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Abstract
This paper describes the seismological analyses performed within the framework of the 
seismic microzonation study for the reconstruction of 138 municipalities damaged by the 
2016–2017 sequence in Central Italy. Many waveforms were recorded over approximately 
15 years at approximately 180 instrumented sites equipped with permanent or temporary 
stations in an area that includes all the damaged localities. Site response was assessed using 
earthquake and noise recordings at the selected stations through different parameters, such 
as spectral amplification curves, fundamental resonance frequencies, site-specific response 
spectra, and average amplification factors. The present study was a collaboration of many 
different institutions under the coordination of the Italian Center for Seismic Microzona-
tion and its applications. The results were homogenized and gathered into site-specific 
forms, which represent the main deliverable for the benefit of Italian Civil Protection. It is 
remarkable that the bulk of this study was performed in a very short period (approximately 
2 months) to provide quantitative information for detailed microzonation and future recon-
struction of the damaged municipalities.
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1 Introduction

Seismic microzonation (SM) is defined as “the assessment of local seismic hazards by 
identifying the zones of a given geographic area with homogeneous seismic behaviour. In 
practice, SM identifies and characterises stable zones, stable zones prone to local ampli-
fication of seismic movement and zones prone to instability” (SM Working Group 2015). 
Microzonation studies have the purpose of “rationalising the knowledge of these phenom-
ena and of providing useful data to those in charge of planning or implementing projects in 
a given geographic area” (SM Working Group 2015). They are usually carried out within 
the framework of mid-term plans focused on seismic risk reduction and are commissioned 
by the regional administrations in Italy.

SM studies are often conducted following destructive earthquakes with the final aim of 
reconstruction of the damaged towns. A number of studies are carried out during ongo-
ing seismic sequences through the deployment of temporary networks (Margheriti et  al. 
2011; Moretti et al. 2012, 2016), and others are set up in the post-emergency period. This 
post-earthquake approach has been adopted after all major earthquakes in Italy in the last 
30 years, such as those in 1997 in Umbria-Marche (Marcellini et al. 2001, and references 
therein), 2002 in San Giuliano di Puglia (Dolce 2009, and references therein), 2009 in 
L’Aquila (Mucciarelli et  al. 2011, and references therein), and 2012 in Emilia (Mucciar-
elli et al. 2014, and references therein).

The Italian Guidelines for Seismic Microzonation (SM Working Group 2015) distin-
guish between three levels of microzonation, namely, qualitative level 1 (MS1), semi-
quantitative level 2 (MS2), and quantitative level 3 (MS3). A fundamental element for any 
site-specific hazard assessment and detailed SM study is the evaluation of the site seismic 
response. MS3 requires the assessment of the site seismic response by 1D-2D numerical 
modelling or experimental techniques. The latter may include passive measures of environ-
mental seismic noise or strong/weak-motion earthquake records.

Soon after the first main event of the 2016–2017 seismic sequence in Central Italy (24 
August 2016, Mw 6.0, Amatrice earthquake), the Department of Civil Protection (Diparti-
mento di Protezione Civile, DPC; www.prote zione civil e.gov.it) commissioned the Center 
for Seismic Microzonation and its applications (Centro per la Microzonazione Sismica e 
le sue applicazioni, CMS; www.centr omicr ozona zione sismi ca.it) to coordinate a series of 
geophysical, geomorphological, geological, and geotechnical surveys, with the final goal 
of performing MS3 in some localities of the epicentral area. Two temporary networks of 
seismic stations were installed in the most damaged hamlets of the 4 municipalities of 
Amatrice and Accumoli in the Lazio Region and Arquata del Tronto and Montegallo in 
the Marche Region to record the ongoing seismic sequence and evaluate the site response. 
The studies carried out during this emergency phase led to the MS3 of the 4 most damaged 
municipalities in the epicentral area in a very short time—the MS3 results were delivered 
to the DPC by April 2017—to provide useful information for the management of the early 
post-emergency phase.

In five months, the sequence evolved with thousand events, nine of which had magni-
tudes greater than five, affecting a broad area (approximately 80 km from North to South) 
and involving 138 municipalities in four Italian regions, namely, Lazio, Abruzzo, Umbria 
and Marche (Fig. 1). Faced with the extended and persisting level of emergency, in Febru-
ary 2017 the Extraordinary Commissioner for the reconstruction, appointed by the Italian 
Government, promoted a second phase to extend the MS3 study to all 605 damaged locali-
ties (hereafter MS3-localities) in the 138 municipalities, under the scientific coordination 

http://www.protezionecivile.gov.it
http://www.centromicrozonazionesismica.it
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of the CMS. To quickly provide information and suggestions for the reconstruction phase, 
the whole MS3 evaluation had to be performed in the extremely short period of six months. 
The CMS organized the work into 6 transversal Thematic Units managed by experts. One 
of these units was the Seismological Analysis Thematic Unit (UTAS); its task was to pro-
vide quantitative information about the site response by using all seismic recordings avail-
able for the study area. The time accorded for performing the analyses was very short, 
i.e., less than three months. The UTAS was composed of four working groups (WGs; see 

Fig. 1  Map of the seismic sequence that struck Central Italy in 2016–2017 (yellow dots) in the framework 
of the seismicity since 1997 (dots of any colour). The seismic sequences of Umbria-Marche in 1997 (to 
the north) and L’Aquila in 2009 (to the south) are displayed in grey and white, respectively. The stars rep-
resent events of magnitude greater or equal to 5.5 (from ISIDe Working Group 2016). The origin time and 
moment magnitude are indicated for these events



 Bulletin of Earthquake Engineering

1 3

Table 1) that worked independently on different parts of the dataset to reduce the overall 
processing time. The OGS coordinated the UTAS activity and the ENEA supported the 
coordination and communication with the CMS.

In this paper, we describe the strategies and methods adopted by the UTAS to empiri-
cally evaluate the site response at the 138 damaged municipalities. We treat the two main 
phases of work separately, i.e., the intervention in the 4 municipalities of the epicentral 
area of the Amatrice earthquake during the emergency phase carried out through tempo-
rary seismic networks (Phase 1) and that performed for the 134 damaged municipalities in 
the post-emergency period using all the available seismological data (Phase 2). Then, we 
illustrate how the results for each investigated locality were summarized into site-specific 
forms for the CMS and MS3. Considering the scope of our study and the extent of the 
investigated area, we cannot discuss in detail the results obtained for each site. Just to pro-
vide some examples of what has been obtained, we summarize some significant outcomes 
of the two phases below.

2  Outline of the seismic sequence and geology of the area

The 2016–2017 seismic sequence in Central Italy started on August 24, 2016 with a Mw 
6.0 mainshock at 01:36:32 UTC near Accumoli that was followed by a Mw 5.4 event at 
02:33:28 UTC close to Norcia, approximately 10 km of epicentral distance from the first 
shock (Michele et  al. 2016). These earthquakes were followed by two strong shocks of 
Mw 5.4 and 5.9 on October 26 (at 18:10:36 and 20:18:07 UTC, respectively), and by the 
largest mainshock of Mw 6.5 on October 30 at 06:40:17 UTC close to the village of Nor-
cia, approximately 20 km NW of Amatrice. The last large events of the seismic sequence 
occurred on January 18, 2017 south of Accumoli, with Mw ranging from 5.0 to 5.5 (Chiar-
aluce et al. 2017). The map in Fig. 1 represents the seismic sequence from its beginning on 
August 2016 to February 2017; it is bounded to the south by the 2009 L’Aquila sequence 
and to the north by the 1997 Colfiorito sequence.

