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Abstract

Since August 2016, Central Italy has been struck by three strong earthquakes (Mw 6.0 Amatrice, Mw 5.9 Visso and Mw 6.5 Norcia).
This seismic sequence resulted in ground failure, infrastructural damages and destruction of several villages. This work aims to analyze
the site effects on the ground shaking along the valley of the Tronto River across the Acquasanta Terme municipality, where some
historical sites were located. These suffered heavy and differentiated damage during the seismic sequence. Following the Amatrice
earthquake of August 24, authors managed the deployment and acquisition of seismic stations located in an array along the valley of the
Tronto River approximately 25 km from the epicenter. By recording the two stronger earthquakes (i.e., Mw 5.9 Visso and Mw 6.5
Norcia) and 30 aftershocks with varying magnitudes and also ambient vibration, the site effects were preliminarily studied using the
horizontal-to-vertical spectral ratio (HVSR). Furthermore, the amplification effects on the ground motion were also evaluated with
reference to the earthquakes in terms of the standard spectral ratio (SSR) and the normalized energy content, in both cases using the
bottom of the valley where the seismic bedrock outcrops as a reference. The comparison between the spectral accelerations due to the
two strong earthquakes and those provided by ground motion prediction equations displayed values that were usually inadequately
precautionary for periods lower than 0.35 s. High spectral accelerations were detected in period ranges corresponding to those
predominant for masonry structures that are available in the literature. According to the current knowledge about surface geology,
the local site effects seem to have significantly influenced ground shaking along the slopes of the valley, thus producing a larger seismic
effect on ancient structures with more than two floors. The results can provide useful information for undertaking a possible future
microzonation study that would be able to support urban planning and seismic designs in the rebuilding phase.

Keywords Seismic response - Tronto Valley - Site effects - Geophysical monitoring - Central Italy seimic sequence - Ground
motion prediction equations

Introduction

On August 24, 2016, a Mw 6.0 earthquake struck an extended
region of the Central Apennines, one of the most seismically
active areas in Italy. This devastating earthquake (see red star
in Fig. 1a) occurred close to the village of Accumuli (epicen-
tral distance of about 1 km) and the town of Amatrice
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(epicentral distance 10 km), causing 299 casualties and severe
damage to buildings (Masi et al. 2017; Fiorentino et al. 2018)
and historic heritage (Caserta et al. 2016) in several towns
surrounding the epicenter. The following seismic sequence
produced hundreds of aftershocks for the following days
(Michele et al. 2016), including a Mw 5.4 earthquake on the
same day. Approximately 2 mo after the Amatrice earthquake,
on October 26, two other severe earthquakes (Mw 5.4 and 5.9)
occurred about 14 km NNE of Norcia near the village of
Visso. These earthquakes preceded the strongest event of the
sequence—an earthquake of Mw 6.5 that occurred on October
30 (at 06:40:18 UTC) about 5 km North of Norcia (Fig. 1).
Immediately after the beginning of the seismic sequence,
the Emersito operative group coordinated the monitoring of
the local site effects and installed a temporary seismic network
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Fig. 1 Epicentres (blue circles) of
the August—October 2016 seismic
sequence in the central Apennine
mountain chain. The epicenters of
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in the epicentral area. The preliminary analysis showed the
lengthening and amplification of the seismograms and vari-
ability of the peaked frequency related to the thickness of the
sedimentary deposits in the basin between Montereale e
Capitignano, about 18 km south of the epicenter of the
Amatrice earthquake (Cultrera et al. 2016). Data analysis from
20 years of seismic monitoring (Pilz and Parolai 2009)
allowed the detection of resonance frequencies dependent on
the sediment depth in the Norcia intermountain basin (Luzi
et al. 2018), as well where the historic town of the same name
is located; the town suffered severe damage during the seismic
sequence (Galli et al. 2017).

Masi et al. (2016) discovered different levels of damage in
two villages in the Arquata del Tronto municipality; the first
one suffered the collapse of several buildings (i.e., Pescara del
Tronto located about 6.5 km NNE of the epicenter of the
Amatrice earthquake) while the other witnessed light damage
to a few buildings (i.e., Vezzano), despite the two villages
being separated by only 1300 m. This unexpected anomaly
regarding damage distribution was verified through the site
response as observed in the geophysical investigation per-
formed. Other geophysical studies were conducted immedi-
ately after the destructive seismic sequence in order to collect
information for possible studies of microzonation and for pro-
viding information for reconstruction planning. Evaluations of
the local seismic responses based on the seismological data
were performed for different sites in the areas more damaged
by the central Italy seismic sequence (e.g., Laurenzano et al.
2018) in order to support the microzonation studies commis-
sioned by the Italian Civil Protection Department.

