 1703,
near-fault earthquake (in the following 1703 earthquake) at the Madonna delle Fornaci site
(MDF site) (Pizzoli, Central Italy) in which notable sinkhole formations were observed,
as witnessed by several coeval sources [28–32] and in the Database of the Individual
Seismogenic Sources (DISS) by INGV (http://diss.rm.ingv.it/dissGM/ (6 December 2021)).
Recent papers have described observations at the MDF site without deeply studying
the site’s geological characteristics and the mechanism of sinkhole formation through
in-situ investigations and numerical modelling [1,20,33,34]. Within a project concerning the
assessment of soil liquefaction potential and coseismic ground failure aiming at mapping
the seismic hazard for urban planning, the MDF site has been identified as representative of
near-fault earthquake-induced site effects and several research activities have been planned.

The first issue was to locate the earthquake-induced sinkhole site through the coeval
historical sources and to hypothesize the conceptual mechanism of its formation, con-
sidering that several authors suggested different solutions. Studies [1] and [20] located
the 1703 earthquake-induced sinkhole site nearby Pizzoli downtown, while [34] was very
close to the ancient, but still active, mill placed close to the Aterno River in the alluvial
plain. Moreover, study [1] hypothesized that the historical sources described a liquefac-
tion phenomenon, while [20], conversely, described a deep piping sinkhole [21]. The two
mechanisms and the related hazard are remarkably different; therefore, the goal of this
study was to find the site where it is more probable that the ground failure and sinkhole
formation occurred during the 1703 earthquake through careful reading of the historical
sources (Section 2). The description reported by the chronicles was compared to the current
topography and geomorphology. Subsequently, after the selection of the plausible site
(i.e., the MDF site), a geological and hydrogeological study of the surrounding areas was
performed (Section 3). To reconstruct the deep geological subsoil model, a campaign of
single station microtremor measurements was performed (Section 4.1), also integrated
with a 200 m deep borehole drilled nearby the MDF site (Section 4.2). A comprehensive
investigation program (Section 4.3) was also performed at the MDF site, including continu-
ous core drilling, surface geophysical investigations (seismic refraction surveys, MASW,
microtremor measurements), and in-hole testing (downhole, Standard Penetration Test)
to reconstruct the lithostratigraphy and seismo-stratigraphy (Section 4.4). A deep and
shallow geotechnical model for the MDF site was defined (Section 5) and used to verify
some of the possible failure mechanisms through numerical quantification (Section 6), by
adopting approaches with an increasing level of complexity. Critical discussion of the
results suggested a conceptual model of the mechanism of sinkhole formation (Section 7),
while the main findings of this study are summarized in the conclusions (Section 8).

2. The Mw 6.2 7 February 1703, Earthquake

The Mw 6.7 2 February 1703, earthquake was generated by the active Mt. Marine fault
(MMF) (Figure 1). The major seismogenic structures recognized in the area are the Upper
Aterno fault system (UAFS), composed by the Mt. Marine fault (MMF) and by the Pettino
fault (MPF), in the northern part of the Aterno R. valley, and the Paganica-San Demetrio
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fault system (PSDFS), in the southern part [35] (Figure 1). These connected fault systems
are accountable for several notable earthquakes that occurred in the last 2000 years. Data
from paleoseismological trenches across the PSDFS and UAFS show that PSDFS ruptured
in 1703 (Mw 6.7), together with UAFS [35,36]. Conversely, the 1461 and 2009 earthquakes
were generated only by the PSDFS [36,37]. The highest intensity data-point distribution
agrees with the paleoseismology. In fact, the macroseismic intensity data-point distribution
of the 1703 overlaps on both the UAFS and PSDFS, while that of 1461 (Mw 6.3) and 2009
(Mw 6.29) earthquakes includes only the PSDFS [38]. The 1703 earthquake was due to a
fault length rupture of about 35 km, while those of 1461 and 2009 of about 19 km which
confirm the empirical relationship of magnitude versus surface rupture length [39]. For
this reason, [39] stated that the 1703 earthquake was caused by the contemporary rupture
of the two fault systems (UAFS and PSDFS). A possible ancestor of the 1703 earthquake
might be the AD 801 earthquake and, in such case, the return period for an earthquake
with Mw > 6.5 on the UAFS and PSDFS would be about 900 years [36].

The seismic sequence of 1703 in Central Italy was one of the most serious seismic
disasters of Italian history in terms of both geographic and extent destruction, due to
the cumulative effects of numerous and violent earthquakes. Three strong earthquakes
can be distinguished, which hit distinct and only partially overlapping areas: the first on
14 January 115 Mw 6.92 with its epicenter in Norcia, the second on16 January Mw 6.0
with its epicenter in Montereale and the third on 2 February Mw 6.7 with its epicenter in
Pizzoli [40,41]. The epicenters move from NW to SE along the axis of Central Apennines,
which is one of the main seismic areas of Italy [42]. The 1703 earthquake was perceived in
a broad area of approximately 52,000 km2 including territories in Northern, Central, and
Southern Italy, from Bologna to Naples. Isolated and light resentments were reported even
as far as Milan and Venice [40,41].

The 1703 earthquake destroyed 44 villages in an area of approximately 19,000 km2 and
the estimated casualties were about 6000 [29]. In L’Aquila, the city closest to the epicenter
(about 12 km), an MCS intensity of about 9 was estimated considering that all the buildings
in the city suffered damage and at least 35% of these collapsed completely [40,41].

In Rome, following the 1703 earthquake, three arches of the second-order of the
Colosseum collapsed, some sections of the Aurelian walls, already in a poor state of
conservation, were damaged, and cracks and lesions in the domes and vaults of numerous
churches were formed [40,41].

Following the 1703 earthquake, several phenomena also occurred in the environment
(among which surface fault rupture, landslide, liquefaction, ground rupture, sinkhole
formation, etc.). In this study, the attention is focused on the formation of two sinkholes
opened about 175 m apart (“ninety-five steps”) close to the mill at the MDF case study
site located in the alluvial plain of the Aterno River, very near to the epicenter of the
1703 earthquake and close to Pizzoli village. Ancient chronicles report that from both these
openings sulfurous water of whitish color came out with violence and great noise together
with gravels and blocks. One of the two sinkholes, about 3 m wide (“12 spans”) and about
8.5 m deep (“thirty-two palms”), projected the column of water emitted up to a height of
about 8.5 m (“four reeds ”) [28,30–34]. The escaped water was collected in a basin, filling
the sinkhole itself up to halfway, and lasted for 17 days [20]. Further, considering that the
1703 earthquake happened during wintertime in a rainy and snowy period, the water table
of the Aterno River alluvial plain was probably very shallow [43].