The epicentral distribution of events is geometrically coherent with the extensional 
system of the active faults dissecting the Apennine chain longitudinally (Boncio et  al. 
2004 and references therein; Chiaraluce et al. 2017; Porreca et al. 2018), where most of 
the historical and instrumental seismicity is located. The Time Domain Moment Tensor 
focal mechanisms of the strongest events are normal dip-slip with NNW-SSE striking focal 

Table 1  List of the UTAS working groups (WGs) involved in the study

The columns indicate the name of the WG and full name of the corresponding institutions

WG name Corresponding institutions

OGS Istituto Nazionale di Oceanografia e di Geofisica Speri-
mentale, CRS Seismological Section

INGV-MI + UNIGE Istituto Nazionale di Geofisica e Vulcanologia, Milan
University of Genoa, DISTAV Department

INGV-RM + INGV-AQ Istituto Nazionale di Geofisica e Vulcanologia, Rome
Istituto Nazionale di Geofisica e Vulcanologia, L’Aquila

ENEA Agenzia Nazionale per le Nuove Tecnologie, l’Energia 
e lo Sviluppo Economico Sostenibile
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planes (http://cnt.rm.ingv.it/tdmt; Pondrelli et al. 2016), compatible with both the kinemat-
ics of the main faults and the SW-NE trending tensional stress regime characterizing the 
Umbria-Marche-Abruzzo region (Ferrarini et al. 2015). The depth distribution of the hypo-
centres reveals the activation of a complex fault system, as suggested by early studies of the 
seismogenic sources (Bonini et al. 2016; Lavecchia et al. 2016; Michele et al. 2016; Valen-
sise et al. 2016; Scognamiglio et al. 2018).

This area of the central Apennines is characterized by a Quaternary extensional regime 
overprinting NE-verging thrust-sheets, mostly of Meso-Cenozoic carbonate rocks and Mio-
cene Flysch deposits (EMERGEO Working Group et al. 2016; Gruppo di Lavoro INGV sul 
terremoto in centro Italia 2016). The resulting active normal fault systems, NW–SE and 
NNW-SSE striking, mainly SW-dipping, and up to 30 km-long (Galli et al. 2008 and refer-
ences therein), accommodate the present-day 2–4 mm/yr regional NE-SW extension (Gal-
vani et al. 2012, and references therein) and are responsible for the formation of intermon-
tane sedimentary basins filled by recent alluvial, fluvial, and lacustrine deposits or coarse 
conglomerates and breccias (Cavinato and De Celles 1999; Chiarini et al. 2014).

The geological setting of Central Italy is also influenced by a Quaternary regional uplift 
(Dramis 1992). On the NE side of the Apennines, the Adriatic foothills are characterized 
by a regional NE-tilting, reflected in the NE-trending of the parallel drainage network and 
in the NE-dipping of the thick Pleistocene sedimentary sequence made by fine-grained 
marine deposits passing upward to sandy and conglomeratic deltaic deposits (Ori et  al. 
1993). On the western flank of the Apennines, the drainage network evolution is mainly 
controlled by the NW–SE trending normal fault-system (D’Agostino et al. 2001).

Due to the complex setting and evolution of the wide area under study, the local condi-
tions at the instrumented sites are highly heterogeneous, with large and narrow alluvial val-
leys, sedimentary basins, slopes, and mountain peaks. Such conditions are prone to seismic 
site-effects. For example, the epicentral area of the Amatrice earthquake is characterized 
by high relief made of Flysch (Laga Formation), which represents the local bedrock, slopes 
involved in large gravitational processes, and foothills where alluvial fan and fluvial terrace 
coarse deposits outcrop.

3  Organization of the activities

As noted above, the work was carried out in the following two phases: (1) an emergency 
phase with the deployment of temporary seismic networks within the epicentral area 
(Phase 1) and (2) a post-emergency phase with analysis of all available seismological data 
widened to all damaged municipalities (Phase 2). A significant effort was made to provide 
homogeneous and comparable results to the CMS and the National Authorities for recon-
struction of the damaged towns.

3.1  Phase 1

Phase 1 was carried out between approximately September 2016 and April 2017 and con-
cerned the 4 municipalities within the epicentral area of the Amatrice earthquake, namely 
Amatrice, Accumoli, Arquata Del Tronto, and Montegallo. The goal of the intervention 
was to deploy temporary stations to improve the event location capability of the existing 
networks and study the site response under real earthquake excitation at the most severely 
damaged sites. Two temporary networks (called MZ and 3A) were installed. Since these 

http://cnt.rm.ingv.it/tdmt
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emergency interventions are the subject of other specific articles, we summarize their main 
features here; refer to those papers for more details. The methods used to process and ana-
lyse the data of the temporary networks were the same (except for minor details) as those 
described in Sect. 4. A short summary of the results obtained is presented in Sect. 6.

3.1.1  MZ temporary network of Arquata del Tronto—Montegallo

The MZ network was deployed by OGS in the municipalities of Arquata del Tronto and 
Montegallo from September 30, 2016 to February 17, 2017 (Laurenzano et  al. 2018). It 
was composed of 13 stations (“Appendix” and Fig.  2) equipped with both velocimeters 
and accelerometers. Station MZ75, which was located in the Uscerno hamlet and installed 
on geological bedrock (i.e., the arenaceous lithofacies of the pre-evaporitic member of the 
Laga Formation), was used as the reference site.

3.1.2  3A temporary network of Accumoli—Amatrice

The 3A network (http://doi.org/10.13127 /SD/ku7Xm 12Yy9 ) was deployed by INGV, 
ENEA, and CNR, and operated from September 19, 2016 through half of November, 2016 
(Cara et  al. 2019; Milana et  al. 2019). It was composed of 55 stations (“Appendix” and 

Fig. 2  Map of the Municipalities (thin grey lines) involved in the MS3 studies, divided by territorial group-
ing (six coloured areas). The small red areas are the MS3-localities. The black triangles represent the 247 
seismic stations surveyed in this study. The right panel corresponds to the red rectangle represented in the 
left panel and shows the 4 municipalities in Phase 1 of the study (hatched areas) with higher detail, namely, 
from north to south, Montegallo, Arquata Del Tronto, Accumoli, and Amatrice. The temporary stations 
deployed during Phase 1 are indicated by the triangles overlapped by coloured dots (yellow and pink for the 
MZ and 3A temporary networks, respectively). The black arrows indicate localities (i.e., Spoleto, Gualdo di 
Macerata, Fano Adriano, Montereale, and Capitignano) for which results are reported in the text. The red 
circles enclose the two reference stations used in Phase 1 (see the text for details)

http://doi.org/10.13127/SD/ku7Xm12Yy9
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Fig. 2) equipped with velocimeters and accelerometers and covered more than 65 hamlets 
in the Accumoli and Amatrice municipalities, including some rock sites as possible refer-
ences. These sites revealed small amplification at intermediate frequencies (Milana et al. 
2019); the temporary station IV.T1299 installed near Amatrice (http://cnt.rm.ingv.it/en/
instr ument s/stati on/T1299 ) was selected as a reference.

3.1.3  Dataset of earthquake recordings

Since both temporary networks operated during the ongoing seismic sequence, many earth-
quake recordings were available for the seismological analysis and site response assess-
ment, especially at short epicentral distance (< 30 km, Fig. 3a, c). The datasets selected 
from the two networks comprise the following:

• MZ network: approximately 2200 three-component waveforms, corresponding to 348 
earthquakes with ML from 2.3 to 4.8 (Fig. 3b);

• 3A network: approximately 9800 three-component waveforms, corresponding to 615 
earthquakes with ML from 3 to 6.5 (Fig. 3d).

Fig. 3  Epicentral distance (a and c) and local magnitude (b and d) distributions of the dataset used in the 
Phase 1 seismological analyses. The upper and lower rows refer to the MZ and 3A networks, respectively. 
The number above each column indicates the class value

http://cnt.rm.ingv.it/en/instruments/station/T1299
http://cnt.rm.ingv.it/en/instruments/station/T1299
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3.2  Phase 2

Phase 2 was carried out in approximately two months, from June to August 2017, and 
concerned the other 134 municipalities damaged by the seismic sequence. Since the tar-
get area was large and very little time was allocated, a different strategy was adopted 
than in the Phase 1 emergency. The UTAS decided to exploit all available digital seis-
mic records for Central Italy. This dataset includes records acquired by the existing 
national permanent networks (the National Seismic Network, RSN, and the National 
Accelerometric Network, RAN, Table  2) starting from 2008, and those of the tempo-
rary stations/networks installed by several institutions during the last 15  years. The 
area of the central Apennines surrounding that of the 2016–2017 seismic sequence 
was struck by two strong seismic sequences in the two last decades, Colfiorito in 1997 
and L’Aquila in 2009 (Fig.  1). As a consequence, a number of additional temporary 
seismic networks were deployed to improve the overall monitoring capabilities and for 
site effect assessments and microzonation purposes, for instance in Spoleto (Vuan et al. 
2007) and L’Aquila (Cultrera et al. 2011). Furthermore, shortly after the Amatrice earth-
quake, the EMERSITO task force, an INGV team devoted to investigating site effects, 
decided to monitor 4 municipalities close to the epicentral area (Amandola, Civitella del 
Tronto, Montereale and Capitignano) using 22 temporary stations (network XO http://
doi.org/10.13127 /SD/7TXeG do5X8 ) equipped with velocimetric and accelerometric 
sensors (Cultrera et  al. 2016). The selection of these localities was mainly driven by 
the proximity to the epicentral area, and by peculiar geological and geomorphological 
aspects (topographic irregularities, fault zones, alluvial plains).