Following the Amatrice earthquake, the authors joined the
group that was designated by Emersito for monitoring in the
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Acquasanta Terme municipality that lies 25-30 km away from
the epicenters of the three main events. This municipality
comprises several historical settlements located along the
slopes of the river, which are composed predominantly of
residential masonry buildings and some reinforced concrete
structures (e.g., accommodation facilities and a school).
Several of these buildings suffered a significant grade of dam-
age because of the shaking produced by the first seismic event
(i.e., Mw 6.0 Amatrice earthquake). Diffuse damages were
detected both on the masonry and the reinforced concrete
structures by conducting visual inspections of the observed
effects. Several of these buildings were subsequently identi-
fied as inhabitable after surveys by competent authorities.
Nevertheless, the damage grade seemed to display an overall
increase from the valley bottom towards the settlements locat-
ed along the flanks of the river. Therefore, we decided to
investigate site effects along the cross-section that intersected
the settlements of the town. In early September 2016, we
deployed a seismic array along the valley of the Tronto
River (red triangles in Fig. 2) crossing the town of
Acquasanta Terme at about 25 km from the epicenter (yellow
circle Fig. 1) as part of this framework. Continuous geophys-
ical monitoring allowed the recording of the seismic sequence
that aggravated the damage.

This work aims to analyze whether amplification phenom-
ena could have significantly impacted the ground shaking at
the sites and seeks to quantify the seismic actions due to the
stronger events. The data analysis also allows the drawing of
some indications about the use of the spectral ratios most
commonly used in practice. Initially, the paper discusses the
similarities and differences detected on the recordings of the
Mw 5.9 Visso earthquake and Mw 6.5 Norcia earthquake
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Fig. 2 Geological setting: (a) map of the study area and locations of

seismic stations (red triangles); (b) schematic section along the Tronto
Valley in correspondence of Acquasanta Terme (modified after Boni e

concerning the five sites along the cross-section of the Tronto
Valley. Following this, the local effects were analyzed in terms
of their spectral ratios by comparing those obtained from the
recordings of the two strong earthquakes, 30 severe-to-
moderate aftershocks and the ambient vibration. The spectral
accelerations and energy content measured for the two strong
earthquakes are compared with those provided by some
ground motion prediction equations (GMPEs) available in
the literature, which are obtained by studying datasets of the
earthquakes that occurred in the Italian region as well as
worldwide. Moreover, the spectral accelerations at different
sites were superimposed on the predominant periods for

e travertine
and Bisciaro \

13°25'0"E

conglomerates
\

(b)

alluvial deposits

/
/

Cagnano

Colacicchi, 1966), with the seismic stations projected and the main
settlements sketched on the same section

masonry buildings as available in the literature and correlated
to the height of the structures. Finally, the conclusions are
outlined.

Geological setting and recordings
of the Central Italy seismic sequence

The town of Acquasanta Terme is located on the eastern side
of the Tronto River. The municipality houses a town center
and several hamlets on both sides of the valley. In this area, a
large plate of travertine dominates the right flank of the Tronto
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River related to the rise of sulfidic water (Boni and Colacicchi,
1966) or the revegetation at the beginning of interglacials
(Farabollini et al., 2001). Along the right side of the valley,
the travertine formation produces some terraces. Furthermore,
continental deposits form thin covers composed of alluvial
and detrital soils. Boni and Colacicchi (1966) also indicate
the presence of some terraced deposits composed of sand
and gravel that stay underneath the travertine formation.
However, in the area of Acquasanta Terme they are not en-
countered by drillings that indicate travertine directly resting
on the Miocene marly unit (cf. Lanzi and Cavanazza 1993,
Prezzavento 2007). These latter formations, which include
Bisciaro, marl with Cerrogna and Pteropodi marl, are charac-
terized by a thickness that can exceed 500 m and, together
with the underlying Oligocene Scaglia Cinerea unit (up to
200 m thick), constitute the most important regional aquiclude
(Galdenzi et al. 2010).

In summary, the settlements on the right flank of the Tronto
River are located on terraces composed by travertine with an
overlying layer of alluvial deposit. The deposit is generally
composed of silty and clayey fine sands and characterized
by thickness from a few meters, as in the town center, up to
some tens of meters. The terraces rest on the Bisciaro unit,
which is considered a seismic bedrock (characterized by shear
wave velocity Vs> 1800 m/s according to geophysical sur-
veys carried out in the area for civil construction—cf. GEA
2007). Contrarily, the San Vito hamlet on the left flank of the
valley rests on alluvial deposits directly overlying the same
Miocene formation (Fig. 2a).

Since early September 2016, i.e., right after the Amatrice
earthquake (August 24) and until May 2017, a seismic array
was deployed along the section of the valley that crosses some
settlements of the Acquasanta Terme municipality. Each seis-
mic station was composed of a Centaur seismic digitizer
(Nanometrics 2018a) equipped with a triaxial Trillium broad-
band seismometer (Nanometrics 2018b) and a triaxial Titan
accelerometric transducer (Nanometrics 2018c¢). The horizon-
tal components were oriented along the north-south and east-
west directions. Data were continuously recorded and sam-
pled at 250 Hz using 24-bit analog-to-digital converters. The
time synchronism was provided by the embedded GPS at each
station. A local wireless (WiFi) network was installed for data
transmission—implemented by a set of antennas connected to
each station and a server hosted in the municipal seat of the
town. The temporary seismic stations were deployed along the
WNW-ESE direction (cf. Table 1, map in Fig. 2a and section
in Fig. 2b) as follows: the San Vito hamlet (station ACS07 at
WNW), the thermal area at the bottom of the valley (ACS02),
the town center of Acquasanta Terme (ACS01) and the lower
(ACSO08) and upper parts (ACS03 at ESE) of the village of
Cagnano. The array was designed to investigate the role
played by near-surface geology in amplifying soil shaking
and to check the presence of any topographic effects.
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In this work, recordings relative to the two stronger earth-
quakes (M,, 6.5 Norcia and M, 5.9 Visso) were analyzed,
including thirty aftershocks with variable magnitudes (be-
tween 5.4 and 3.0). Table 2 provides the date, time, location,
depth and magnitude of the earthquakes examined.
Furthermore, the epicentral distance (between 14 km and
33 km) and site-to-epicenter azimuth (between 223° and
317°) are provided with reference to the town center of
Acquasanta Terme.

