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ABSTRACT: The first mainshock (Mw 6.0) of the 2016 Central Italy seismic sequence,
severely struck the Amatrice village and the surrounding localities. After few days, some Italian
Institutions, coordinated by the “Center for Seismic Microzonation and its applications”, car-
ried out several preparatory activities for seismic microzonation of the area. A temporary seis-
mic network was installed that monitored about 50 sites in epicentral area. The network
produced a huge amount of records in a wide range of magnitude up to Mw 6.5. For about half
of the recording stations, detailed site characterization was undertaken, encompassing single-
station noise measurements and S-wave velocity profiles. The geological and geophysical data
together with the collected dataset of seismic signals were exploited to investigate the site
response of selected stations. Significant amplifications are found in correspondence of several
sites that experienced high level of damage (Imcs >IX), mainly at short and intermediate periods.

1 INTRODUCTION

A wide region of Central Italy has experienced a long-lasting seismic sequence, started on
August 24th 2016 with a Mw 6.0 earthquake occurred near Accumoli and Amatrice municipal-
ities, followed by two other strong events (Mw 5.9 and Mw 6.5) located north-western of
Amatrice, close to Ussita and Norcia hamlets, respectively (Figure 1).
The area is located in the Central Apennines mountain range, which is characterized by a

rather complex geological and geomorphological setting due to its polyphasic tectonic evolu-
tion (Cosentino et al., 2010, and references therein). The first mainshock caused huge damages
in the epicentral region, covering an area trending broadly N-S and extending 15 km in length
and 5 km in width (Quest W.G., 2016). Some localities suffered total destruction (Imcs X) such
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as the historical downtown Amatrice and several villages were severely damaged (Imcs from
VII to IX).
Few days after the first mainshock, the Department of Civil Protection (DPC; www.prote

zionecivile.gov.it) commissioned the “Center for Seismic Microzonation and its applications”
(CentroMS; www.centromicrozonazionesismica.it) to coordinate a series of geophysical, geo-
logical, and geotechnical surveys, with the final goal of performing detailed preparatory work
for seismic microzonation (MS3, so called “level 3”, after, SM Working Group, 2008).
Among these activities, the installation of two temporary seismic networks was also planned
to monitor four municipalities, with the aim of providing accelerometric and velocimetric
records useful for investigating the amplification effects in the most damaged hamlets: Ama-
trice and Accumoli, in the Lazio Region, and Arquata del Tronto and Montegallo, in the
Marche Region (Laurenzano et al., 2017).
This work focuses on the site response assessment of the temporary seismic network

installed at Amatrice and Accumoli municipalities, using Standard Spectral Ratio (SSR) and
the Horizontal-to-Vertical Spectral Ratio (HVSR) and 1D modelling.

2 TEMPORARY NETWORK AND RECORDINGS

The 3A temporary network ((doi: 10.13127/SD/ku7Xm12Yy9; Cara et al. submitted), com-
posed by 50 seismic stations, was installed for seismic microzonation purposes in the epicen-
tral area (Figure 1) by different institutes, operating from about mid of September to end of
November 2016. . In particular, one of the aim of this network was to provide seismic data
useful to evaluate empirical amplifications functions and factors for comparing and validating
numerical simulation results. Each station of the network 3A operated in continuous modal-
ity, and the majority of the sites was instrumented with both velocimeter and accelerometer.
Recording stations were deployed in correspondence of the localities that suffered the most
damages, also monitoring local geological-geomorphological conditions that could severely
affect the ground-motion characteristics in the area. Moreover, some stations were installed
on outcropping rock to be used as reference sites (Table 1).
The number of earthquake recordings is huge, especially at short epicentral distance (< 50

km), including the two stronger events after the Mw 6.0 August 24 earthquake. The records
relative to the main events are available in the Engineering and Italian Strong Motion data-
bases (ESM, http://esm.mi.ingv.it, ITACA 3.0 http://itaca.mi.ingv.it) The complete and

Figure 1. a): Map of the epicentral area, with the color scale proportional to the elevation. Events with

M≥5 are shown as red stars; the seismic stations of the network 3A are shown as blue triangles. The ana-

lyzed events (M≥3) are indicated as black circles. b-c) Spatial distribution of the stations installed in the