3.2.1  Station selection

The first step of the Phase 2 consisted of a census of all seismic stations in operation or 
that operated in the past in the 138 municipalities involved in MS3. A total of 247 sta-
tions were considered in this phase (black triangles in Fig. 2).

The second step consisted of the selection of stations that could be useful for the 
site response evaluation of the MS3 localities identified by the Italian Civil Protection, 
which approximately correspond to the urban areas of the investigated municipalities 
(red areas in Fig. 2). The station selection criterion was based on the largest inter-dis-
tance R between the seismic station and the target locality; R = 1 km was used to deter-
mine stations representative of the site condition for each locality, and R = 5  km was 
used to identify possible reference sites. The latter choice is crucial for the application 
of reference site techniques such as the Standard Spectral Ratio (Borcherdt 1970).

Figure 4 (left panel) shows the contour of the areas delimited by the aforementioned 
criterion. Of the 247 candidates, 111 stations were selected for this study and represent 
the set of stations analysed by the UTAS; among these, 8 stations were used as reference 
sites (Fig. 4, right panel and Table 3). The maps in Figs. 2 and 4 show that all available 
stations were not at a useful distance from the MS3-localities, and many localities were 
not supported by any station.

Table 2 lists the networks of the selected stations, the owners and the data archives 
from which the waveforms and noise measurements were retrieved. The complete list 
of stations selected and analysed by the UTAS during Phases 1 and 2 is given in  the 
Appendix (Tables 5, 6 and 7).

http://doi.org/10.13127/SD/7TXeGdo5X8
http://doi.org/10.13127/SD/7TXeGdo5X8
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3.2.2  Dataset of earthquake recordings

The dataset assembled for the analysis consists of approximately 100,000 accelerometric 
and velocimetric earthquake recordings corresponding to more than 1500 events (M > 2.5) 
since 2008, including data for the 2009 L’Aquila and 2016–2017 Central Italy sequences. 
The waveforms and associated pieces of information on earthquakes and stations were 
extracted from the following archives (Table 2):

(a) Eida (http://www.orfeu s-eu.org/data/eida/) collects continuous recordings from sta-
tions in the following networks: National Seismic Network, RSN (netcode IV), and 
the Mediterranean Network, Mednet (netcode MN), operated by INGV; the Rapid 
Response Networks (netcode XJ) operated by RESIF—Reseau Seismologique and 
Geodesique Francais; the temporary networks installed by GFZ in the Norcia basin in 
2009 and by INGV and other research institutes to monitor the seismic sequences of 
L’Aquila and Central Italy in 2009 and 2016 (netcodes: 3H, 4A, XO and 3A).

(b) RANdownload (http://ran.prote zione civil e.it/IT/index .php) collects the unprocessed 
waveforms relative to the stations of the RAN—National Accelerometric Network, 
operated by the DPC—Department of Civil Protection (netcode IT).

(c) ITACA v2.2 (http://itaca .mi.ingv.it) and ESM (http://esm.mi.ingv.it) collect processed 
waveforms, revised earthquakes, station metadata, and the accelerometric signals of 
events with M > 3.5 recorded by networks deployed in Central Italy (networks: IT; IV; 
MN; XO).

(d) OASIS (http://oasis .crs.inogs .it/) collects continuous recordings of the permanent and 
temporary networks managed by OGS and those of the temporary network installed in 
Spoleto (Perugia, Italy) (netcode SP) in 2005–2006 and in Arquata-Montegallo (Central 
Italy) (netcode MZ) in 2016–2017.

The Norcia and Spoleto waveforms were already processed and analysed to assess the 
site amplification in the pertinent areas (Vuan et al. 2007; Priolo et al. 2009; Luzi et al. 
2018) while all the other collected records were analysed in this study.

Fig. 4  Left: 1 km and 5 km buffer areas (blue and red curves, respectively) around the MS3-localities (red 
areas) used for station selection. Right: Stations selected for site response evaluation (blue triangles) and 
reference sites (red triangles)

http://www.orfeus-eu.org/data/eida/
http://ran.protezionecivile.it/IT/index.php
http://itaca.mi.ingv.it
http://esm.mi.ingv.it
http://oasis.crs.inogs.it/
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First, several data quality and data consistency tests (Pacor et al. 2016) were performed 
to build a dataset representative of the ground motion characteristics in Central Italy. These 
tests included the following: (1) visual inspection of waveforms, instrumental correction, 
analysis of the signal-to-noise ratio, automatic picks of P- and S-wave onset (Spallarossa 
et al. 2014), and manual validation; (2) local magnitude (ML) estimation using the model 
proposed by Di Bona (2016); (3) residual analysis of peak ground acceleration (PGA) and 
peak ground velocity (PGV) to identify unreliable recordings, using the Italian ground 
motion prediction equation of Bindi et  al. (ITA10, 2011) as a reference model. After a 
number of trials, a residual greater than 1.5 (in absolute value) was adopted as the thresh-
old value to exclude records from the dataset.

To investigate the site effects at the recording stations, a subset of waveforms was 
selected by applying the following criteria: (1) hypocentral depth H < 20 km; (2) hypocen-
tral distance from 15 to 100 km, to exclude data strongly affected by near-source effects 
and poorly sampled site-to-source path; (3) Fourier amplitude spectra composed of at 
least 70% of spectral ordinates with a signal-to-noise ratio SNR ≥ 5 in the frequency range 
[0.2–40] Hz; (4) stations and events with 10 or more records.

The Fourier Amplitude Spectra (FAS) and 5% damped acceleration response spec-
tra (SA) were calculated and archived for each record. The spectra were computed on 
time windows starting 0.1 s before the S-wave onset and ending when different percent-
ages of the total energy were reached, as a function of the source-to-site distance (Pacor 
et al. 2016). The extracted signals were tapered with Hanning windows of variable length 
depending on the selected S-waves portion.

The spectral amplitudes were calculated considering 90 frequencies (equally spaced in 
the logarithmic scale, in the range [0.2–40] Hz) and smoothed using the Konno and Ohm-
achi (1998) algorithm, fixing the smoothing parameter b to 40. The SNR criteria generally 
exclude spectral amplitudes corresponding to frequencies < 0.5 Hz and > 25 Hz; thus, the 
analysis was performed in the frequency band [0.5–25] Hz, where the spectra are almost 
complete.

The final subset is composed of approximately 45,000 velocimetric and accelerometric 
records (including the corresponding spectra) relative to earthquakes with ML magnitude 
from 3.0 to 6.2 and epicentral distances from 0.6 to 100 km (Fig. 5).

Fig. 5  Epicentral distance (a) and local magnitude (b) distributions of the dataset used for the Phase 2 seis-
mological analyses. The number above each column indicates the class value
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4  Methodologies and products

Earthquake and seismic noise recordings were analysed to provide several site parameters 
useful to characterize the seismic response of the investigated localities, such as the reso-
nance frequency, amplification factors and empirical transfer functions. Different spectral 
techniques were applied to estimate each parameter, as briefly described below. The analy-
ses were carried out in the frequency band of [0.3–20] Hz. We emphasize the fact that the 
whole analysis relies on the assumption of linear soil behaviour. We discuss each param-
eter in detail below and provide some examples of the graphical representation that was 
adopted to deliver the final product.

(a) Fundamental frequency Horizontal-to-Vertical spectral ratios of earthquake recordings 
(EHV, Lermo and Chávez-García 1994) and seismic noise measurements (HVSR, 
Nakamura 1989; Bonnefoy-Claudet et al. 2006 and references listed therein) represent 
well-established non-reference site techniques to detect the fundamental resonance 
frequency of the site (f0), although they cannot assess the amplification value (Parolai 
and Richwalski 2004; Parolai 2012).