The smoothed Fourier amplitude spectra (FAS) obtained
from the recordings of the two stronger earthquakes are
displayed for the five sites in Fig. 3. The horizontal motions
from which the FAS were computed have been rotated into
radial (R) and transverse (T) directions using a site-to-
epicenter azimuth of 252° and 235°, respectively, for the
Norcia and Visso earthquakes. The figure shows that the spec-
tra have quite similar shapes for all the sites up to a frequency
of approximately 1.5 Hz. The peaks of the FAS are between
20 Hz and 30 Hz at the valley bottom (ACS02 site) for the
horizontal and vertical components, whereas these disappear
at the other sites. On the right flank of the valley (ACSO1,
ACSO08 and ACS03), the FAS exhibit maximum values almost
always in the frequency range of 3—7 Hz for the horizontal
components, with an increasing amplitude moving towards
the ESE direction (cf. map in Fig. 2a and section in Fig. 2b).
Nevertheless, another pronounced peak is detectable at high
frequencies (>15 Hz) on the curves that referred to the ACS03
site. On the left bank of the valley (ACSO07 site), finally, the
maximum amplitudes of the FAS are observed in a wide range
of frequency (3—15 Hz) without well-defined peaks in the
transverse direction, depending on the examined event for
the radial components (i.e., at approximately 3.5 Hz for the
Norcia earthquake and 5.5 Hz for the Visso earthquake).

Site effects on the spectral response

The frequencies of the resonant peaks can be reliably detected
using the horizontal-to-vertical spectral ratio (HVSR) (Lermo
and Chavez-Garcia 1993; Konno and Ohmachi 1998; Fiah
et al. 2001; Bonnefoy-Claudet et al. 2006), especially for sites
with a large impedance contrast in layers not far from the
surface (up to hundreds of meters, depending on the value of
the impedance contrast). According to Nakamura (2000), the
H/V spectra can be controlled by the resonant effect due to the
pathway of the SH-waves along the structure. Despite the
observation that the H/V curve is useful to define fundamental
frequency (Nakamura 2000), the shape and amplitude of the
spectral ratio are not considered a good representation of the
transfer function (Haghshenas et al. 2008). Since the H/V ratio
could be related to the integrated contributions from different
types of body waves and surface waves, the maximum values
in the H/V spectra have to be carefully considered for estimat-
ing the SH-wave frequency of resonance.
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Table 1 Details of the temporary

network COD Station name Latitude Longitude Elev. (m) Start Stop
ACS01 Terme 42.769 13.410 416 2016-09-01 2017-03-16
ACS02 Acquasanta 47.770 13.409 380 2016-09-01 2016-12-31
ACS03 Cagnano Up 42.770 13.415 506 2016-09-02 2016-11-14
ACS07 San Vito 42.771 13.406 449 2016-09-05 2016-11-23
ACS08 Cagnano Lo 42,770 13.412 465 2016-09-03 2017-03-16

In Fig. 4, the horizontal-to-vertical spectral ratios that re-  and dashed lines for earthquakes. Moreover, the HVSRs of the
ferred both to the ambient vibrations (HVNSR) and the mean ~ two earthquakes with higher magnitudes are recorded in the
of the 30 earthquakes in Table 2 (HVSR) are compared. The  same figure. The HVSRs in the figure refer to the transverse
confidence ranges are depicted by the shadowed area fornoise ~ (upper row) and longitudinal (lower row) components,