Though nowadays there is no trace of the two sinkholes, historical sources indicate that
they occurred close to the mill and were 175 m apart. As reported in the old topographic
map (Figure 2) the mill is in between the Aterno River and the Madonna delle Fornaci
church (MDF). The two buildings are nowadays existing, the mill is functioning, the
Madonna delle Fornaci church is a ruin. In the most restrictive hypothesis, if a sinkhole
had formed near the mill, placed close to MDF, the other must have been at least 175 m
away. Therefore, the selected site for the investigations was chosen within the area of a
circle with a radius of 175 m and distant from the current riverbed of the Aterno River
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to avoid carrying out investigations in post-1703 alluvial deposits because close to the
current riverbed (Figure 3). Further, the MDF case study site was chosen also for logistical
reasons (accessibility for the borehole machinery, etc.). In the MDF site, the geotechnical
and geophysical investigations aimed at analyzing the mechanism of formation of the two
above-mentioned sinkholes were performed.
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Figure 1. Map of the M ≥ 5 mainshocks of the 2016–2017 Central Italy (magenta stars) and 2009
L’Aquila (light blue stars) seismic sequences. The upper-right inset shows the Italian seismic hazard
map, with peak ground accelerations (g) with a 10% chance of being exceeded in 50 years [44]. Date
and location of the macroseismic epicenters of the moderate-large historical earthquakes [45] are
reported with the yellow squares. The major active normal faults in the area (modified after [35,42,46]
are traced with red lines). MVFS = Mt. Vettore fault system; NFS = Norcia fault system; LMFS = Laga
Mts. fault system; CF = Capitignano fault; MMF = Mt. Marine fault; MPF = Mt. Pettino fault;
AFS = Assergi fault system; PSDFS = Paganica-San Demetrio fault system.
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Figure 3. Map identifying the red circle with the radius of 175 m where the two sinkholes occurred
during the 1703 earthquake are likely located. The ancient mill and the Aterno River are also
highlighted. Within this area, the selected MDF site is located. In the most restrictive hypothesis,
if a sinkhole had formed near the mill, the other must have been at least 175 m away. Therefore,
the selected site for the investigations was chosen (i) within the area of a circle with a radius of
175 m; (ii) distant from the current riverbed of the Aterno River to avoid carrying out investigations
in post-1703 alluvial deposits because close to the current riverbed, and (iii) for logistical reasons
(accessibility for the borehole machinery, etc.).
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3. Geological Background of the Madonna delle Fornaci Site (Pizzoli, Central Italy)

The Central Apennines chain is the result of convergence between the Eurasian and
Africa plates, which led to the formation of a Neogene NE-verging imbricate fold and thrust
belt composed of Mesozoic platform limestone locally overlain by syn-tectonic Miocene
arenaceous flysch, here designate as geological bedrock (Figure 4) [47–51]. Subsequently,
the Central Apennines was affected by extensional deformation, which produced several
normal faults. They generated numerous intermontane basins dated using several methods
and indicating that extension started at ca. 3–2.5 Ma [42,52]. Some of these hangingwall
basins are filled with up to 1000 m of continental deposits (e.g., [53,54]). The considerable
variability of the stratigraphy and evolution of filling deposits, spanning from alluvial,
fluvial, deltaic, distal lacustrine, and debris flow deposits, do not permit a simple correlation
between the different basins [55–57].

The Pizzoli area belongs to the intramontane Quaternary basin of Upper Aterno Valley
(UAV), whose evolution is controlled by SW-dipping active normal faults, the Mt. Marine
fault (MMF). The basin is filled by detrital continental deposits that extensively overlie the
Meso-Cenozoic bedrock mainly composed of carbonates lithologies (BDR) (Figure 4).

The continental succession is generally clustered in three large groups of lithological
units with the lower continental deposits consisting of a maximum of 100 m thick con-
glomerates and slope-derived breccias covered by fluvial sandy-silty gravels, with reversed
magnetic polarity deposited in the Lower Pleistocene (LPU) [56,58,59].

Later, the UAV experienced aggradation during Middle Pleistocene with sediment that
partly covers the previous terraced deposits. This Middle Pleistocene sediment consists
mainly of fluvial sand and gravel, with few lacustrine silt and clay (MPU).

The top lithological unit is composed of braided fluvial floodplain deposits of the
Aterno river interfingered with slope deposits, mainly gravel beds with a sandy matrix.
This lithological unit contains horizontal fluvial gravels and sandy lenses with abundant
Upper Pleistocene volcanic material permitting to date these units to the upper part of Late
Pleistocene and Holocene (PHU) [56,59].

Since the formation of a sinkhole is strongly influenced by the aquifer, the hydrogeo-
logical structure of the studied area is roughly summarized [60]. Here, the Aterno River
interacts with the coarse-grained multilayer aquifer of the alluvial plain. North of Barete
and South of Cavallari, the Aterno River yields groundwater to the alluvial aquifer. Con-
versely, among Barete and Cavallari, the Aterno River drains the alluvial aquifer, showing
a discharge increase of about 95 L/s. The groundwater supply in this Aterno River’s sector
comes from the NE side, where the groundwater of the Mt. Marine carbonate aquifer flows
toward the alluvial aquifer through the slope detrital aquifer of the pediment. On the
opposite, the SW side is characterized by low permeability units which do not contribute
to the groundwater transfer towards the Aterno River (Figure 4) [60].

At a local scale, the hydrogeological setting of the MDF site is characterized by an
unconfined multilayer coarse-grained aquifer. The multilayer aquifer is composed of gravel
and sand as aquifer with intercalation of silty sand (aquitard), cemented layers, and 1-m
thick silty and clay levels as paleosols.
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Figure 4. (a). Geological and hydrogeological map of the UAV modified after [52,56,60]. Legend:
PHU = Late Pleistocene and Holocene deposits, MPU = Middle Pleistocene deposits, LPU = Lower
Pleistocene deposits, BDR = Meso-Cenozoic bedrock, 1: box of Figure 5, 2: normal fault, 3: epicentral
area of 2 February 1703, earthquake, 4: PB1 borehole, 5: section trace, 6: main underground hydrolog-
ical flow direction, 7: inflow of Aterno R., 8: outflow of Aterno R. In the lower box (b), geological
section crossing the UAV and reporting the hydrogeological setting modified from [60].

4. Field Investigations

To identify the buried morphology of the seismic bedrock, the Aterno valley close to
the MDF site and surrounding areas were investigated with a deep borehole until 200 depth
(Section 4.1) and integrated with a non-invasive geophysical survey (Section 4.2).
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A detailed site investigation program was carried out at the MDF site with both
invasive and non-invasive field tests (Section 4.3), whose results allowed an adequate soil
characterization (Section 4.4).

4.1. PB1 Borehole

The 200 m deep PB1 borehole at Scentella site (Figure 5) was performed by the Institute
for Environmental Protection and Research (ISPRA), within the CARG Project [61] for the
elaboration of the sheet n. 348 Antrodoco of the Italian geological map at 1:50,000 scale. The
borehole reached 200 m below ground level without encountering the geological bedrock
(Figure 6).
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Figure 5. Distribution of resonance frequency (f0) from H/V noise spectral ratios over the MDF area.
The colors of the circles are proportional to the f0 values. With the red diamond the location of the
PB1 borehole is shown.

The 200 m deep PB1 borehole was drilled in 2012, using the wire-line coring technology.
Drilling operations took a long time due to the presence in the lithological sequence of
strongly cemented and fractured gravelly horizons.

Coarse-grained lithologies prevail in the borehole, although clay, silt, and loose or
cemented sand are abundant above all from about 140 to 180 m.