  For the majority of the sites, the EHV was estimated using records of small events 
(M < 4.5) to minimize the source contributions that may affect the ground motion com-
ponents. The EHV was calculated by dividing the FAS of the horizontal components 
(geometrical mean) by the vertical one; for this analysis, the FAS were automatically 
calculated on fixed time window of length 12 s, starting 0.1 s before the first arrival of 
the S waves and smoothed with the Konno-Omachi window.

  The HVSR was estimated from 60-minute windows of seismic noise signals using 
standardized procedures and criteria (Bard and SESAME-team 2005). The fundamen-
tal frequencies f0 from the EHV and HVSR were automatically estimated using the 
procedure of Puglia et al. (2011), which re-samples the curves in 2048 points equally 
spaced on a logarithmic scale. When a peak is recognized, the procedure identifies the 
corresponding f0 with greater precision at high frequency (1 decimal digit for frequen-
cies < 1 Hz and 2 decimal digits for f > 1 Hz).

  Figure 6 shows two examples of the results obtained for two sites, i.e. Spoleto and 
Gualdo di Macerata (Fig. 2). The EHV and HVSR techniques provide comparable 
estimates of f0; if both earthquake and noise records were available for the station, we 
selected the f0 from HVSR. The EHV may be affected by the earthquake source and 
propagation path contributions, thus biasing the f0 estimate. For the sake of clarity, 
the figure in the forms only reports the median value of the spectral ratios. The same 
holds also for the other products.

(b) Amplification factors of the peak ground motion The outcomes of the residual analysis 
using the ITA10 as reference model were exploited to evaluate the amplification of 
peak ground acceleration (PGA) and velocity (PGV). The peak amplification factors 
(FPGA and FPGV for the peak acceleration and velocity, respectively) were evaluated 
considering the residuals and estimated as the logarithmic difference between observa-
tions and predictions for the EC8-A site category. The total residuals were decomposed 
into between-event (median residual of single earthquakes) and within-event (median 
residuals, after correction of the single record by the between-event term) components 
(Al Atik et al. 2010; Lanzano et al. 2017). The within-event residuals were used to 
calculate the site-to-site term, �S2Ss, and its associated variability, �0,s for each station 
(Rodriguez-Marek et al. 2011; Luzi et al. 2014). These terms quantify the systematic 
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amplification/deamplification of the observed ground motion at a given station with 
respect to the GMPE predictions.

(c) Identification of the reference sites Empirical techniques to evaluate spectral amplifica-
tions make use of reference sites, i.e., stations installed on outcropping rock with a flat 
site response. The identification of such sites is implicit in the scope of this study. The 
WGs defined some common criteria for selection of the reference sites in accordance 
with the main indications provided in the literature (Steidl et al. 1996; Felicetta et al. 
2018), which were applied to the collected dataset. Since the site classifications of 
several stations were missing, the soil conditions were disregarded, and priority was 
given to the seismological proxies. Following Luzi et al. (2018, this issue), the site-
to-site terms were estimated with respect to the predictions for rock sites to identify 
stations with a site response similar to the EC8-A class of the ITA10 model.

  These proxies are as follows: (1) flat HVSR or EHV, i.e., amplitude values uniformly 
less than 2 within the analysed frequency range; (2) �S2Ss around zero for PGA, PGV 
and 3 spectral ordinates (at periods T = 0.1 s, 0.3 s, 1.0 s), i.e., included in the range 
[− 0.2–0.2] s and �0,s lower than the ITA10 within-event standard deviation; and (3) a 
distance between the reference and investigated site of less than 5 km in the Standard 
Spectral Ratio analysis. The values of �S2Ss and �0,s for the investigated ground motion 
parameters of the stations that meet criterion (2) are listed in Table 1 and plotted in 
Fig. 1 of the Electronic Supplement.

  Among the stations satisfying the three conditions, we selected the 6 sites listed in 
Table 3 (OX.CP06, OX.MN06, IT.LSS, IT.SLO, IV.T1217, IT1221) for the Phase 2 
analyses; the corresponding values of �S2Ss and �0,s are shown in Fig. 7. For the sake 
of completeness, Table 3 also includes the reference sites relative to the Norcia and 
Spoleto networks that were selected based on the surface geology and the trends of the 
EHV and HVSR curves, as well as those used in Phase 1. The locations of the stations 
in Table 3 are shown in Fig. 4 (red triangles in the right panel).

(d) Spectral amplification functions Two reference site methods, the standard spectral ratio 
(SSR) (Borcherdt 1970; Field and Jacob 1995) and the generalized inversion technique 
(GIT) (Andrews 1986; Castro et al. 1990) are usually adopted to evaluate the empirical 

Fig. 6  Horizontal-to-Vertical spectral ratios calculated from earthquake recordings (EHV, in blue) and seis-
mic noise (HVSR, in red) for stations (a) SP-KSP17 (Spoleto) and (b) IV-GUMA (Gualdo di Macerata). 
The vertical line indicates the value of the fundamental resonance frequency f0. The dashed horizontal line 
indicates the amplitude value of 2
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amplification factors of the recording stations. In the SSR method, the spectral ratio 
between the same components of the ground motion recorded at two nearby stations 
(i.e., few kilometres of distance) is considered to validate the assumption that the refer-
ence site contains the same source and propagation contribution as the estimated site. 
Under such conditions, the spectral ratio of the two recordings provides a direct assess-
ment of the site amplification relative to the reference. In contrast to the SSR method, 
the GIT method exploits large datasets composed of multiple stations and events to 
separate the site contributions from those relative to the source and propagation path. 
It consists of building a linear system of equations by expressing the FAS as follows:

where S is the source spectra of the earthquake e, G is the amplification at site s, 
and  Aes is the attenuation along the source-to-station path. The system of Eq. (1) can 
be solved using a parametric approach, where the unknown functions related to the 
source and propagation are expressed in terms of standard models (e.g., Kawase 2006; 
Drouet et al. 2011), or following a non-parametric inversion scheme (e.g., Castro et al. 
1990; Oth et al. 2008; Pacor et al. 2016), where the source and propagation are part 
of the unknown of the problem.The methods used in this study to calculate the spec-
tral amplification functions are well consolidated and implemented into robust and 
verified procedures. The parametric approach was adopted by the OGS to evaluate 
the site response at the stations installed in the Arquata-Montegallo area during Phase 
1 (Laurenzano et al. 2018) and in the Spoleto municipality during the microzonation 
study performed in 2005–2006. The results of the latter study were included in Phase 

(1)log10 FASes = log10 Se + log10 Aes + log10 Gs

Fig. 7  � S2S ± �0,s for the 6 
reference stations in the Central 
Italy dataset used in Phase 2 by 
the INGV-MI + UNIGE working 
group and reported in Table 3
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2. In these cases, GITANES software was used (Klin et  al. 2018) and the spectral 
amplification function was obtained from the Fourier amplitude spectra (GIT_FAS). 
This code considers the source and the seismic response terms as the unknowns of the 
problem, and the propagation term is estimated based on the pre-defined propagation 
model and the known location of the seismic sources (Laurenzano et al. 2018).The 
non-parametric scheme was followed to estimate the site functions of the Amatrice-
Accumoli area during Phase 1 and for most of the Phase 2 stations. In this approach, 
no functional forms are pre-imposed to the source spectra and path terms; instead, 
they are considered unknowns of the problem similar to the site response terms and 
are solved simultaneously. Following Pacor et al. (2016), the inversion was performed 
in a single step (Oth et  al. 2011) for the horizontal (geometric mean) and vertical 
components. Since we are interested in the site contribution, the hypocentral distances 
ranged from 15 to 125  km to exclude data that may be affected by source effects. 
The system was solved in a least-squares sense (Paige and Saunders 1982) and 100 
bootstrap replications were performed at each frequency to evaluate the uncertain-
ties (Efron 1979). In this study, the system of Eq. (1) was built for both the Fourier 
spectra and acceleration response spectra (SA). Although the SA does not depend lin-
early on the input motion, Bindi et al. (2017) showed that the amplification functions 
obtained for SA (GIT_SA) are comparable to those obtained for FAS, only differing 
in the high frequency range and overall amplification levels. The advantage of provid-
ing the spectral amplification in terms of SA instead of FAS is that they can be used 
directly to multiply the reference spectrum on rock to obtain the corresponding site-
specific response spectrum. To solve Eq. (1), both the parametric and non-parametric 
approaches must fix the reference stations, constraining their amplification function to 
one; the selected stations for the study cases in this work are listed in Table 3. As an 
example, Fig. 8 shows the horizontal and vertical amplification functions for the same 
sites as in Fig. 6. For Spoleto, the empirical site functions are inferred from the para-
metric inversion of the FAS; for Gualdo di Macerata, the non-parametric inversion of 
SA is used. These cases show a behaviour observed in several other cases, e.g., the 
vertical component features relevant amplification with a higher resonant frequency. 