Table 2 Date and source

parameters of earthquakes Date UTC Latitude  Longitude  Depth/ Magnitude'  Azimuth? Distance
analyzed Time Km °] [km]
2016-10-30  06:40:17  42.840 13.110 9.4 6.5" 252.12 25.68
2016-10-26  19:18:06 429152  13.1278 8.4 59" 234.72 28.14
2016-10-26  17:10:36  42.8788  13.1287 9.3 54" 241.95 25.95
2016-10-26  21:42:02  42.8612  13.1283 9.5 45" 24594 25.12
2016-10-27  03:50:24 429862  13.1268 8.9 4.4 223.65 33.37
2016-10-27  08:21:46  42.8733  13.0998 9.3 43" 245.36 27.79
2016-10-27  17:22:23  42.841 13.1002 8.6 42" 25242 2647
2016-10-27  03:19:27  42.8442  13.1503 9 4.0 248.45 22.74
2016-10-16  09:32:35  42.7542  13.1767 9.6 4.0° 274.99 19.08
2016-10-27  17:23:43  42.846 13.1085 8.4 3.9* 250.80 26.00
2016-10-26  19:25:19 42,9357  13.0747 8.5 3.9* 235.83 32.99
2016-10-08  18:11:10  42.7433  13.1927 10.9 3.9° 279.21 17.93
2016-10-26  19:43:44  42.8932  13.0693 9.8 3.8" 243.55 30.99
2016-10-28  13:56:33  42.8647 13.2142 5.1 3.7° 236.28 19.15
2016-10-26  21:24:52  42.8673  13.0783 9 3.7° 247.99 29.14
2016-10-27  07:50:30  42.8268  13.1343 9.1 3.6 254.05 23.35
2016-10-27  02:44:46 429083  13.049 10.7 3.6% 24223 33.22
2016-10-09  04:42:42 427437  13.1953 9.5 3.6 279.18 17.71
2016-10-08  12:19:03 ~ 42.7502  13.1823 8.7 3.5" 276.47 18.67
2016-10-04  12:41:35  42.8545 13.121 7.8 34% 248.02 25.38
2016-10-02  23:47:07  42.7897  13.2303 9.4 3.4* 261.10 14.80
2016-09-30  19:38:38  42.8948  13.2468 9.3 34" 223.50 19.27
2016-09-30  19:22:28  42.896 13.2482 9.3 3.3* 317.02 19.29
2016-09-22  20:04:55  42.7597  13.1882 11.1 33" 266.68 18.10
2016-10-11  21:24:10  42.8672  13.0747 8.2 32° 291.78 29.41
2016-10-08  12:40:59  42.7508  13.1932 10.7 32° 263.42 17.78
2016-10-08  08:15:02  42.7802  13.2003 10.2 32° 274.13 17.12
2016-10-06  05:34:18  42.7935  13.2173 9.7 3.2 279.81 15.92
2016-09-20  01:20:53  42.6772  13.2902 9.3 3.2% 223.62 14.12
2016-10-09  02:47:29  42.7442  13.1948 10.2 3.1% 261.02 17.75
2016-10-11  07:32:51 42.8562  13.2533 8.5 3.0 307.25 16.00
2016-10-06  16:09:44  42.8793  13.1408 9.4 3.0" 299.22 25.11

! *Represents the moment magnitude (Mw) and * the local magnitude (Ml)
2 Site-to epicenter azimuth, clockwise from north
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Fig. 3 Fourier Amplitude Spectra (FAS), smoothed using Konno and Ohmachi (1998) smoothing over logarithmic frequency, with their smoothing
parameter set to b =20. The spectra were computed from unfiltered acceleration time series

whereas the HVNSR is the geometrical mean of the two hor- ~ Butterworth band-pass filter in the range of 0.1-25 Hz.
izontal components. The spectra were finally smoothed using the Konno and

The signal processing (same for all the recordings  Ohmachi (1998) function with a smoothing coefficient
considered in the paper) included both the offset and  equal to 20. Time histories were manually windowed to
mean removal and the application of an acausal 4-pole  select S waves on the recordings of the earthquakes and
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Fig. 4 Horizontal-to-vertical spectral ratios of the Fourier spectra, with The horizontal motions for the earthquakes were rotated using the site-
comparison among ambient vibration, mean of 30 earthquakes (5.4> to-epicentre azimuth in Table 2, obtaining transverse (upper panel) and

M=>3.0), Mw 5.9 Visso earthquake and Mw 6.5 Norcia earthquake. radial (lower panel) components
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a 30 s window was adopted on 2-h recordings for am-
bient vibration.

The ratios obtained by noise and earthquakes exhibit good
agreement in general, with the exception of those for low
frequencies (< 1 Hz), where only the HVSNRs display a peak
at approximately 0.5 Hz; however, it is characterized by high
values of standard deviation.

Taking into account the frequencies with the value of HVSR
higher than two as required by the clarity criterion specified by
SESAME (2004), the following observations can be made:

» At the ACSO02 site, the ratios highlight a resonance fre-
quency between 18 Hz and 20 Hz by both noise and earth-
quakes; this is more pronounced for the latter ones by the
transverse components, whereas the stronger earthquakes
show a peak that shifted towards the lower frequencies.

e On the right bank of the Tronto Valley (ACS01, ACS08 and
ACSO03 sites), amplification is detectable in a range of fre-
quencies between 2 Hz to 5 Hz, with a peak at around 4 Hz
at ACSO1 and approximately 3 Hz at ACS08 and ACS03.

*  On the left bank of the valley, a resonance frequency can-
not be clearly defined due to low statistical confidence.
However, it should be noted that the 5 Hz amplitude as-
sumes mean values of 2.5, with both noise and earth-
quakes, despite the stronger ones not highlighting the
same behavior.

The H/V amplitudes in Fig. 4, generally, do not exceed the
factor three, which could be considered as a reliable threshold
for identifying the amplification frequencies.

Maps of the HVSR are shown as a function of azimuth and
frequency to provide more information about directional effects
due to morphological setting and types of motion (Fig. 5). The
ratios obtained by ambient vibration, aftershocks and the two
stronger earthquakes are compared. The two horizontal motions
recorded at the same station were rotated into a specific azimuth
to plot these graphs. Subsequently, the HVSR for this rotating
motion was calculated. The procedure was repeated with azi-
muth steps of 10° starting from 0° N to 180° N counterclock-
wise, and thus the shaded contour map was constructed.