The lithologies encountered during the drilling are described from the bottom to
the top. From 200 and 180 m, fine to coarse carbonate gravels with sandy intercalations
predominate.

From 180 to 171 m, the gravels pass upward through a sharp boundary to fine-grained
lithologies. From 171 to 163 m, the lithological sequence is mainly composed of fine to
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medium/coarse gravels. From 163 to 141 m, fine-grained deposits again prevail. From
141 to 123 m, carbonate conglomerates predominate. They are karstified and fractured
and are also characterized by oxides-rich horizons. From 123 to 105 m, carbonate gravels
alternate with silty sand and dark gray/blackish clayey silt. From 105 to 30 m, massive
poorly sorted conglomerates and gravels prevail. They are well cemented and sometimes
karstified. Fe-Mn patinas and nodules rich and oxidized levels are scattered. At about 40 m,
a 1 m-thick pedogenized gravelly horizon was found. The boundary between LPU and
MPU can be located at 57 m b.g.l. where high-cemented conglomerates passed upward
to sandy gravels with pedogenized features. At 37.10 m, gray-yellowish volcanic sand,
evolving upward to reworked volcanic sand and sandy gravels, was found. At about 32 m,
a 1 m-thick dark brown silty horizon with oxidized levels also was found. From 30 to 12 m,
coarse- and fine-grained gravels, sandy and silty lenses, and weakly developed paleosols
sometimes rich in volcanic minerals, were found. From 12 to 0 m, loose gravels with sandy
and silty levels prevail. Frequent pedogenized horizons were also found.

4.2. Microtremor Measurements

A campaign of single station microtremor measurements over the Aterno R. valley,
close to the MDF site and surrounding areas was carried out to identify peak frequencies
potentially associated with impedance contrasts on top of the seismic bedrock. The cam-
paign of microtremor measurements was used to assess the fundamental frequency (f0)
of sediments lying over the bedrock according to the horizontal-to-vertical spectral ratio
method (HVSR) [62]. HVSR method was applied for the estimation of site f0 and, inverted,
for the retrieval of shear-wave velocity profiles (VS) in site characterization studies placed
in Quaternary basins [63–71].

A three-component seismometer, 2 Hz sensor, SL07 S.A.R.A (http://www.sara.pg.it
(6 December 2021)) was used. A recording length of 30 min and sampling frequency of
100 Hz, was adopted for each measurement [72]. The HVSR curve is estimated for each
available microtremor measurement using Geopsy code (www.geopsy.org (6 December
2021) [73]. Windows 40 s long were selected for the recorded spatial three components
according to the SESAME criteria [72]. Finally, the computed Fourier spectra were smoothed
with the Konno–Ohmachi function with a bandwidth coefficient b = 40 [74]. The new
8 measurements (MDF1-8) were coupled with the previous measurements from the seismic
microzonation of Pizzoli (P measures in Figure 5).

All investigated sites are characterized by a resonance frequency in the range of
1.23 and 5.38 Hz, showing clear and sharp frequency peaks (Figure 7), whose shape and
frequency values agree with the results of microtremor surveys performed in previous
studies for the Pizzoli seismic microzonation [75]. Based on preliminary analysis, these
fundamental frequencies could be related to an impendence contrast located between 20
and more than 100 m at depth [76,77].

The central part of the studied area, close to the MDF site, shows the lowest values of
f0, while toward the reliefs the f0 value increases. None of the boreholes realized for the
seismic microzonation of Pizzoli investigated the depth of the geological bedrock, i.e., BDR
units [75], under the covers of the continental deposit.

http://www.sara.pg.it
www.geopsy.org
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4.3. Site Investigation Program

A comprehensive geotechnical and geophysical investigation campaign was carried
out at the MDF site in 2020–2021, aiming to obtain a reliable seismic site characterization
and to reconstruct the subsoil model to be used in the numerical analysis for the quantitative
estimation of the near-fault ground motion.

The MDF site is located in a flat cultivated area, at an elevation of about 700 m a.s.l. The
field investigation included boreholes, geotechnical in situ tests (standard penetration test,
piezocone penetration test, flat dilatometer test), piezometer measurements, in-hole, and
surface geophysical tests (down-hole test, surface wave tests, seismic refraction surveys).
Figure 8 shows the plan view of the field investigation at the MDF site.
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The initially planned investigation program was modified and integrated to account
for the soil conditions encountered at the test site. In particular, the field investigation at
the MDF site was carried out in two phases, as described in detail here below.

• Phase 1 (July–August 2020)

The first investigation campaign included one continuous core borehole (BH1) to
21 m depth below the ground surface. Two undisturbed samples were recovered at
depths 9.00–9.30 m and 14.50–15.00 m, in predominantly sandy layers. An open standpipe
piezometer was installed at 11–12 m depth. The initial program also comprised one
piezocone (CPTU) and one seismic dilatometer (SDMT) soundings, both to 20 m depth, to
be executed at a close mutual distance. However, the CPTU sounding stopped at only 3 m
depth due to the presence of a thick gravel layer. Even after pre-boring down to 8 m, the
piezocone probe could not penetrate below this depth. Consequently, the planned nearby
SDMT sounding, to be carried out using the same push rig, was canceled.

Extensive geophysical testing was carried out in Phase 1. Multichannel surface wave
tests MASW (M1, M2) were carried out along two perpendicular 70-m long alignments.
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Seismic refraction surveys (SR1, SR2, SR3) were performed along perpendicular alignments
of length 69–70 m. The characteristics of the Seismic Refraction survey are reported in
Table 1.

Table 1. Characteristics of the Seismic Refraction survey.

Layout of the Survey Technical Specifications

array: length and type 69.0 m, linear array

geophone type frequency: 4.5 Hz vertical component
impedance: 430 ΄Ω

geophone: spacing and number 3.0 m, 24
energizing source type P waves 10 kg sledge hammer, aluminum plate, 9 shots

seismograph MAE mod. X820S, 24 channels at 16-24 bit per channel
(https://www.mae-srl.it/it (6 December 2021)

sample interval 0.0005 s
acquisition time window 0.55 s

• Phase 2 (November 2020–January 2021)

The second campaign, planned to fill the gaps that emerged from the Phase 1 investi-
gation, included two continuous core boreholes (BH2 and BH3) to 15 m depth. Standard
penetration tests (SPT) were executed regularly at 1-m depth intervals in borehole BH2.
Upon completion, the borehole BH2 was cased for in-hole seismic testing. A down-hole test
to 15 m depth was later carried out. In borehole BH3 series of flat dilatometer tests (DMT)
were executed from the bottom of the borehole for short depth intervals between 6.80 and
11.20 m, in predominantly sandy layers. An open standpipe piezometer was installed in
borehole BH3 at 9 m of depth.

Laboratory tests on undisturbed and disturbed samples recovered from the boreholes
in Phases 1 and 2, including cyclic/dynamic tests and grain size distribution, are currently
being planned.