Fig. 8  Spectral amplification curves obtained by the GIT for (a) station SP-KSP17 (Spoleto) from the Fou-
rier amplitude spectra (FAS) using a parametric approach, and (b) for station IV-GUMA (Gualdo di Mac-
erata) from the acceleration response spectra (SA) using a non-parametric approach. The black and grey 
curves correspond to the horizontal and vertical components, respectively. The dashed horizontal line indi-
cates the amplitude value of 2
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As a consequence, the use of the EHV as a proxy of the expected amplification at the 
sites may be misleading. Notably, the amplification functions were calculated by only 
one working group for each site, except for the case discussed in Sect. 5; therefore, no 
cross-validation between the parametric and non-parametric approaches can be done.

(e) Site-specific Response Spectra As established by the CMS and formalized by the 
Extraordinary Commissioner for the reconstruction (Ordinance n. 55, 2018), the 
response spectra (RS) are estimated by applying the spectral amplification functions 
(previous point d) to a seismic input compatible with the Uniform Hazard Spectrum 
(UHS), calculated for a 10% exceedance probability level in 50 years (return period 475 
y), as defined by the Italian seismic code (NTC08). The seismic input was provided for 
each MS3-locality of Phase 2 by the Seismic Input Thematic Unit (UTIS) operating 
within the project (Luzi et al. 2019). According to the prescriptions, it is composed of 
a set of 7 spectrum-compatible accelerograms from [0.1–1.1] s. Although this approach 
cannot be assimilated rigorously to a probabilistic hazard method because it produces 
ground-motion levels whose exceedance rates are not exactly known, it is the simplest 
way to introduce the site effects (Barani and Spallarossa 2017) and it meets the require-
ments of the Italian Guidelines for Seismic Microzonation. A more detailed discus-
sion of this topic is beyond the scope of this paper. For the RS, different computation 
methods were followed that correspond to the two approaches adopted. For the GIT 
computed from the Fourier spectra, the site-specific response spectrum (RS_FAS) 
was estimated by multiplying the GIT_FAS spectral amplification function with the 
Fourier amplitude spectrum of the seismic input, maintaining the input signal phase. 
For the GIT computed from the response spectra, the site-specific response spectrum 
(RS_SA) was estimated as a simple product of the seismic input and the GIT_SA at 
corresponding periods.

  Figure 9 shows an example of the results obtained for the localities of Spoleto and 
Gualdo di Macerata. The RS were calculated using the GIT curves (horizontal com-
ponent) shown in Fig. 8 for the two sites. Note that the figures in the forms only report 
the median value estimated for the RS.

(f) Amplification factors This class of parameters includes the following: (1) spectral 
amplification factors (FAj, j = 1, 2, 3), which are computed from the Site-specific 
Response Spectra (point e) for three period bands and (2) peak amplification factors, 

Fig. 9  Red line: Site-specific Response Spectra (median value, horizontal component) obtained for sta-
tions (a) SP-KSP17 (Spoleto) and (b) IV-GUMA (Gualdo di Macerata). Thin black line: average seismic 
input corresponding to the spectral acceleration with a 10% exceedance probability level in 50 years (return 
period of 475 years). Grey line: linearized reference seismic input (as defined by the SM Working Group 
2015). Grey shaded area: spectral compatibility band [0.1–1.1] s
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which are computed for Peak Ground Velocity (PGV) and Peak Ground Acceleration 
(PGA), as described in point b). The FAj is calculated according to the Italian Guide-
lines for Seismic Microzonation (SM Working Group, 2015) as the ratio between the 
average values of the output and input response spectra over the j-th period band, 
according to the following formulas: 

where ⟨⋅⟩ represents the geometric average,

and RSk(T) is the elastic acceleration response spectrum equal to RSin(T) for the input 
and RSout(T) for the output. The FAs were computed for the following three period 
intervals: ΔT1 [0.1–0.5] s; ΔT2 [0.4–0.8] s; ΔT3 [0.7–1.1] s that cover the entire 
period of interest for the buildings in the areas affected by the 2016–2017 seismic 
sequence (except for very large buildings such as dams and viaducts, for which spe-
cific studies are prescribed). The 3 amplification factors FA1, FA2, and FA3 were 
named accordingly. For each FA, the geometric average and uncertainty (first standard 
deviation) were computed and reported. As an example, Fig. 10 shows the amplifica-
tion factors and related uncertainty obtained for the localities of Spoleto and Gualdo 
di Macerata. The FA and FPGV or FPGA are indicated by coloured squares and circle 
symbols, respectively.

(2)FAj =
SAout

j

SAin
j

for j = 1, 2, 3

(3)SAk
j
=

1

ΔTj
∫
ΔTj

RSk(T)dT with k = out, in,

Fig. 10  Amplification factors calculated for stations (a) SP-KSP17 (Spoleto) and (b) IV-GUMA (Gualdo 
di Macerata). FPGV and FPGA (coloured circles): amplification factors of PGV and PGA with respect to 
those predicted by the ground motion prediction equation of Bindi et  al. (2011). FA1, FA2, FA3: aver-
age spectral amplification factors (coloured squares) in the period intervals of [0.1–0.5] s, [0.4–0.8] s, and 
[0.7–1.1] s, respectively. The associated uncertainties (first standard deviation) are also displayed. The aver-
age values are listed in the legend
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5  Validation tests

As described in Sects. 3 and 4, the UTAS activity was carried out by several WGs, which 
used different data and methodologies and independently analysed different groups of sta-
tions to obtain the products. Although all the methods adopted for the site response calcu-
lation are well consolidated in seismological practice and were implemented in robust and 
verified procedures (see Sect. 4), we verified that the results obtained by different methods 
were consistent with each other at a single site.

The test site used for this purpose is located at the Spoleto (Fig.  2) municipal build-
ing, within the historical center of the town. This site is unique for the aim of this study 
for two important reasons. First, it has hosted two different stations at different times that 
were located approximately at the same site, namely, the permanent station of the Italian 
Strong Motion Network (RAN) IT-SPO1, managed by the DPC, and the temporary sta-
tion SP-KPS03, which was installed by the OGS as part of a MS3-study committed by the 
Spoleto Municipality. Being that area of Spoleto characterized by Plio-Pleistocene con-
tinental deposits made by consolidated clay and compacted gravel with different degrees 
of cementation lying on stiff carbonatic rock of marine origin and urbanized by stately 
buildings since centuries, the soil features a stable geo-mechanical behaviour (Vuan et al. 
2007; Sotera and Arcaleni 2018). Second, the datasets of the two stations were indepen-
dently analysed by two different WGs. Thus, a direct comparison of the results obtained 
by the two WGs for this station allows for us to verify the consistency of the two adopted 
approaches and the stability and reliability of the estimations using different recording 
datasets. Table  4 summarizes the main features of the two stations, the installed instru-
mentation, number of events, reference site and methodologies used for site response 
evaluation. 

For the IT-SPO1 station, the INGV-MI + UNIGE WG used the GIT_SA method con-
sidering the reference site composed of the 4 stations listed in Table 3; for the SP-KSP03 
station, the OGS WG used the GIT_FAS method considering the reference site SP-KSP01 
(Table 3). The elastic response spectra were evaluated accordingly (i.e., RS_SA and RS_
FAS). Note that the two cases differ in the acquisition period and thus in the datasets and 
number of selected events (acquisition period 2015–2017 and 113 events for IT-SPO1; 
acquisition period 2005–2006 and 27 events for SP-KSP03). The graphs of Fig. 11 com-
pare the results obtained for the two stations—note that the amplification is estimated using 
SA for IT-SPO1 and FAS for SP-KSP03—and show good similarity in general features 
such as the shape, amplitude, resonant frequency and higher peaks. The amplification fac-
tors are comparable, with values of one included in the standard deviation of the other. 
Although limited to a single case, this validation confirms the robustness and reliability of 
the adopted approach.