At the valley bottom, both the noise and the aftershocks
allow the detection of amplification at high frequencies (around
19 Hz) with maximum values for azimuth between 130°-170°
N (Fig. 5a,b—ACS02), whereas the site shows a more complex
behavior with significant amplification for frequencies greater
than 10 Hz (Fig. 5¢,d—ACS02) in the case of the two stronger
earthquakes.

In the town center of Acquasanta Terme, the resonance
frequency of 4 Hz is clearly shown by noise and aftershocks
for all the azimuth directions (Fig. 5a,b—ACSO01).
Additionally, the ratio for the higher magnitude earthquakes
shows amplification in the frequency range of 2.5-4.5 Hz
(Fig. 5¢,d—ACSO01), with a polarization that remains fairly

consistent on the entire range. Nevertheless, the maximum
values of the ratio are detectable, practically, on the entire
azimuth range by ambient vibration, between £60° N by af-
tershocks and about £50° N by the Norcia and Visso
earthquakes.

On the right side of the river at the two sites of the Cagnano
village, the HVSR consistently allows the identification of am-
plification at a frequency around 3 Hz for all azimuth angles
(Fig. 5a—d—ACS03 and ACSO08). Furthermore, the HVNSR in
the upper part of the village (i.e., ACS03) also gives relevant
amplification values at high frequencies with peaks at approxi-
mately 12 Hz and 20 Hz continuous in the azimuth range, which
is well distinguishable by noise (Fig. 5a—ACS03).

Finally, on the left side of the valley—close to the hamlet of
San Vito—the ratios show peaks that are significantly depen-
dent on the type of motion (Fig. 5a—d—ACS07). The ampli-
fication frequency of 5 Hz can be detected by all events except
for the Norcia earthquake, in particular for azimuth angles
between 0° N and 80° N.

In summary, the figure shows a general agreement between
the different energy contents in identifying the first fundamen-
tal frequency. Furthermore, a polarization common to all sites
(e.g., in perpendicular direction to the main elongation of the
slope) does not seem identifiable.

In order to quantify the amplification factor, the standard spec-
tral ratio (SSR) (Borcherdt 1970) was calculated as the ratio be-
tween the Fourier amplitude spectrum at the site and that at the
reference site obtained for the same earthquake and the same com-
ponent. For this purpose, the valley bottom (i.e., ACS02) was used
as the reference; this site is at the contact between the travertine and
Laga formations (Bisciaro and Marls with Cerrogna, which was
assumed as a seismic bedrock) and, as noted above, amplification
effects are ata frequency of 19 Hz (cf. HVNSR in Figs. 4 and 5). In
Fig. 6, the SSRs as the mean of the aftershocks and those that
referred to two stronger earthquakes are reported for all sites and
the three components of motion.

The SSR allows the identification of the amplification
peaks and quantification of their values. Horizontal amplifica-
tions between 4 and 6 have been obtained by all motions
around 4.5 Hz at the town center of Acquasanta Terme
(ACSO01), which substantially confirms the findings previous-
ly shown. At the two sites of Cagnano (ACS08 and ACS03),
the horizontal ratios are greater in the frequency range be-
tween 2 Hz and 7 Hz. Nevertheless, the primary difference
between these two sites lies in the different maximum values;
the ratio obtained by recordings in the upper part of the village
is almost double (with implies an SSR up to 8) with respect to
the lower one. In the ACSO03 site, amplification can also be
observed at higher frequencies (> 10 Hz); however, its values
are significantly lower than the previous ones. On the left bank
of the river (ACS07), for aftershocks, the peak of the amplifi-
cation ratio is well detectable around 6 Hz with a mean value
higher than 9. It is worth emphasizing that the SSRs are
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Fig. 5 Maps of the horizontal-to-vertical (H/V) spectral ratios of the
Fourier spectra as a function of the azimuth angle and frequency, with
comparison among ambient vibrations (a), mean of thirty aftershocks (b),
Mw 5.9 Visso earthquake (¢) and Mw 6.5 Norcia earthquake (d). The

affected by the non-flat response above 15 Hz at the reference
site (especially in the transverse component). Therefore, the
ratios are not reliable above this frequency value. In summary,
a significant amplification is encountered for all sites with
respect to the valley bottom in variable frequency ranges that
generally contain the frequencies of the HVSR peaks.

In addition, Fig. 6 shows a probable effect related to the non-
linear behavior of the soils, especially at the ACS03 and ACS07
sites. A decrease in the peak amplitudes and their frequencies

@ Springer

0.5 1‘7
Frequency (Hz)

051 510
Frequency (Hz)

51 05 1 5 10
Frequency (Hz)

— L EE

2 3 4

horizontal components were obtained by rotating the observed compo-
nents into the azimuth shown on the ordinate scale (0 degrees correspond
to the North)

seems to correspond with the increase of the energy content. It is
noteworthy that these sites are characterized by outcropping
layers of deformable silty-clayey deposit with a thickness of
some tens of meters, superimposed on a stiffer formation (i.e.,
the travertine for ACS03 or, directly, the base marls for ACS07).