Amatrice municipality: b) the colors represent the fundamental frequencies (f0) evaluated from ambient

noise analysis; c) the colors represent the maximum amplification factor (max FA, see Eq. 1) selected

among the three values estimated in the frequency ranges: 2-10 Hz (FA1, in yellow), 1.25-2.5 Hz (FA2, in

pink) and 0.9-1.45 Hz (FA3, in blue).
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revised dataset (99 Gb archive of continuous waveforms in miniseed format) will be soon dis-
tributed in the EIDA archive (http://eida.rm.ingv.it).
For investigating site effects on the 3A stations, we selected 615 events from the Italian Seis-

mic Bulletin (http://cnt.rm.ingv.it/) in the magnitude range 3.0 - 6.5 (Figure 1a) within a radius
of 55 km from Amatrice village.

3 GEOLOGICAL FRAMEWORK AND GEOPHYSICAL DATA

The Amatrice and Accumoli municipalities lie inside the Amatrice basin, filled by a thick suc-
cession of siliciclastic deposits Messinian in age (Laga formation), which represents the geo-
logic bedrock of the area (Milli et al., 2013). This geologic formation is characterized by
alternating of rigid arenaceous and more ductile pelitic units, that have different elastic prop-
erties. The Quaternary evolution of the area was characterized by continental sedimentation,
which in turn, was controlled by the climate change and regional differential uplift (Cacciuni
et al 1995). The continental units are mainly constituted by gravel and sand deposits in the
valley floors, alluvial terraces, and fan, while thick debris covers are often found along the
slopes, which are characterized by intense and widespread gravitational processes. Therefore,
due to the complex origin and evolution of the area, there is a large variability in the geo-
logical and geomorphological conditions at the recording sites, as summarized in Table 1.

Table 1. Site parameters for stations of the network 3A: average shear-wave velocity in the upper 30 m

(VS,30), Eurocode 8 soil category (* if inferred from surface geology), seismic bedrock depth, morpho-

logical configuration and fundamental frequency (f0) estimated from HV spectral ratio from noise meas-

urements. Station codes are colored according to the method for estimation of the Vs profile: blue for

multichannel analysis of surface waves, red for down-hole measurement and green for passive 2D array

measurements. Morphological configuration: alluvial terrace (AT); alluvial fan (AF); edge of scarp (ES);

plain (P); ridge (R); slope (S); valley edge (VE). 1D subsoil model was built for the stations in grey.
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The 1D subsurface seismic models of the recording sites were derived from detailed geological
surveys and stratigraphic logs, geotechnical in-situ and laboratory tests and tens of geophysical
surveys (resistivity, tomographies, single-station ambient vibration measurements, active and
passive surface-wave tests, refraction surveys) performed during the preparatory activities car-
ried out for seismic microzonation (EmerTer Project Working Group, 2018). Some of the drilled
boreholes were also used to estimate the shear-wave velocity (Vs) profiles through down-hole
(DH) in-situ tests. The majority of the profiles associated to the stations refer to DH performed
within a radius of about 100 m from the site and, in first approximation, in similar subsurface
conditions.. The maximum investigation depth varies from 20 to 50m, and in several cases, the
geological bedrock was reached, showing high variability of Vs values, in the range 350-1500 m/
s. The lower values are ascribable in the first 20 m depth and are likely due to the weathering
processes. As a consequence, the shallower layers of the geologic bedrock cannot be assumed as
the seismic bedrock (average shear-wave velocity of the top 30 m, VS30, > 800 m/s), according
to the national and European building codes. For few sites, the Vs profiles were estimated by
passive surface-wave surveys for depths greater than the maximum ones reached by core-dril-
lings and down-holes, showing the presence of a significant seismic impedance contrast.
In Table 1 the inferred Vs30 values for the investigated stations are listed.

4 METHODS

Earthquake and seismic noise recordings were analyzed to provide several site parameters
useful to characterize the seismic response of the investigated localities, such as the resonance
frequency (f0), the amplification factors and the empirical amplification functions. Different
spectral techniques were applied for estimating each parameter. The analyses were carried out
in the frequency band 0.3 - 20 Hz.