6  Deliverables and results

The results of this study were summarized for each site into a site-specific form delivered 
to the CMS. These forms are useful for the MS3 of the damaged municipalities and their 
reconstruction. For sites where multiple estimates were obtained by different WGs or using 
different procedures, the consistency of the results was verified, and one value/curve was 
provided. GIT_SA was chosen over GIT_FAS since the former allows for more direct 
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computation of the RS by multiplying by the reference seismic input. Moreover, GIT analy-
sis was preferred over SSR since GIT is considered a more robust technique that allows for 
the use of a larger number of recordings. GIT also has some limitations. In the case where 
the maximum interstation distance is small with respect to the hypocentral distances, the 
ray paths between a source and all the stations are nearly coincident. In such conditions of 
short and similar ray paths, GIT could fail to separate the effects of site, source, and attenu-
ation (Parolai et al. 2000; Ameri et al. 2011). Furthermore, GIT may use several reference 
sites—a sort of average, virtual rock site—usually located far from the investigated sites 
and with properties that can be very different from those of a true reference site located 
near the investigated site. In this case, the estimated amplification may differ from that 
calculated by SSR using a local reference site and may not reflect some specificities of the 
investigated site.

Figure 12 shows an example of the form produced for station IV-RM18 located at Fano 
Adriano (Fig. 2). Each form is composed of four sections. The first is a header that reports 
a summary of useful information on the position and instrumentation of the recording sta-
tion, the site seismic response and seismological data analysis. The second section dis-
plays three maps that are useful for locating the site station at regional and local scales 
and with respect to the geolithology. The third and fourth sections represent products 
a-d (see Sect.  4) from the site response analysis. The third section shows the amplifica-
tion computed by GIT for the horizontal and vertical components and the H/V spectral 
ratios computed from noise and earthquake recordings. The last section displays the site-
specific acceleration response spectrum and amplification factors. The collection of the 
forms produced for all sites can be found at the following: https ://annum inas.igag.cnr.it/
share .cgi?ssid=0aW4W M0.

Fig. 11  Comparison of the results obtained for the IT-SPO1 and SP-KSP03 stations installed at the offices 
of the municipality of Spoleto. The thick and thin lines represent the estimates obtained for the IT-SPO1 
(based on SA) and SP-KSP03 (based on FAS) stations, respectively. The panels show the following: GIT 
calculated for the (a) horizontal and (b) vertical components; (c) EHV ratio; (d) site-specific response spec-
tra; and (e) amplification factors FAs, FPGV and FPGA

https://annuminas.igag.cnr.it/share.cgi?ssid=0aW4WM0
https://annuminas.igag.cnr.it/share.cgi?ssid=0aW4WM0
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Fig. 12  Station form produced for the IV-RM18 station at the Fano Adriano site. It is composed of four 
sections (see the text). The header reports information on the site location, instrumentation, recording data, 
the site’s fundamental frequency, if any, the reference site used, number of total recordings, and WG. The 
three maps allow for locating the site station at regional and local scales through a road map (taken from 
Open Street Map) and with respect to the geolithology (taken from the Geoportale Nazionale http://www.
pcn.minam bient e.it/mattm /). The last two sections contain four figures that represent (from top to bottom 
and left to right) the spectral amplification for the horizontal and vertical components, the H/V spectral 
ratios computed from noise and earthquakes, the site-specific acceleration response spectrum, and the scalar 
amplification factors, respectively. The labels within the panels are in Italian since the form was delivered to 
the Italian authorities

http://www.pcn.minambiente.it/mattm/
http://www.pcn.minambiente.it/mattm/
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Considering the scope of our study and the extent of the investigated area, we cannot 
discuss the results obtained for each site in detail. However, we summarize some signifi-
cant outcomes of the two phases to provide some examples of the results. Figure 13 shows 
the FA1 from Phase 1. There is notable variability in the amplification values, which is 
also due to the heterogeneity of the measurement locations. In general, most FA1 do not 
exceed 3. Six sites feature FA1 amplification larger than 4, namely, Pescara del Tronto and 
Castro in the Arquata-Montegallo area, located on Quaternary deposits overlying bedrock 
(Laurenzano et  al. 2018), and sites MZ15-MZ17-MZ24 (located on gravel and sands of 
Quaternary deposits) and MZ104 in the Amatrice-Accumoli area.

Figure 14 shows statistics on the amplification factors and resonant frequency for both 
phases. The empirical distributions of the amplification factors are mainly unimodal for 
both phases. The FAs distributions feature a sharper bell shape—note that the value inter-
vals are defined according to a log-scale distribution—for Phase 1 than for Phase 2. Phase 1 
features varying behaviour between the short-period amplification (FA1) and the medium- 
and long-period amplifications (FA2 and FA3, respectively), i.e., weak amplifications (i.e., 
values in the range 1–1.4) occur much more frequently in the medium- and long-period 
bands (approximately 15% of the total sites) than in the short-period band (approximately 
5%); this trend inverts for larger amplification values. FA1 sets the maximum distribution 
value (30%) for moderate amplification (range 1.4–2) and then decreases progressively 
as the amplification value increases. FA2 and FA3 feature opposite behaviour, i.e., they 
increase progressively with the amplification and reach their maximum (approximately 
25%) with the strong amplification classes (range 2–2.8 and 2.8–4, respectively). For all 
FAs, approximately 5–10% sites feature very strong or extreme amplification (classes 
4–5.6 and 5.6–8, respectively). The peak amplification factors feature analogous behaviour 
if one assimilates PGA and PGV to FA1 and FA2-FA3, respectively; for nearly 50% of the 
sites, PGA is weakly amplified, and this decreases progressively as the PGA amplification 
increases. The FPGV distribution shows a bell shape with maximum (approximately 40%) 

Fig. 13  Spectral amplification factor FA1 (period band [0.1–0.5] s) estimated for the Phase 1 localities. (a) 
Map of the investigated area. Coloured symbols represent the FA1 value (see legend). Squares and circles 
indicate the sites in the Arquata-Montegallo and Amatrice-Accumoli areas, respectively. (b) Detail for the 
Amatrice municipality corresponding to the black rectangle in panel (a)
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at moderate amplification (class 1.4–2). The resonant frequencies  f0 are mostly distributed 
among the three classes that span the frequency range of engineering interest for the resi-
dential/common buildings (1–8 Hz). Approximately 25% of the sites feature no resonance 
and none show broad-band resonance.

Phase 2 features rather similar distributions for both the spectral and peak amplifica-
tions. Approximately 10% of the sites feature neutral behaviour or deamplification for the 
FAs (approximately 10–15% for PGA and PGV). The distributions feature a wide range 
of well-populated classes, with amplification values between 1 and 4 more or less homo-
geneously represented by approximately 15–25% of the total sites; in this range of values, 
note that FA1 is slowly increasing, with maximum of 30% at 2.8–4, whereas FA3 is slowly 
decreasing, with maximum at 1–1.4, and FA2 remains nearly constant, represented by 
nearly 20% in each class. The distribution of the peak amplification is mostly represented 
by the class of moderate amplification (approximately 25% of the sites with FPGA-FPGV 
1.4–2), and it features a light dominance of FPGA at low amplification levels (≤ 1.4) and 
FPGV at higher values. The resonant frequencies are mostly distributed among the four 
classes that span from 0.5 to 8 Hz. 20% and approximately 5% of the sites feature no reso-
nance or broad-band resonance, respectively.

As an additional example of the importance of our study, we evaluated if there is gen-
eral agreement between the amplification estimated by the analysis proposed in this paper 
and that assessed within the MS3 study. We selected the study cases of Capitignano and 
Montereale, two hamlets located next to each other in an area of approximately 2  km2 

Fig. 14  Statistical distribution of the amplification factor values and resonant frequencies estimated for 
the sites analysed in Phases 1 (upper row of panels) and 2 (lower row). The panels show the three spectral 
amplification factors (a and d); the PGV and PGA amplification factors (b and e); and the resonant fre-
quency (c and f). Columns NR and BB in panels (c) and (f) indicate a “non-resonant site” (i.e., flat HVSR) 
and “broad-band” HVSR, respectively. The classes of values  y1 − y2 are defined as  y1 < y ≤ y2. Note that 
the bins of both the amplification factors and the resonant frequency are defined according to a geometric 
progression
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(Fig. 2). Each of these localities hosted at least 3 recording sites analysed in this work. We 
focused on the comparison of spectral amplification factors calculated in the three period 
bands specified above.