With reference to the vertical components (lower row in
Fig. 6) and despite the maximum amplitudes of the ratio being
comparable, the SSR curves are characterized by an amplifi-
cation peak of around 6 Hz and more or less narrow shape,
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depending on the site. The only exception is represented by
ACSO08, which shows an amplitude about half of, and flatter in
shape than, those obtained from the other sites. Some re-
searchers found that the topographic slope, besides altering
the peaks of the horizontal seismic ground acceleration, gen-
erates a parasitic vertical acceleration that has to be
superimposed on the incoming seismic excitation
(Bouckovalas and Papadimitriou 2005; Massa et al. 2014).
Therefore, the vertical component’s amplification could be
because of the topographic aggravation that would be
superimposed on the stratigraphic effects on the horizontal
components of the ground motion. This particular topographic
effect has an effect on the alternating amplification phenome-
na (amplify or mitigate) of the ground motion near the edge
(Bouckovalas and Papadimitriou 2005). It is worth mention-
ing that the ACSO08 station is located precisely on the border of
the terrace of Cagnano. The SSRs at this site suffer a reduced
amplification with respect to the other site of Cagnano
(ACSO03) both for horizontal and vertical motions.
Furthermore, the clear peak at around 3 Hz is characterized
by polarization in the WE direction (HVSR map for noise and
moderate earthquakes in Fig. 5) that is almost perpendicular to
the main elongation of the ridge (i.e., NNE-SSW). It is worth
emphasizing that the correlation between the contained verti-
cal and horizontal amplification effects at the ACS08 site
(with respect to the ACSO03 site) and topographic arrangement
need further specific analyses.

In accordance with previous results and in agreement with
the literature, the HVSR allows the recognition of the reso-
nance frequency with more accuracy, although it does not
provide comprehensive information regarding the amplifica-
tion factors or the higher modes (cf. Perron et al. 2018).
Additionally, as already shown by the authors previously cit-
ed, SSR and HVSR define similar values up to almost the
resonance frequency. Contrariwise, the SSR generally overes-
timates the amplitudes around the peaks with respect to the
HVSR. By analyzing the SSR obtained by the earthquakes,
values close to unitary amplification are shown to be up to
about 1.5 Hz. Instead, the first peaks are in the range between
2 Hz and 7 Hz and probably exist due to the site effects. We
can assume that the stations ‘see’ the same source and path.
This is generally accepted if the hypocentral distance (tens of
kilometers) is significantly greater than the site-to-reference
distance (a few hundred meters) (Borcherdt 1970; Perron
et al. 2018).

By interpreting the results with reference to the available
information about the geological setting (cf. Fig. 2) and geo-
technical properties, some considerations can be drawn. The
site ACS02 lies at the valley bottom above a thin layer of
travertine with a thickness of approximately 10 m corre-
sponding to the natural frequency at about 19 Hz (obtained
by f=Vg/4H, with H thickness of the layer and assuming
Vs=770 m/s as suggested by Stangoni 2013); this layer

produces a seismic impedance contrast with the base forma-
tion. Similarly, the spectral peak at ACS01 corresponds to a
greater thickness of the same layer (about 45 m), assuming it
to be homogeneous. Hence, no variation of Vg exists with the
depth. Instead, the sites ACS03 and ACS08 display (below
10 Hz) amplification in a wider frequency range, which prob-
ably contains the effects due to the two impedance contrasts:
that between the Miocene formation and the travertine, and
the other between the latter layer and the alluvial deposit. In
fact, the first peak at frequency around 3 Hz should corre-
spond to a thicker layer of travertine (about 60 m), whereas,
the other peaks at frequency between 5 and 7 Hz (which are
clearly identifiable in the transverse components in Fig. 6),
are compatible with a thick alluvial deposit approximately
10—15 m (considering VS to be about 300 m/s as suggested
by Stangoni 2013). Nevertheless, both impedance ratios
were about 3, which should correspond to the maximum of
the amplification function in the hypothesis of an elastic ho-
mogeneous layer on a deformable substrate (Roesset, 1970).
Contrariwise, this value is lower than the amplification pro-
vided by the experimental ratios. Finally, SSR at the site on
the left slope of the valley reports a peak at 6 Hz. This is
probably due to the alluvial deposit lying directly on the
Miocene formation, thus the impedance ratio should be sig-
nificantly greater (>5), according to the available informa-
tion provided by Rosmarini (2011). The same peak cannot be
clearly detected by the HVSR, because the site amplification
is observed on all the components (horizontal and vertical)
around the same frequency (cf. Fig. 6). The amplitude of the
experimental ratios (especially those of the SSR) are appre-
ciably higher than the maximum amplification factor expect-
ed from ideal subsoil (i.e. elastic homogeneous layer on de-
formable substrate), suggesting that the seismic local re-
sponse is significantly affected by amplification phenomena
related both to the topographic arrangement and the strati-
graphic geometry.