4.1 HV from noise and earthquake

The Horizontal-to-Vertical Spectral ratios (HV) technique can be applied to ambient noise
(HVSR) and seismic records (EHV) and it can be used both for determining the resonance
frequency of the subsurface structure and for estimating the amplification function in those
cases where a reference site is not available (Field and Jacob, 1993; Lachet and Bard, 1994),
assuming that the vertical motion is not affected by site effects. The EHV ratios were evalu-
ated using small events (M < 4.5), recorded by the network 3A, to minimize the source effects;
they were automatically calculated by selecting fixed signal windows, with a length of 12s,
starting from 0.1s before the arrival of the S-waves and smoothing the corresponding acceler-
ation Fourier spectra following the method proposed by Konno & Ohmachi (1998) and using
a coefficient of 30 for the bandwidth. For each station, the EHV ratio was then computed as
the geometric mean of the individual ratios, calculated for each component and event. On the
other hand, the ambient noise measurements were analyzed following the procedure proposed
by Puglia et al. (2011) for estimating the fundamental frequencies f0 (Figure 1b); generally,
the values of f0 obtained from EHV and HVSR are very similar, with minor differences when
the amplitude of the peaks are small (amplitude around 2) or the curves are broad-band.

4.2 SSR

The Standard Spectral Ratio technique (SSR; e.g., Borcherdt, 1970; Parolai et al., 2000) consists
in comparing the horizontal Fourier spectra at nearby sites, using one as the reference. When
we apply this method to estimate the site response, we assume that the contribution of the
source and the propagation path is the same for the reference site (in general, a station installed
on outcropping rock) and the other sites. Although the stations MZ11 and MZ14 were installed
on the geological bedrock (sandstones and marls), these sites cannot be used as reference sites
because preliminary analysis on HVSR curves showed small amplification at intermediate- and
high- frequencies, probably due to the presence of weathered/fractured rock layer with Vs lower
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than 800 m/s. To overcome this problem, the INGV temporary station T1299 (Figure 1a,) Mor-
etti et al., 2016) was selected as reference. This site is characterized by HVSR values lower than
2 in the entire frequency band and it is located in a relatively middle position with respect to the
entire network 3A. To estimate the SSR functions, for each station and event we selected time-
windows of 5s starting from 0.2s before the arrival of the S-waves of each horizontal ground-
motion component. We then removed the mean, the linear trend and applied a 5% cosine taper
to each end of the time-windows. Next, we computed the smoothed Fourier spectra and the cor-
responding spectral ratio relative to the reference site. The spectra were smoothed following the
method proposed by Konno & Ohmachi (1998) using a coefficient of 40 for the bandwidth.
Finally, the single horizontal SSR were combined using the geometric mean.
A similar approach was also applied to the acceleration response spectra (hereinafter SA),

with the aim of computing the Amplification Factors (FAs). The SA were computed on 100
periods ranging from 0.01 to 10s, evenly spaced on a logarithmic scale, using a 15s length time
window starting from 1s before the P-waves arrival. FA is defined according to the Italian
Guidelines for Seismic Microzonation (SM Working Group, 2008), as the ratio between the
integrated values of the response spectra, computed for site (RSsite) and reference (RSref):

FAi ¼
RSi;site

RSi;bed

where: RSi ¼
1

DT

Z
DT

SAðTÞidT ð1Þ

The FAi evaluated for each event i were averaged using the geometric mean to obtain the
amplification factor FAsite at the site. In agreement with the seismic microzonation studies,
three period intervals were considered: ΔT1 [0.1-0.5s]; ΔT2 [0.4 - 0.8s]; ΔT3 [0.7 - 1.1s] and the
amplification factors FA1, FA1, and FA3 were named accordingly.