In the SM, the amplification is assessed by 1D or 2D numerical methods simulating 
the physical response of the site (SM Working Group 2015). The numerical simulations 
use local models based on detailed engineering and geological knowledge and use the 
seismic input compatible with the UHS as the loading signal (Luzi et al. 2019; Pergalani 
et al. 2019). The seismic amplification is expressed in terms of numerical FAs calculated 
the same as the experimental values described in Sect. 4. Notably, the Italian microzoning 
approach (SM Working Group 2015) classifies the following: (1) stable zones, for which 
the FA is assumed to be 1 (e.g., outcropping of seismic bedrock); (2) stable zones prone 
to local amplification, for which the FAs are assessed numerically; and (3) unstable zones, 
where the hazard related to seismically induced phenomena such as liquefaction or surface 
faulting is evaluated (also including seismic amplification).

The Capitignano urbanized area lies within the Montereale sedimentary basin (Chiarini 
et al. 2014) at the foothills of the relief that borders the basin to the NW (Fig. 15a). This 
sector of the basin is filled with quaternary lacustrine deposits and debris, colluvial and 
alluvial fan deposits widely outcrop in the piedmont area. The relief is made of Flysch 
(Fig. 15a), which represents the local bedrock and is characterized by the presence of the 
active Capitignano fault (Boncio et  al. 2004; Galadini and Messina 2004; Civico et  al. 
2016). As result of the tectonic processes, the bedrock is locally highly jointed and weath-
ered. In this area, three seismic stations of the XO network were deployed, namely, CP02, 
CP04 and CP05 (please refer to the supporting material for the station monographies).

According to the final SM study (Nocentini 2018), the CP02 station was located on the 
quaternary filling of the basin (SM, yellow; Fig. 15a), and CP04 and CP05 were located on 
Flysch (SFLPS, pale blue) and alluvial fan deposits (GM, green), respectively. Moreover, 
Fig. 15b shows that sites CP02 and CP05 are located in areas prone to seismic amplifica-
tion and CP04 is located inside the zone classified as stable (seismic bedrock outcropping, 
blue area in Fig. 15b).

In the following, we compare the numerical FA values computed in the framework of 
the SM study (Nocentini 2018) with the experimental values estimated from the recorded 
data. The numerical FAs for site CP04 were assumed to be equal to 1 in agreement with 
the SM regulation for zones classified as stable. The experimentally derived FAs for CP04 
are slightly larger than the numerical ones (approximately 1.1–1.2 for FA2 and FA3), with 
the largest value (approximately 1.6) for FA1 (Fig. 15c). This larger value of amplification 
at the short-period band is likely related to the local weathered and jointed condition of the 
outcropping bedrock, which results in a reduction of the rock stiffness at shallow depths. 
For CP05, the experimental FAs are slightly larger than the numerical ones and are almost 
equal for the short-period band FA1 (Fig.  15c). Their values are in agreement with the 
geological model, as a relevant amplification can be expected for the prevalent loose gravel 
deposits overlying Flysch bedrock (Fig. 15a). For CP02, the numerical FAs underestimate 
the experimentally obtained values, although they show the similar trend of increasing FA 
with increasing period (Fig. 15c).

The urbanized area of Montereale lies mostly on the relief, which is a monocline 
made by Flysch bedrock (ALS, blue; Fig. 16a). Around the relief, to the S and E, lacus-
trine deposits (MH, brown) widely crop out and the Flysch is partly covered by colluvial 
deposits (SM-SW, yellow) SW of the urbanized area. Geophysical surveys showed that this 
basin-filling material may have thickness greater than 100 m (Chiarini et  al. 2014). The 
distinction in the two different geological conditions, i.e., outcropping bedrock vs basin 
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infilling, is apparent in the final SM map (Fig. 16b) and in the seismological data recorded 
in the two sectors.

In this area, three seismic stations of the XO network were deployed, namely, MN08, 
MN06 and MN03 (please refer to the supporting material for the station monographies). 
The SM study (Agnelli et  al. 2018) distinguishes an unstable zone prone to seismically 
induced liquefaction (yellow area in Fig. 16b), where MN03 is located, and some zones 
prone to seismic amplification (other coloured areas in Fig. 16b), including those where 
the underlying bedrock outcrops as weathered Flysch, where MN06 and MN08 are located.

For the MN06 and MN08 stations located on Flysch, the experimental FAs are generally 
close to 1 and the numerical FAs slightly overestimate them, with the exception of FA1 for 
MN06, which has experimental value smaller than 1 (Fig. 16c). The experimental FAs at 
station MN03, deployed on lacustrine sediments at the base of the Montereale relief, are 
larger than 2 in all period bands (with a maximum of approximately 3.5 in the [0.4–0.8] 
s band; Fig.  16c). The numerically derived FAs for the lacustrine deposits feature some 
severe discrepancies with respect to those derived from observations, especially for longer 
periods. This may be due to several causes such as inconsistencies in the subsurface model 
in the assessment of the depth of the seismic bedrock, which can be at more than 100 m, or 
the occurrence of basin-edge effects that were not predicted by the numerical models.

For the described examples, the general geological model reconstruction is in agreement 
with the seismological analyses. The geological models and SM studies provide key elements 
to interpret the observed amplification levels. For bedrock outcroppings, we observed fairly 
good agreement between the numerically and experimentally obtained FAs. The agreement is 
significant considering that the numeric FAs were retrieved for a subsurface model representa-
tive of a relatively wide area whereas the experimental estimates are inherently site-specific. 
However, for these case-studies, there were non-negligible discrepancies for the FAs estimated 
for areas where soft sediments crop out. This may be related to limitations in the approach used 
for SM, as 1D and 2D numerical models may be inadequate to reproduce complex geological 
conditions. Therefore, we suggest extending this comparison to other areas investigated in the 
SM of Central Italy to better understand the advantages and limitations of the SM approach.

7  Conclusions

We described the seismological analyses performed for the seismic microzonation study for 
reconstruction of the 138 municipalities damaged by the 2016–2017 seismic sequence in 
Central Italy. This study was carried out in two phases, the emergency Phase 1, including 
the deployment of temporary seismic networks within the epicentral area, and the post-emer-
gency Phase 2, including the analyses of the available digital seismological data for the dam-
aged municipalities. Significant efforts were made to provide homogeneous and comparable 
results to the CMS and National Authorities for the reconstruction of the damaged towns.

Fig. 15  (a) Geological map of the Capitignano area with seismic station locations; the SM study was per-
formed in the perimeter depicted in light grey (modified from Nocentini 2018). (b) SM map of Capitignano 
with seismic station locations; the blue colour distinguishes the stable zone with respect to the zones prone 
to seismic amplification (other colours in the panel), for which the FAs have been calculated numerically 
(modified from Nocentini 2018). (c) Numerical vs experimental FAs (average value); symbols represent 
stations and colours represent the spectral amplification factors calculated in the three period bands (FA1 
[0.1–0.5] s; FA2 [0.4–0.8] s; FA3 [0.7–1.1] s)

▸
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Phase 1 concerned the 4 municipalities of Amatrice, Accumoli, Arquata del Tronto, and 
Montegallo. Since this phase is presented in other specific articles, we summarized the 
main features and results.

The approach adopted for Phase 2 represents the most innovative part of our study. 
We described the procedure adopted for selecting the stations used for evaluating the site 
response of the MS3-localities identified by the Italian authorities using earthquake and noise 
recordings. Then, we defined the set of key products to be determined. A huge amount of data 
recorded over the course of several years at approximately 180 instrumented sites was ana-
lysed by different working groups operating simultaneously. The results were collected and 
homogeneously summarized in site-specific forms that were delivered to the CMS, providing 
several important indications to be used for the MS3 of the damaged municipalities and their 
reconstruction. The whole activity was performed in the very short period of 2–3 months. 
Our study shows that different expert groups can successfully work simultaneously, provided 
that standard processing procedures and scientific products are clearly defined.