4.4. Site Characterization
4.4.1. Stratigraphy

The stratigraphic logs of boreholes BH1, BH2, and BH3 (Figure 9) indicate the pre-
dominance of coarse-grained materials in the shallowest portion of the soil deposits at the
MDF site, down to the maximum investigated the depth of 21 m. The soil profile is mostly
composed of alternating layers of dense gravel and sand with gravel, particularly in the
upper 6–7 m, while sand layers are also encountered below this depth. A significant lateral
variation, typical of alluvial deposits, can be observed from the borehole logs, despite the
short mutual distance (about 2–3 m) among the boreholes.

https://www.mae-srl.it/it
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4.4.2. Groundwater Table

Piezometer measurements were carried out in boreholes BH1 and BH3 during the var-
ious investigation phases. The groundwater table was found at a depth of 6.4–6.9 m below
the ground surface in July–August 2020, about 7.3 m in November 2020, and 1.3–2.6 m in
January 2021.

4.4.3. Soil Property Interpretation from In Situ Tests

Figure 10 shows the depth profile of the SPT-N blow counts obtained in borehole BH2
and their interpretation in terms of relative density DR [78] and peak friction angle φ‘p,
estimated from DR using the [79] relationship. The gravel and gravelly sand layers up to
6–7 m depth are characterized by rather high values of relative density (DR ≈ 60 to 90%)
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and peak friction angle (φ‘p ≈ 40–42◦). The predominantly sandy layers from about 6–7 to
15 m of depth are moderately dense (DR ≈ 50–60%, φ‘p ≈ 36–37◦).
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CPTU test results were obtained only in the upper 3 m of soil and therefore provided
little information for this study.

DMT measurements carried out in borehole BH3 were considered unreliable, possibly
due to soil disturbance at borehole bottom, and therefore were not used in this study.

4.4.4. Interpretation of Geophysical Tests

The PB1 borehole permits to define that the geological bedrock is deeper than 200 m
b.g.l. Close to the borehole site, we realized the microtremor measurement MDF6, with
an f0 value of 3.16 Hz, which indicates the main impedance contrast between 30–60 m
deep [76,77]. Definitively, the impedance contrast highlighted by microtremor measure-
ments is not generated by softcover continental deposits over the geological bedrock but
is contained inside the continental deposits. This impedance contrast is probably due to
the presence of LPU covered by the softer sediments of MPU and PHU (Figures 4 and 5).
Under this assumption, the seismic bedrock at the MDF site is considered deeper than
100 m based on the MDF1 measurement with f0 = 1.23 Hz [76,77]. This hypothesis has been
verified, as reported in the subsequent sections.

Figure 11 shows the P-wave and S-wave (VP, VS) velocity profiles obtained from
the down-hole (DH) test in borehole BH2, as well as the profile of the small-strain shear
modulus G0, obtained from VS using the relation G0 = ρ VS

2, where ρ is the soil density.
The values of VP ≈ 700–800 m/s in the upper ≈6 m suggest the absence of water up to this
depth. This information agrees with piezometer measurements.

The shear wave velocity, VS, generally increases with depth, with higher values at
depths between about 6 and 9 m. G0 shows a similar trend.

The interpretation of surface wave tests (MASW), obtained through the software Easy
MASW by Geostru (https://www.geostru.eu/shop/software/software-geofisica/prova-
sismica-multicanale-masw/ (6 December 2021)), provided an estimate of VS to a depth
of about 30 m, greater than the 15 m investigated by the down-hole. Figure 12a shows
the comparison of the VS profiles obtained from down-hole and MASW. The VS profiles
interpreted from MASW along two perpendicular alignments (M1, M2) are quite similar,
indicating a limited influence of local stratigraphic variations across the investigated area.
Some difference between VS from DH and MASW is observed in the upper 15 m, where
both are available. VS obtained from DH is generally higher than VS from MASW, with
remarkable differences especially in the first 4 m and between 6 and 9 m, where the DH
interpretation leads to values 40% higher.

https://www.geostru.eu/shop/software/software-geofisica/prova-sismica-multicanale-masw/
https://www.geostru.eu/shop/software/software-geofisica/prova-sismica-multicanale-masw/
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The equivalent shear wave velocity estimated according to the Italian building code [80],
using VS values obtained from DH in the upper 15 m and from MASW from 15 to 30 m, is
VS,eq = 486 m/s (subsoil class B).

Figure 12b shows the dispersion curve obtained from the MASW. Identification of the
maximum depth, zmax = 21.6 m (half of the maximum investigated wavelength according
to [81]) for which the velocity measurements are reliable, induced to neglect the velocity
values deeper than 20 m.
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Figure 12. (a) Comparison of VS obtained from down-hole (borehole BH2) and MASW (M1, M2); (b)
dispersion curve with identification of the maximum depth, zmax, for which the MASW measurements
are reliable.

Figures 13 and 14 show the interpretation of the seismic refraction surveys SR1 and
SR2 carried out along perpendicular alignments, in terms of contours of the P-wave velocity.
The SR1 and SR2 were acquired during summer 2020 when the water table was about 7 m
b.g.l. The interpretation of SR1 and SR2 in terms of VP contours was carried out by using
the log of BH1 and BH2 boreholes and considering the water table depth at about 7 m
b.g.l. VP contours highlight the shallow 2–3 m-thick layer formed by fine-grained deposit
and weathered gravel, possible buried channels in the aquifer formed by coarse-grained
deposit, and the groundwater table. Below the VP velocity boundary of about 1500 m/s,
which is the VP velocity of water, the saturated aquifer is placed. Above the groundwater
table, the unsaturated zone of the aquifer is recognized. The SR1 interpretation also shows
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the plunging of the water table toward the Aterno River, with a hydraulic gradient of 5 ‰,
demonstrating that it drains the aquifer (Figure 13).
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5. Geotechnical Model

The data obtained from field investigations permitted to elaborate a quite confident
1D litho- and seismo-stratigraphic model for the MDF site. The abundance of experimental
data in the first 15–20 m of the soil column allowed the definition of a detailed geotechnical
model, while a less detailed one was carried out until the seismic bedrock depth by
integrating the seismic noise measurements and the deep borehole (PB1) with data provided
in other studies.

5.1. Seismic Bedrock Estimation

Available borehole log (PB1) and Vs from down-hole measurements were used to
estimate the shear wave velocity profile of the site. The empirical equation linking velocity
and depth was assumed for describing the variation of Vs in the deformable soil until the
bedrock [82–88]:

Vs(z) = Vs0

(
1 +

z
z0

)x
(1)

where z is the depth below the ground, z0 = 1 m, Vs0 is the shear wave velocity at the
surface, and x is an exponential term defining the depth dependence of the shear-wave
velocity.

In Figure 5, the f0 map highlights an overall decrease of resonant frequency moving
toward the MDF site from the east foothill. The observed trend agrees with the thickening of
the LPU and MPU lithologies toward the lower part of the UAV. To verify such a hypothesis,
a 1D numerical model was defined to simulate the 1D transfer function numerically from
the seismic bedrock to the outcropping soil of the PB1 borehole in Figure 6. The 1D soil
column was analyzed with the STRATA code [89]. The simulated 1D transfer function
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was compared with the HVSR curves of the MDF6 microtremor measurements (Figure 7),
performed close to the PB1, to estimate the value of Vs0 and x in Equation (1).