Site effects on the energy content

Arias intensity (/) is one of the widely used parameters in
engineering applications to incorporate the amplitude, fre-
quency content and duration of ground motion (Travasarou
et al. 2003; Stafford et al. 2009). The parameter is defined as
the cumulative energy per unit weight absorbed by an infinite
set of undamped single-degree-of-freedom oscillators at the
end of an earthquake (Arias 1970). Thus, /, in the x-direction
is expressed as follows:

™
2g

Ly = oy a(0)de (1)

where a,(?) is the acceleration time history in the x-direction, g
is the acceleration of gravity and 7 is the total duration of
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Fig. 6 Standard spectral ratios as horizontal-to-horizontal (vertical-to-
vertical) ratio of the Fourier spectra (those at the ACS02 station were
used as reference), with comparison among the mean of 30 earthquakes
(5.4>M=>3.0), Mw 5.9 Visso earthquake and Mw 6.5 Norcia earth-
quake. The horizontal motions for the earthquakes were rotated using

ground motion. I, is an effective indicator of the potential
destructiveness of an earthquake in the form of seismic slope
failure (Jibson et al. 2000; Gaudio et al. 2003; Bray and
Travasarou 2007; Chousianitis et al. 2014), structural damage
(Cabanas et al. 1997; Danciu and Tselentis 2007; Campbell
and Bozorgnia 2012; Costanzo 2018) and soil liquefaction
(Kayen and Mitchell 1997).

To analyze the site conditions, considering the variation of the
ground motion in terms of amplification, frequency content and
duration simultaneously, we computed a normalized Arias inten-
sity (Z4 n) as the ratio between /4 at a site and that at the reference
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the site-to-epicenter azimuth in Table 2, obtaining transverse (upper
row) and radial (middle row) components. The ratios of the vertical com-
ponents are also drawn (lower row). The ratios are not reliable above
15 Hz

site (ACS02) for each earthquake and component (Fig. 7). The
values of 1, y were obtained by acceleration time histories filtered
with an acausal band-pass Butterworth filter of the 4th order in
three different bands:0.1-15 Hz to analyze a wide frequency
content; 0.1-1.5 Hz, characterized by negligible amplification;
2-10 Hz, with the primary amplification effects. In Fig. 7, Iy »
obtained by 32 earthquakes (Table 2) is plotted in a logarithmic
scale, thereby identifying the range between the 25th and 75th
percentile (colored box) and median value (white circle). To be
more comprehensive, the minimum and maximum values are
also reported (bold horizontal lines) in the same figure. By
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analyzing I, » obtained on the entire frequency range (Fig. 7a),
we again note the greater amplification at the sites characterized
by significant thickness of soft soil (ACS03 and ACS07), where-
as the increase in the energy content is lower where the travertine
is almost outcropping (ACS01). A particular case is represented
by ACS08, where energy contents from the horizontal compo-
nents are comparable with those at ACSO01, despite vertical com-
ponents consistently being substantially lower. The vertical com-
ponents generally produce values of the ratio comparable with
those obtained through the horizontal motions at the same site.
However, 1, by vertical components assumes an unexpected
value only at the town center of Acquasanta Terme, which is
equal to approximately four times those by horizontal ones.

By applying the band-pass filter to the recordings at
low frequencies (0.1-1.5 Hz in Fig. 7b), the ratios are
always lower than those shown in the previous case with
values consistently below 5. Moreover, for all compo-
nents of the motion recorded at the ACSO1 site and for
all the vertical components, the amplification effects are
negligible (ratio close to one). Instead, using a band-pass
filter in the range of 2—10 Hz, a median value 15 and 20
times higher than that at the valley bottom is achieved at
the ACS03 and ACSO7 sites, respectively. On the other
hand, /4 5 obtained by vertical components is practically
comparable among all sites except ACS08, which was
already explained through the analysis of the standard
spectral ratios and attributed to the topographic position.

Comparison between experimental data
and prediction models

Simplified 1D subsoil models were required for the analysis of
the overall match between the experimental spectral accelera-
tions and those of the prediction models. For this purpose,
information pertaining to wave velocity profiles were obtained
by combining previous geophysical surveys (cf. Stangoni
2013; GEA 2007) that focused on the drafting of technical
designs, and the inversion of the ellipticity curves was obtain-
ed by HVNSR. The comparisons are limited to sites along the
right flank of the river where the local geological setting is
better known and the settlements more densely inhabited i.e.,
at the thermal area at the valley bottom (ACS02), town center
(ACSO01) and upper part of the Cagnano village (ACS03).
Several researchers consider the H/V curve obtained by
ambient vibration as a comprehensive measurement of the

Table 3  Parameter ranges used in the inversions; the velocity decrease
is not allowed with depth

shear wave velocity thickness Poisson’s ratio

Vs (m/s) h (m) v
Top layer 100-500 1-30 0.35
Travertine layer 600-900 1-80 0.35
Marly unit — Half-space 1900 0.20
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<« Fig. 8 HVTFA curves for fundamental mode (panels of the 1st column).
The colored background image is a 2-D histogram of the distribution of
ellipticity values calculated at a given frequency, selecting the 5 largest
maxima per minute in the time-frequency decomposition. The black dots
with error bars are the right flank of the fundamental mode ellipticity
curve selected from these data for the inversion. In addition, the results
of the inversion technique in terms of fitting values to the data (panels of
the 2nd column) and P and S wave velocity profiles (panels of the 3rd and
4th column, respectively) are reported. The best-fit subsoil models (with
minimum misfit values) are represented by blue lines. The analyses were
performed for the three more densely built areas along the Tronto Valley
section (ACS02, ACS01, ACSO03 sites)