Despite the different purposes of the seismic networks, the results of our study show 
that the urbanized territory in Central Italy is generally prone to seismic amplification. Ref-
erence sites were only a small subset of the analysed stations. Therefore, care should be 
taken when comparing standard seismic hazard estimates against observed values, as the 
latter often are recorded by stations for which local site effects cannot be ruled out (e.g., 
Barani et al. 2017). Hence, characterization of the recording sites remains a fundamental 
issue.

Although the approach presented in this paper can be improved—for instance, a more 
rigorous link of the RS to a uniform hazard concept or description of the uncertainty—this 
strategy can be taken as a reference approach for planning an extensive analysis of the huge 
seismological dataset for the Italian territory and for optimal future seismological interven-
tions in post-earthquake phases.
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Fig. 16  (a) Geological map of the Montereale area with seismic station locations; the SM study was per-
formed in the perimeter depicted in light grey (modified from Agnelli et al. 2018). (b) SM map of Montere-
ale with seismic station locations; the different colours distinguish the unstable zones (yellow) with respect 
to the seismic amplification prone zones (other colours in the panel); the numerically derived FAs for the 
three different period bands were calculated for both zone types (modified from Agnelli et  al. 2018). (c) 
Numerical FAs vs experimental FAs (average value); symbols represent stations and colours represent the 
spectral amplification factors calculated in the three period bands (FA1 [0.1–0.5] s; FA2 [0.4–0.8] s; FA3 
[0.7–1.1] s)

▸
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Appendix

This Appendix reports the stations that were analysed during Phases 1 and 2 of this study.  

Table 5  Temporary stations installed in the municipalities of Arquata del Tronto and Montegallo that were 
analysed during Phase 1

From left to right: network name, station name, network owner, longitude (in decimal  degrees), latitude 
(in decimal degrees), elevation (in metres), type of site (site with potential amplification or reference site), 
region, and municipality

NET STA OWNER LON (DD) LAT (DD) ELEV (m) Site/Ref Region Municipality

MZ MZ75 OGS 42.861 13.385 481 Ref Marche Montegallo
MZ MZ76 OGS 42.846 13.327 825 Site Marche Montegallo
MZ MZ77 OGS 42.842 13.333 942 Site Marche Montegallo
MZ MZ78 OGS 42.800 13.301 940 Site Marche Arquata del 

Tronto
MZ MZ79 OGS 42.774 13.310 600 Site Marche Arquata del 

Tronto
MZ MZ80 OGS 42.773 13.295 786 Site Marche Arquata del 

Tronto
MZ MZ81 OGS 42.762 13.298 902 Site Marche Arquata del 

Tronto
MZ MZ82 OGS 42.752 13.271 721 Site Marche Arquata del 

Tronto
MZ MZ83 OGS 42.738 13.236 887 Site Marche Arquata del 

Tronto
MZ MZ84 OGS 42.728 13.309 1008 Site Marche Arquata del 

Tronto
MZ MZ85 OGS 42.775 13.298 653 Site Marche Arquata del 

Tronto
MZ MZ86 OGS 42.788 13.299 800 Site Marche Arquata del 

Tronto
MZ MZ87 OGS 42.757 13.299 952 Site Marche Arquata del 

Tronto

Table 6  Temporary stations installed in the municipalities of Amatrice and Accumoli that were analysed 
during Phase 1

NET STA OWNER LON (DD) LAT (DD) ELEV (m) Site/Ref Region Municipality

3A MZ01 INGV/CNR-
IMAA

13.27081 42.67158 859 Site Lazio Amatrice

3A MZ02 INGV 13.28581 42.66995 963 Site Lazio Amatrice
3A MZ03 INGV 13.28832 42.67702 1093 Site Lazio Amatrice
3A MZ04 INGV/CNR-

IMAA
13.29381 42.67390 978 Site Lazio Amatrice

3A MZ05 INGV 13.28556 42.68277 1062 Site Lazio Amatrice
3A MZ06 INGV 13.28614 42.66469 975 Site Lazio Amatrice
3A MZ07 INGV 13.30468 42.64949 1012 Site Lazio Amatrice
3A MZ08 INGV 13.28656 42.63254 897 Site Lazio Amatrice
3A MZ09 INGV 13.30699 42.64223 990 Site Lazio Amatrice
3A MZ10 INGV 13.29985 42.62512 979 Site Lazio Amatrice
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Other details as in Table 5

Table 6  (continued)

NET STA OWNER LON (DD) LAT (DD) ELEV (m) Site/Ref Region Municipality

3A MZ11 INGV 13.30765 42.66291 1231 Ref Lazio Amatrice
3A MZ12 INGV 13.29179 42.62802 958 Site Lazio Amatrice
3A MZ13 INGV 13.28460 42.63838 904 Site Lazio Amatrice
3A MZ14 INGV 13.35730 42.62540 1391 Ref Lazio Amatrice
3A MZ15 INGV 13.22004 42.61754 1083 Site Lazio Amatrice
3A MZ16 INGV 13.22000 42.61992 1003 Site Lazio Amatrice
3A MZ17 INGV 13.23207 42.60002 987 Site Lazio Amatrice
3A MZ18 INGV 13.22982 42.59867 1001 Site Lazio Amatrice
3A MZ19 INGV 13.20692 42.64109 1107 Ref Lazio Amatrice
3A MZ20 INGV 13.23269 42.64510 1010 Site Lazio Amatrice
3A MZ21 INGV 13.26755 42.65163 1046 Site Lazio Amatrice
3A MZ22 INGV 13.29168 42.64753 1015 Site Lazio Amatrice
3A MZ23 INGV 13.29965 42.64779 1025 Site Lazio Amatrice
3A MZ24 INGV 13.28852 42.65524 912 Site Lazio Amatrice
3A MZ25 INGV 13.31925 42.62325 1009 Site Lazio Amatrice
3A MZ26 INGV 13.31640 42.62356 983 Site Lazio Amatrice
3A MZ27 INGV 13.29658 42.61241 1007 Site Lazio Amatrice
3A MZ28 INGV 13.30788 42.62138 992 Site Lazio Amatrice
3A MZ29 INGV 13.29250 42.63040 881 Site Lazio Amatrice
3A MZ30 INGV 13.29058 42.62643 951 Site Lazio Amatrice
3A MZ31 INGV 13.28988 42.62455 878 Site Lazio Amatrice
3A MZ50 CNR-IMAA 13.21800 42.59800 1161 Ref Lazio Amatrice
3A MZ51 CNR-IMAA 13.28558 42.63795 902 Site Lazio Amatrice
3A MZ52 CNR-IMAA 13.29381 42.67378 971 Site Lazio Amatrice
3A MZ60 IDPA-CNR 13.30900 42.63500 982 Site Lazio Amatrice
3A MZ61 IDPA-CNR/CNR-

IMAA
13.31438 42.63432 1001 Site Lazio Amatrice

3A MZ62 IDPA-CNR 13.32600 42.63500 1086 Site Lazio Amatrice
3A MZ63 IDPA-CNR/CNR-

IMAA
13.32345 42.62981 1071 Site Lazio Amatrice

3A MZ64 IDPA-CNR 13.33900 42.62200 1111 Site Lazio Amatrice
3A MZ095 ENEA 13.23369 42.66462 1036 Site Lazio Accumoli
3A MZ096 ENEA 13.20430 42.66131 1073 Site Lazio Accumoli
3A MZ097 ENEA 13.22582 42.67932 1079 Site Lazio Accumoli
3A MZ098 ENEA 13.27031 42.73093 700 Site Lazio Accumoli
3A MZ099 ENEA 13.21540 42.68010 1151 Site Lazio Accumoli
3A MZ100 ENEA 13.25516 42.69553 737 Site Lazio Accumoli
3A MZ101 ENEA 13.26322 42.70374 849 Site Lazio Accumoli
3A MZ102 ENEA 13.23205 42.70367 1055 Site Lazio Accumoli
3A MZ103 ENEA 13.24181 42.69592 875 Site Lazio Accumoli
3A MZ104 ENEA 13.25322 42.71250 838 Site Lazio Accumoli
3A MZ105 ENEA 13.20776 42.69275 1010 Site Lazio Accumoli
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