The 1D column was made of a homogeneous linear-elastic material corresponding
to sandy gravel succession (LHU and MPU) with geological deposits considered homo-
geneous, with a damping ratio of 5% and a mean unit weight of 20 kN/m3. This uniform
layer lays on an elastic half-space representing the seismic bedrock, which corresponds to
the LPU succession. The nonlinear behavior of the LHU and MPU successions has been
neglected, given the elastic nature of microtremor measurements and the associated small
shear strains.

The initial position (Vs0) and shape (x) parameters defining the curve in Equation (1)
have been tuned to fall in the range and trend identified by the available experimental Vs
profiles from the down-hole in Figure 11. For the LPU, an average shear wave velocity of
800 m/s was assumed. Such a value was defined according to that adopted in 2D numerical
models based on in-situ measurements executed on similar lithologies [68]. The seismic
input was defined according to the Random Vibration Theory (RVT), and the calculated
theoretical transfer function was compared with the experimental H/V curve of MDF6
measurement for validation. The adopted average Vs profile is indicated with the blue
curve in Figure 15, whose coefficients are Vs0 = 300 m/s and x = 0.18, which adequately
follows the trend of the available experimental Vs profiles of Figure 11 reported in Figure 15.
The same coefficient values are used to define the impedance contrast depth fitting the
frequency peak in the measurement of MDF1 realized in the MDF study site. With these
parameters, the depth of seismic bedrock in the MDF site was estimated at around 130 m
depth (Figure 15b).
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Figure 15. 1D numerical model schemes adopted for the computation of the elastic transfer functions
at PB1 boreholes (a) and the MDF site (b) and comparison with the HVSR curve obtained from
adjacent microtremor measurements (MDF6 in a and MDF1 in b) GS: gravel and sand; GCS: gravel,
conglomerate and sand; B: breccia (seismic bedrock).

To furtherly verify and strengthen the adopted small-strain soil model, the shear wave
velocity profile was also defined on the results of the down-hole test carried out at the site
until 15 m depth (Figure 11), and a laboratory-based relationship between velocity and
depth, applied between 15 m and the roof of the seismic bedrock. The relationship between
the shear wave velocity, VS, and the depth, z, was defined based on the laboratory tests for
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L’Aquila and surrounding areas [90]. This latter law has been scaled for the MDF site, to
predict the shear wave velocity at 15 m depth. The analytical expression is the following:

Vs = 89.58z0.27 + 360.7 (2)

Figure 15b summarizes the shear wave velocity profile and the related 1D transfer
function. Although based on an independent calibration, both Vs profiles are compatible
against the microtremor measurements MDF1 of Figure 7 (see Section 4.2).

The shear wave velocity profile which results from the combination of the results of
the down-hole test and the relationship between velocity and depth expressed by Equation
(2) was finally assumed in the model (Figure 15b).

5.2. Dynamic Soil Properties at Large Strains

Since site-specific investigations have not been carried out on soil layers deeper than
15 m from the ground level, the non-linear soil properties—shear modulus reduction and
damping curves—of the deeper soil strata have been modeled referring to literature curves,
according to the [91] model (Figure 16).

Geosciences 2021, 11, x FOR PEER REVIEW 19 of 34 
 

 

 
Figure 15. 1D numerical model schemes adopted for the computation of the elastic transfer func-
tions at PB1 boreholes (a) and the MDF site (b) and comparison with the HVSR curve obtained from 
adjacent microtremor measurements (MDF6 in a and MDF1 in b) GS: gravel and sand; GCS: gravel, 
conglomerate and sand; B: breccia (seismic bedrock). 

5.2. Dynamic Soil Properties at Large Strains 
Since site-specific investigations have not been carried out on soil layers deeper than 

15 m from the ground level, the non-linear soil properties—shear modulus reduction and 
damping curves—of the deeper soil strata have been modeled referring to literature 
curves, according to the [91] model (Figure 16). 

 
Figure 16. Normalized shear modulus and damping ratio curves adopted for deeper (>15 m) soil 
layers [91]. 

In the first 15 m, since the well-graded grain size distribution and the presence of 
granular material, the variability of the dynamic soil properties has been taken into ac-
count by adopting curves for gravelly soils proposed by several Authors: [92–95] and the 
most recent [96]. When the effective overburden stress was required, reference stress of 
100 kPa was assumed, while a uniform coefficient of 7 was considered as representative 
of the grain size distribution of the gravelly/sandy soils. 

Figure 17 shows a comparison of the literature curves in terms of normalized shear 
modulus reduction and damping ratio as a function of the shear strains. The normalized 
shear moduli show a similar trend except for the lower bound proposed by [92] and the 
upper bound reported by [95]. More discrepancies are observed in the damping ratio, 
where the higher values are suggested by [92] and [94] for strain higher than 0.3%.  
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layers [91].

In the first 15 m, since the well-graded grain size distribution and the presence of
granular material, the variability of the dynamic soil properties has been taken into account
by adopting curves for gravelly soils proposed by several Authors: [92–95] and the most
recent [96]. When the effective overburden stress was required, reference stress of 100 kPa
was assumed, while a uniform coefficient of 7 was considered as representative of the grain
size distribution of the gravelly/sandy soils.

Figure 17 shows a comparison of the literature curves in terms of normalized shear
modulus reduction and damping ratio as a function of the shear strains. The normalized
shear moduli show a similar trend except for the lower bound proposed by [92] and the
upper bound reported by [95]. More discrepancies are observed in the damping ratio,
where the higher values are suggested by [92,94] for strain higher than 0.3%.

The saturated layers of the shallowest 15 m of the soil column can generate pore
pressure build-up due to the seismic shaking. This non-linear behavior was modeled
according to the pore water pressure (pwp) model proposed by [97]. The main advantage of
the adopted model is that it permits to synthetically express the seismic demand relevant
to an irregular time-history of shear stress, and to compare it to the cyclic strength of
liquefiable soils, as measured in stress-controlled cyclic laboratory tests, thus avoiding the
evaluation of the number of equivalent uniform stress cycles. This simplified model is
implemented in the 1D non-linear code SCOSSA [98,99] and validated on centrifuge tests
and well-instrumented test sites, as detailed in [100,101].
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Figure 17. Normalized shear modulus and damping ratio curves adopted for the shallowest 15 m of
the soil column. Rollins et al. (2020) [96]; Modoni & Gazellone (2010) [95]; Menq (2003) [94]; Rollins
et al. (1994) [93]; Kukusho et al. (1981) [92].

The calibration of the pwp model parameters required the definition of the cyclic
resistance curve (Cyclic resistance ratio, CRR vs. the number of cycles at liquefaction, NL)
and excess pore water pressure curves (excess pore pressure normalized by the initial
effective vertical stress, ru and the normalized number of cycles, N/NL), according to the
following expressions:

(CRR − CSRt)

(CSRr − CSRt)
=

(
15
NL

) 1
α

(3)

ru = a
(

N
NL

)b
+ (0.95 − a)

(
N

NL

)d
(4)

where CSRt, CSRr, α, a, b, and d are model parameters to be defined on the results of in-situ
or laboratory tests.

The model calibration was carried out on the results of the SPT tests, according to
the procedure proposed by [102]. Table 2 reports the numerical values of the calibrated
parameters for the different soil layers. Because of the high relative density highlighted in
Section 4.4.3, the modeled soils are characterized by high values of cyclic resistance.