4.3 1 D modeling

Data of the geophysical and geological surveys were used to assess a 1D subsoil model at 24
selected sites (Table 1, in grey) of the network 3A. For these sites, an accurate 1D layered
model was built, exploiting the Vs profiles obtained mainly by DH tests and, only in few
cases, by active surveys and passive surface-wave array experiments to constrain the Vs profile
at depth larger than 50 m. Using these models as base, we computed theoretical transfer func-
tions by a 1D convolution approach using the STRATA software (Kottke and Rathje 2009),
which performs linear-elastic and equivalent-linear site response analyses. The software allows
for stochastic variation of the site properties, including the values of Vs, layer thicknesses,
depth to bedrock, and strain-dependent soil properties (i.e., shear modulus reduction, G/G0,
and damping, D, curves).
As input motion at the bedrock level, we used 7 strong-motion data compliant with the 475

years return period spectrum of the Italian seismic code (Luzi et al., submitted). The input set
includes records of the 2016 seismic sequence (4 records of the Mw 6.5 on October 30; 3
records of the Mw 5.9 event on October 26). The G/G0 and D curves were selected from lit-
erature data or from the laboratory surveys performed on few subsoil samples provided by
borehole drilled in the epicentral area. (EmerTer Project Working Group, 2018).
For each investigated site, the transfer function (the ratio between the signals obtained at

the surface and at the seismic bedrock in outcropping condition) was computed averaging 200
simulations, obtained varying the Vs values following the correlation models of Toro (1995)
developed for NEHRP class B (Vs30 between 360 and 750 m/s), in a range ±20% with respect
to the average Vs value. In this preliminary analysis we decided to use only one correlation
model for all sites. The site class B was selected because the majority of the stations of the
network 3A falls in this class and several C class sites present Vs30 values very close to the
lower bound of site class B (MZ04=355 m/s, MZ24=348 m/s, MZ52=355 m/s, Table 1). When
the seismic bedrock (i.e. Vs> 800m/s) was not found in the Vs profile by DH tests, the bedrock
depth was also varied up to 200m using a uniform distribution and average Vs of 1250 m/s.
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5 RESULTS

5.1 Comparison with 1D modelling

To evaluate the accuracy of the site characterization of the stations of the network 3A and the
correctness of the 1D approximation in the evaluation of site response, we compared the
empirical amplification functions (SSR and EHV) and with the theoretical 1D transfer func-
tions. Considering that the empirical amplification functions come from a dataset of small-
moderate magnitude events and that non-linear stress-strain and damping curves were not
available at the time we performed this analysis, we compared only the numerical results
obtained in the linear-elastic condition.
A systematic comparison between numerical and experimental results is still ongoing; as an

illustrative example, the comparison for two sites, representative of widespread geological-geo-
morphological conditions in the area are shown: MZ10-San Cipriano (Amatrice municipality)
and MZ105-San Giovanni (Accumoli municipality). MZ10 station was installed on the top of
the Amatrice alluvial terrace, close to its SW gentle slope. The borehole log shows a 40m thick
fining upward succession of alluvium (sands and gravels) with 40 m thickness overlying the bed-
rock. In this case, the geologic bedrock corresponds to the seismic bedrock because at depth of
38 m was found the Laga Formation with Vs of about 1200 m/s (Figure 2, top right panel).
MZ105 was installed on a steep slope of the NE flank of the Sibillini Mts. In this sector, alter-
nating sandstones and marls of the Laga Formation unit crops out and a large part of the slope
is involved in gravitational processes. The Vs profile associated to MZ105 was retrieved by a
DH test performed at a distance of about 100 m. The profile shows a sharp increase in Vs from
about 250 m/s to 800 m/s at 5 m depth. The maximum Vs of more than 1400 m/s was reached at
22 m depth (Figure 3, bottom right panel). The two sites are both classified as EC8-soil category
B (Table 1), having Vs30 equal to 590 m/s and 576 m/s), respectively, whereas they are located
on different morphological conditions (Table 1). As expected, the seismic response between the
two sites is different (Figure 2). MZ10 does not show significant amplification, and the agree-
ment between experimental (black and blue curves, Figure 2 top left panel) and theoretical 1D
transfer functions (red curve, Figure 2, top left panel) is fairly good. In contrast, MZ105 is char-
acterized by larger amplitudes (Figure 2, bottom left panel): the experimental curves are peaked
at 3Hz and 6Hz, with amplitude around 6, while the 1D transfer function only reproduces the
high frequencies amplification (f >6Hz). The observed differences between the SSR and EHV
curves may be related to the site response of the vertical components, that can amplify the
ground motion, especially at frequencies > 8 Hz.