Table 2. Parameters of the pwp model used in the effective stress analyses.

Layer CSRt α CSRr a b d

0 ÷ 4 m 0.001 8.49 13.74 0.784 0.349 9.327
4 ÷ 6 m 0.001 31.92 66.33 0.775 0.28 7.913
6 ÷ 9 m 0.001 4.03 3.78 0.784 0.393 10.21

9 ÷ 15 m 0.001 16.26 23.81 0.781 0.315 8.638

6. Ground Failure Interpretation

This section aims to quantitatively verify some of the possible failure mechanisms
that were considered to interpret the damage observations reported in the historical chron-
icles (Section 2), with special attention to liquefaction phenomena and piping sinkholes
generated by the seismic-induced pore water pressure build-up.
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6.1. Simplified Liquefaction Analyses

As a preliminary tentative interpretation of the near-fault surface manifestations
triggered by the 2 February 1703, earthquake, liquefaction analyses were carried out using
simplified methods based on in-situ testing results. In particular, simplified methods for
liquefaction assessment based on SPT N-values [103] and shear wave velocity VS [104,105]
were used.

The seismic input data required in the simplified liquefaction analyses were assumed
as representative of the 2 February 1703, earthquake, i.e., magnitude Mw = 6.7 and peak
ground acceleration PGA = 0.886 g. This PGA value was derived from the relationship
recently proposed by [106] as a function of the macroseismic intensity (IMCS = X). The
groundwater table was assumed at a depth of 1.3 m below the ground surface, based on
piezometer measurements carried out in the winter season. As a first approximation, a
mean value of the fines content FC = 15% was assumed down to 15 m depth.

The results of liquefaction analyses based on SPT and VS are summarized in Figure 18a,b,
respectively. In both cases, despite the severe seismic demand which determines very high
values of the cyclic stress ratio (CSR), the cyclic resistance ratio (CRR) of the MDF soils
derived from in-situ testing results was found considerably higher than CSR. Hence, no
liquefaction was predicted by using simplified methods.

This preliminary analysis permitted us to screen out liquefaction as the (prevalent)
mechanism of the observed phenomena.

Geosciences 2021, 11, x FOR PEER REVIEW 21 of 34 
 

 

9 ÷ 15 m 0.001 16.26 23.81 0.781 0.315 8.638 

6. Ground Failure Interpretation  
This section aims to quantitatively verify some of the possible failure mechanisms 

that were considered to interpret the damage observations reported in the historical 
chronicles (Section 2), with special attention to liquefaction phenomena and piping sink-
holes generated by the seismic-induced pore water pressure build-up. 

6.1. Simplified Liquefaction Analyses 
As a preliminary tentative interpretation of the near-fault surface manifestations trig-

gered by the 2 February 1703, earthquake, liquefaction analyses were carried out using 
simplified methods based on in-situ testing results. In particular, simplified methods for 
liquefaction assessment based on SPT N-values [103] and shear wave velocity VS [104,105] 
were used. 

The seismic input data required in the simplified liquefaction analyses were assumed 
as representative of the 2 February 1703, earthquake, i.e., magnitude Mw = 6.7 and peak 
ground acceleration PGA = 0.886 g. This PGA value was derived from the relationship 
recently proposed by [106] as a function of the macroseismic intensity (IMCS = X). The 
groundwater table was assumed at a depth of 1.3 m below the ground surface, based on 
piezometer measurements carried out in the winter season. As a first approximation, a 
mean value of the fines content FC = 15% was assumed down to 15 m depth. 

The results of liquefaction analyses based on SPT and VS are summarized in Figure 
18a,b, respectively. In both cases, despite the severe seismic demand which determines 
very high values of the cyclic stress ratio (CSR), the cyclic resistance ratio (CRR) of the 
MDF soils derived from in-situ testing results was found considerably higher than CSR. 
Hence, no liquefaction was predicted by using simplified methods. 

This preliminary analysis permitted us to screen out liquefaction as the (prevalent) 
mechanism of the observed phenomena. 

  
(a) (b) 

Figure 18. Results of liquefaction assessment using simplified methods based on SPT (a) and VS (b). 
Boulanger & ldriss 2014 [103]; Andrus & Stokoe 2000 [104]; Kayen et al. (2013) [105]. 

6.2. Equivalent Linear Seismic Response Analyses 
Dynamic seismic response analyses according to the equivalent linear approach were 

performed for the MDF site to identify possible mechanisms of failure. 

Input Motion Definition 
The selection of recorded ground motions was carried out using the Italian strong 

motion database, i.e., the Italian Accelerometric Archive [107]. The selection criteria con-
sisted of a range of moment magnitude, MW, between 6 and 7, and epicentral distance, 

Figure 18. Results of liquefaction assessment using simplified methods based on SPT (a) and VS (b).
Boulanger & ldriss 2014 [103]; Andrus & Stokoe 2000 [104]; Kayen et al. (2013) [105].

6.2. Equivalent Linear Seismic Response Analyses

Dynamic seismic response analyses according to the equivalent linear approach were
performed for the MDF site to identify possible mechanisms of failure.

Input Motion Definition

The selection of recorded ground motions was carried out using the Italian strong
motion database, i.e., the Italian Accelerometric Archive [107]. The selection criteria con-
sisted of a range of moment magnitude, MW, between 6 and 7, and epicentral distance,
Repi, between 1 and 20 km, aimed to reproduce as close as possible the historic seismic
event. The range of distance was enlarged after that preliminary research turned no results.
The selection provided a set of seven records reported in Table 3 satisfying also additional
criteria, such as outcropping rock motions according to the Eurocode 8 [108], no vertical
components of the ground motions, and normal fault mechanism.

Table 3 shows that the available records are related to the same seismic event, i.e., the
Mw 6.5 30 October 2016, Castelluccio di Norcia earthquake, which is the second mainshock
that struck Central Italy between August 2016 and January 2017 (Figure 1). This earthquake
can be considered the most similar to the historic one among the available recorded signals,
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because of the intensity and fault mechanism. Even though the records are reported with
an increasing epicentral distance from the top to the bottom of Table 3, the intensity of the
motion in terms of Peak Ground Acceleration (PGA) is not decreasing with the distance
as expected. For this reason, a deeper study was performed on the subsoil class and
topographic category of the selected stations using the datasheets available in the ITACA
database (Table 3). Station data showed that only two of the recorded stations, i.e., FCC and
ACC, can be considered settled on outcropping seismic bedrock according to the National
Building code [80].

Table 3. Recorded ground motion obtained from the selection on ITACA database.

Event ML MW Station Code Repi (km) PGA (g) VS,30
1 (m/s)

(Subsoil Class)
Topographic

Class 1

30.X.2016 06:40:18 6.1 6.5 CLO 7.8 0.58 425 (B) T1
30.X.2016 06:40:18 6.1 6.5 T1212 10.5 0.28 537 (B) T1
30.X.2016 06:40:18 6.1 6.5 FCC 11.0 0.95 917 (A) T1
30.X.2016 06:40:18 6.1 6.5 T1213 12.0 0.87 576 (B) T1
30.X.2016 06:40:18 6.1 6.5 ACC 18.6 0.43 828 (A) T1
30.X.2016 06:40:18 6.1 6.5 MMO 19.2 0.19 787 (B) T1

24.VIII.2016 01:36:32 6.0 6.5 MTR 19.4 0.08 767 (B) T1
1 Reported in the ‘station detail’ of each station. Database accessed on 28 July 2021.

With reference to the two-class A stations, the recorded PGA is close to the gravity in
FCC (Forca Canapine) station and closer to 0.5 g in ACC (Accumoli). Because of the remark-
able uncertainties associated with the intensity of the historic earthquake, both stations,
and horizontal components, i.e., North-South (NS) and East-West (EW), were considered as
input motions in the seismic response analyses. Figure 19 shows the acceleration response
spectra of the EW and NS components of the selected records.

Geosciences 2021, 11, x FOR PEER REVIEW 23 of 34 
 

 

 
Figure 19. Acceleration response spectra (5% damping) vs. the period for the selected input motions. 

Dynamic analyses according to an equivalent linear approach in the frequency do-
main were performed with the computer code STRATA [89], in which the selected input 
motions were applied as outcrop motions at the roof of the seismic bedrock and then 
propagated up to the ground surface. The model used in the simulations is described in 
Section 5. The variability of the non-linear and dissipative behavior of the shallowest soil 
layers (<15 m) was considered by using the six literature curves for gravelly soils intro-
duced in Section 5.2. A total number of 24 equivalent linear analyses (4 input motions × 6 
modulus reduction and damping ratio curves) were performed. The effective strain ratio 
considered in the analyses was 0.65, as generally assumed in the equivalent linear ap-
proach.  

Figure 20 reports the results of the analyses in terms of vertical profiles of the maxi-
mum acceleration for the four selected input motions. Higher variability of the accelera-
tion at the surface is observed for the FCC motions, where a higher or lower range of the 
shear strains is attained as a function of the non-linearity of the considered curves used in 
the model. 

The peak ground acceleration predicted at the surface is included in the window 
0.39–0.88 g. The predicted range of maximum acceleration at the ground level is compat-
ible with the expected values obtained through the Macrointensity vs. PGA functions pro-
posed by [106] and [109], as shown in Figure 21. 

6.3. Non-Linear Seismic Response Analyses 
The previous dynamic analyses were integrated with further seismic response anal-

yses carried out in the time domain and involved only the first 15 m of the soil column. 
This set of analyses has the double scope to (i) directly account for the non-linear soil be-
havior, which more realistically models the soil response under strong motions events; (ii) 
verify the triggering of a piping sinkhole induced by excess pore water pressure, which is 
a possible failure mechanism hypothesized for the observed seismic-induced effects. 

Concerning this typology of the piping sinkhole, one of the conceivable causes of the 
failure is some instability associated with seepage that can be induced in the granular 
composing the roof of existing caves. As a result of pore water pressure build-up due to 
the shaking of the earthquake, the piezometric head in the sandy/gravelly deposits rose 
well over the piezometric head in the underlying permeable layers, and a state of critical 
hydraulic gradient was reached to trigger a type of piping failure. This mechanism was 
correlated to the excess pore water pressure generated in liquefiable soils after major 
earthquakes by [110]. Since such a local phenomenon supposedly involved the shallowest 
part of the soil column, only the first 15 m of the model was considered in the analysis. 
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Dynamic analyses according to an equivalent linear approach in the frequency domain
were performed with the computer code STRATA [89], in which the selected input motions
were applied as outcrop motions at the roof of the seismic bedrock and then propagated up
to the ground surface. The model used in the simulations is described in Section 5. The
variability of the non-linear and dissipative behavior of the shallowest soil layers (<15 m)
was considered by using the six literature curves for gravelly soils introduced in Section 5.2.
A total number of 24 equivalent linear analyses (4 input motions × 6 modulus reduction
and damping ratio curves) were performed. The effective strain ratio considered in the
analyses was 0.65, as generally assumed in the equivalent linear approach.

Figure 20 reports the results of the analyses in terms of vertical profiles of the maximum
acceleration for the four selected input motions. Higher variability of the acceleration at the
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surface is observed for the FCC motions, where a higher or lower range of the shear strains
is attained as a function of the non-linearity of the considered curves used in the model.
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Rollins et al. (2020) [96]; Modoni & Gazellone (2010) [95]; Menq (2003) [94]; Rollins et al. (1994) [93];
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The peak ground acceleration predicted at the surface is included in the window
0.39–0.88 g. The predicted range of maximum acceleration at the ground level is compatible
with the expected values obtained through the Macrointensity vs. PGA functions proposed
by [106] and [109], as shown in Figure 21.
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6.3. Non-Linear Seismic Response Analyses

The previous dynamic analyses were integrated with further seismic response analyses
carried out in the time domain and involved only the first 15 m of the soil column. This
set of analyses has the double scope to (i) directly account for the non-linear soil behavior,
which more realistically models the soil response under strong motions events; (ii) verify
the triggering of a piping sinkhole induced by excess pore water pressure, which is a
possible failure mechanism hypothesized for the observed seismic-induced effects.

Concerning this typology of the piping sinkhole, one of the conceivable causes of
the failure is some instability associated with seepage that can be induced in the granular
composing the roof of existing caves. As a result of pore water pressure build-up due
to the shaking of the earthquake, the piezometric head in the sandy/gravelly deposits
rose well over the piezometric head in the underlying permeable layers, and a state of
critical hydraulic gradient was reached to trigger a type of piping failure. This mechanism
was correlated to the excess pore water pressure generated in liquefiable soils after major
earthquakes by [110]. Since such a local phenomenon supposedly involved the shallowest
part of the soil column, only the first 15 m of the model was considered in the analysis.

To estimate the seismic induced pore water pressure build-up, seismic response analy-
ses were performed in effective stress conditions, i.e., considering the bi-phase nature of
the soils.

The acceleration time histories at 15 m depth obtained in the previous equivalent
linear dynamic analyses were applied at the base of the 15 m soil column model (Figure 22)
as an inside motion, as suggested by [111–113].
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One-dimensional dynamic analyses in effective stress were carried out by a simplified
model, which represents a possible compromise between sophisticated and empirical
procedures [97], already described in the previous Section 5.2.

The geotechnical model used in the simulation is the same described in Section 5,
where only the [96] curves were adopted. The groundwater table was assumed at 1.3 m
depth from the ground level, according to the measures performed during the winter
season, while perfect undrained conditions were assumed during the earthquake and,
consequently, the dissipation was neglected in the analysis.

Figure 22 shows the results obtained by the non-linear dynamic analyses in effective
stress in terms of vertical profiles of the maximum acceleration, shear strain, shear stress,
and pore pressure attained. Compared to the hydrostatic distribution of water pressure,
the increase of excess pore pressure generated by the seismic shaking is quite limited and
not able to justify the damage observed after the earthquake.
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The current state of the soil (relative density and effective stress) is incompatible with
a failure mechanism involving the excess pore water pressure induced by the shaking
(piping sinkhole), which was initially hypothesized based on the description of the historic
chronicles.