Figure 2. Comparison between experimental curves (EHV in blue, SSR in black) and 1D theoretical

linear-elastic transfer functions (red curves). The top and bottom panels refer to sites MZ10 and MZ105,

respectively. On the right, the Vs profiles derived from geophysical surveys are also shown.
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5.2 Fundamental frequencies and amplification factors

The spatial distribution of f0 (Figure 1b, left panel) is largely variable, with a dominance of sites
with resonances at intermediate and high frequencies (>2Hz) or broad-band behaviors. Only few
sites are free from any resonance (HVSR flat), and are located on the geological bedrock at the
Eastern slope of the Sibillini Mts to the W (MZ19, MZ20, MZ097, MZ102) and at the foothill of
the Laga Mts to the E (MZ03) over the geologic bedrock (Flysch Fm). Low values of f0 are
found only at the stations located over unconsolidated sediments, at the foothill of the Laga Mts.
The empirical amplification factors FA reproduce the spatial distribution of f0 (Figure 1b,

right panel), with the majority of the sites having the maximum amplification in the frequency
range 2-10Hz. This result indicates that, in the investigated area, there is a good correlation
between maximum amplification factors (maxFA) and fundamental frequencies, as shown in
Figure 3 (left). Conversely, the correlation between Vs30 and maxFA is poor (Figure 3 right),
suggesting that this parameter is not enough efficient to represent the site amplification. How-
ever, it is worth noting that, in some cases, although DH measurements were performed very
close to the stations, they may not be representative of the real profile under the site, due to
the complexity of the geological and geomorphological setting.

6 DISCUSSION AND CONCLUSION

This study produced the first results useful to characterize the site response of stations of net-
work 3A and, more in general, to investigate the amplification effects occurred during the
Amatrice earthquake in the epicentral area.
First of all, these results were used to compile crucial information of the station-form delivered

to CMS, in the format proposed by Priolo et al. (submitted) for seismic microzonation purposes.
In particular, the H/V curves, the fundamental frequencies, the EC8 soil category, the VS30
values and the empirical amplification factors were included. Furthermore, the main geological
and geophysical information (geological map, shear-wave velocity profiles, morphological
description) collected during this study to build the 1D geological models, as well as the results
of the seismological analysis, were stored for the compilation of the station reports of the Italian
and Engineering strong motion databases (http://itaca.mi.ingv.it and http://esm.mi.ingv.it).
The preliminary results on the comparison between empirical amplification functions and

1D theoretical site amplifications show a poor agreement, also in the linear-elastic condition.
Considering the SSR function as the benchmark for site response estimation, the almost sys-
tematic bias in the numerical simulations may be explained by three main factors: i) a large
part of the investigated sites is located in geological-geomorphological conditions which vio-
late the 1D assumption (as shown in Table 1, several morphology classes are steep slopes,
valley floors and terrace edges) and 2D and 3D seismic-wave propagation should be con-
sidered for evaluating realistically the site response; ii) in some cases, the Vs profiles inferred
from DH tests may not be representative of the soil profile under the station, due to the high
variability of the geological and geomorphological conditions of the investigated area; iii)

Figure 3. Maximum empirical amplification factors plotted in function of (left) the fundamental fre-

quency f0 and (right) the average shear-wave velocity in the upper 30 m (VS,30). For each station, the

maximum amplification factor (max FA) is selected among the three values estimated in the frequency

ranges: 2-10 Hz (FA1, in yellow), 1.25-2.5 Hz (FA2, in pink) and 0.9-1.45 Hz (FA3, in blue).
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even in those cases where the 1D wave propagation assumption may be considered fulfilled,
the investigation depth of DH tests is, in general, within the first 30 m. Only in few cases the
investigation depth reaches 50 m. When the seismological analysis estimate low values of f0 (<
2 Hz), corresponding to wavelength longer than 100m, the investigation depth may be not suf-
ficient to reach the main seismic impedance contrast, responsible for low-frequency peaks
observed in the amplification functions. Further efforts will be spent to carry out a systematic
comparison between experimental and numerical site response estimates, in order to evaluate
the goodness of the characterization obtained from all the microzonation studies and include
the 2D and 3D effects in the amplification functions.
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