7. Discussion: The Earthquake-Induced Gas Eruption Hypothesis

The model assessed based on the extensive field survey for the MDF site was used to
perform several computations with an increasing level of complexity. The analyses aimed
at estimating possible sources of the observed damage hypothesized by several studies.
Simplified liquefaction analyses based on both SPT and Vs measurements exclude the
attainment of liquefaction in the saturated granular layers. Possible correlations between the
failure and the excess pore water pressure induced by the strong shaking in the shallowest
layers are furtherly explored through dynamic analyses. Despite the high intensity of the
motion expected at the surface, as predicted by equivalent linear and non-linear seismic
response analyses, the hydraulic gradient induced by the shaking is not enough to trigger a
shallow piping sinkhole, such as described by [110]. The current state of the soil deposits
makes unlikely any correlation between the soil failure and the generation of seismic-
induced excess pore water pressure.

In summary, the above-described numerical approaches demonstrate that the two
sinkholes of the MDF site were not generated by liquefaction of ground failure due to the
increase in water overpressures that occurred during the 1703 earthquake.

Therefore, what could be the mechanism of their formation? Here below, a hypothesis
considering the involvement of gas upwelling is discussed.

Indeed, historical sources describe a violent emission from the sinkholes of sulfurous
whitish water mixed with gravels. The emitted short-lived water column would have
reached the height of about 8.5 m [28,30–34]. At this point, all these observations suggest
that the formation of the sinkhole was caused by an earthquake-induced gas eruption.
The lithological log of PB1 and BH1 boreholes, the hydrogeological setting [60], and the
hydrogeochemical versus seismogenesis model in Central Italy triggered by the carbon
dioxide degassing can help to elaborate a conceptual model for the gas origin and its
eruption at the MDF site during the 1703 earthquake.

The seismogenic background of Central Italy is also based on the upwelling of gas,
among which mainly CO2, along the active faults [114–116]. In the Apennine area of
Central Italy, the CO2 degassing is not complete like in the Tyrrhenian side characterized
by widespread volcanic and hydrothermal, and geyser activities [117]. Therefore, in the
Apennine area, gas is stored in crustal traps at different scales and depths generating
CO2 overpressurized reservoirs, which induce seismicity. In fact, it is well known that
fluids reduce the rock’s effective stress and so can trigger fault rupture and generate
earthquakes [118]. During the co- and post-seismic stages, the CO2 degassing can cause
several documented hydrogeological and hydrochemical changes. In the pre-seismic stage,
modifications on hydrogeology and hydrochemistry are debated and this issue is still
a work in progress [119–122]. This seismogenic mechanism was demonstrated for the
Mw 6.3 6 April 2009, L’Aquila earthquake and for the 2016–2017 Central Italy seismic
sequence [123–125].

Coarse-grained lithologies (alternation of calcareous gravel, conglomerate, and breccia)
prevail in the 200 m deep PB1 borehole and above all from 57 to 145 m well-cemented
conglomerate and breccia and gravels prevail. Moreover, Fe-Mn patinas and nodules rich
and oxidized levels are scattered in the sequence above all from 45 to 145 m while karst
features occur from 70 to 145 m. The hydrogeological setting at the local scale interpreted
from the PB1 well log, refers to an unconfined multilayer coarse-grained aquifer with
a shallow groundwater table. The multilayer aquifer is composed of gravel and sand
as aquifer with discontinuous intercalation of lenses composed of silty sand (aquitard),
cemented conglomerate and fine-grained paleosols. The aquifers correspond to the gravel,
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the cemented conglomerate and the fine-grained lenses represent local aquicludes sealing
the geogas upwelling.

The finding in the PB1 core samples of the Fe/Mn-rich levels and karst features is
convincing proof for the CO2 accumulation in local isolated gas pockets. In fact, the mixing
with aggressive groundwater characterized by Fe/Mn reduced ions with shallower ground-
water favors the oxidation of Fe/Mn ions and so the precipitation of Fe/Mn oxides [126].
Moreover, CO2 makes groundwater aggressive and therefore also promotes the dissolution
of karst processes.

Figure 23 illustrates the gas upwelling in the Aterno R. valley during the interseismic
period (i.e., before the 1703 earthquake occurrence). Geogas ascended to the top by flowing
along the MMF active fault and rising vertically in the MMF hanging wall. So, several
overlying geogas pockets are generated at different depths in the multi-layer aquifer of the
Aterno R. valley.
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Figure 24 shows the conceptual model of the earthquake-induced short-lived gas
eruption that presumably occurred in the coseismic stage of the 1703 earthquake at the
MDF site. The earthquake shaking produced abruptly the seal cracking and consequently
the violent upward gas rise which also involved groundwater. The upward flowing of
gas mixed with groundwater also created the piping into the loose aquifer and the gas-
induced piping reached the ground level. The turbulent flowing favored the erosion of the
fine-grained matrix so making groundwater turbid, as testified by the coeval sources.

Moreover, in the shallow aquifer, the violent piping also produced occasional gravel
throwing outside the ground level, as attested by the coeval sources, and the enlargement
of the gas-induced sinkhole.

In summary, the two sinkholes that occurred at MDF site during the 1703 earthquake
were not generated through liquefaction or ground failure due to the pore water pressure
excess induced by the seismic shaking. Therefore, an earthquake-induced gas eruption can
explain the sinkholes that originated at MDF site by the violent gas ascent.

Further, it must be noted that the presented conceptual model concerning the geogas
uprising along active faults for central-southern Italy is greatly supported by many recent
bibliographic references [116,117,127–132].
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8. Conclusions

The proposed study addressed the ground motion evaluation and seismic site effects
caused by near-fault earthquakes. These noteworthy issues deserve special attention in
Central Italy, where many urban settlements are placed nearby active faults.

This paper investigated in depth the effects induced by Mw 6.7 2 February 1703,
near-fault earthquake at the Madonna delle Fornaci site (Pizzoli, Central Italy), trying to
technically interpret the notable ground failure phenomena observed by several coeval
sources.

Within a project concerning the assessment of potential liquefaction and co-seismic
ground failure, deep and shallow continuous core drilling, geophysical investigations and
in-hole tests and extensive field survey have been carried out. They allowed a detailed
reconstruction of the geological and geotechnical subsoil, both on a large and local scale.
Subsequently, the numerical quantification of the different hypotheses of failure mech-
anisms was carried out by adopting approaches with an increasing level of complexity.
Liquefaction analyses based on empirical charts exclude liquefaction occurrence, while
advanced numerical analyses in effective stress showed that the excess pore water pressure
induced by the shaking was not the source of the ground failure. Prediction of the expected
maximum acceleration at the ground level as obtained by seismic response analyses is
compatible with the available relationships based on the macroseismic intensity of the
historic earthquakes. Therefore, it has been hypothesized that the sinkhole was likely
caused by an earthquake-induced gas eruption with a short-lived duration.

The proposed study is representing an exemplificative workflow to be applied to
other case studies and a step forward into the identification of possible co-seismic effects
that can be induced by near-fault earthquakes. Moreover, the proposed conceptual model
bears significant implications for hazard studies on earthquake- and gas eruption-induced
sinkholes.
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