frequency-dependent Rayleigh wave ellipticity (cf. Fah et al.
2001; Bonnefoy-Claudet et al. 2006), which can be used in an
inversion process to obtain information regarding the wave
velocity profile along the subsoil. Hobiger et al. (2013) inves-
tigated the part of the Rayleigh wave ellipticity curve that
contains relevant information on soil structure and is useful
in the inversion process. They found that the right flank of the
ellipticity peak, along with the peak frequency, was the most
informative part (cf. Fah et al. 2001), especially for curves
with a strong singularity. In this work, the HVTFA (H/V using
Time-frequency analysis) method implemented in the
GEOPSY software was adopted (SESAME 2004). The meth-
od uses a continuous wavelet transform based on the modified
Morlet wavelets (Lardies and Gouttebroze 2002) and requires
two inputs—the Morlet wavelet parameter that controls the
wavelet width in the spectral domain and the number of max-
ima on the vertical component. Based on the study reported by
Fah et al. (2009), we have sclected 8 as the Morlet wavelet
parameter and 5 as the maxima per minute. In the inversion
process, we introduced a priori ranges to the parameter space.
However, the assumptions were based on geological knowl-
edge and the results obtained by previous geophysical surveys
in the area. By analyzing the sites along the right flank of the
Tronto River, we assumed the presence of only two layers
over the half-space—a top layer of alluvial deposits (or altered
material) and an intermediate layer of the travertine. The
marly unit beneath the travertine was set as a half-space; the
latter formation of the Miocene marls is characterized by shear
wave velocity (Vg) of approximately 1900 m/s, as obtained by
the refraction seismic surveys conducted near the town center
of Acquasanta Terme for the parking design (GEA 2007).
Additionally, a Vg of 770 m/s was estimated for the travertine
though another refraction seismic survey (Stangoni 2013) per-
formed in the Cagnano village at a distance of approximately
100 m from the ACS03 site. Moreover, the same survey eval-
uated a 10 m thick alluvial deposit with a Vg of about 300 m/s
overlapping the travertine. In the inversion process, the layer
indicated as conglomerates in the geological section sketched
by Boni and Colacicchi (1966) (cf. Fig. 2) has not been con-
sidered because this was not identified by the available geo-
logical studies in the area. In particular, these studies report the

findings of some drillings and show how travertine is directly
situated on the Miocene marl formation (Lanzi and Cavanazza
1993; Prezzavento 2007). To simulate the fundamental mode
and derive the velocity profiles of the subsoil, only the right
flank of the ellipticity peak was used in the inversion process
through an improved neighborhood algorithm (Wathelet
2008). The variation of the parameters had been allowed in
the ranges reported in Table 3 during the processing by assum-
ing a uniform behavior among all layers.

The left panels in Fig. 8 show the HVTFA results—the 2D
histograms of the distribution of the ellipticity values calculated
at a given frequency—and also the right flank related to the ellip-
ticity peak. The figures show the shift of the peak from 19 Hz to
approximately 3 Hz moving from the valley bottom (ACS02) to
the site at higher altitude (ACS03). The other three panels on each
row of Fig. 8 display the results of inversion processing, i.e. the fit
along the ellipticity target curve and those obtained from the visited
models, the velocity profiles of the compression waves (Vp) and
shear waves (Vy), respectively, from left to right. During the inver-
sion process, the minimum misfit found in any case was lower than
0.21. The velocity profiles indicate some variability of the thick-
nesses and velocities related to the top layers. Contrariwise, the
velocities of the travertine layer calculated for the three sites seem
comparable, since we found Vg between 790 m/s and 840 my/s.
Moreover, the velocities are slightly higher than 770 m/s measured
in the previous surveys (cf. Stangoni 2013). Instead, the thickness
of the travertine layer increases from 12 m for the site at the valley
bottom to 42 m beneath the town center of Acquasanta Terme and
goes above 60 m in Cagnano village.

The velocity profiles of the shear waves are numerically
summarized in Table 4. In the same table, Vg 30 is calculated
using Eq. (2) and the site classification according to the
European technical code is also reported.

30
Vsso =« (2)
1

igl Vs

In Eq. (2), h; and Vg; are, respectively, the thickness and
shear wave velocity of the i layer of the N layers encountered
up to a depth of 30 m.

The elastic response spectra were calculated considering
5% damping through recordings of the Mw 6.5 Norcia earth-
quake and Mw 5.9 Visso earthquake to analyze the seismic
actions related to the two events. The results are recorded in
the upper and lower row of Fig. 9, respectively. It should be
noted that some features in the response spectra were observed
previously in the FAS plots (Fig. 3). The pronounced ampli-
fication on the ground motion components can be observed
with respect to the reference site ACS02 between 0.1 and
0.5 s, depending predominantly on the site and vice versa.
The small difference in the pseudo-spectral acceleration

@ Springer



5612

A. Costanzo, A. Caserta

Table 4 Results obtained by the

inversion process Site ACS02 ACS01 ACS03
Vs profile Vs (m/s) Thickness (m) Vs (m/s) Thickness (m) Vs (m/s) Thickness (m)
Top layer 325 2.50 495 10 363 18
Travertine 810 12 790 42 840 63
Half-space 1900 - 1900 - 1900 -
VS,30 (m/s) 978 659 470
Ground type A B B
by EC8

(PSA) at periods greater than 1 s emphasized the limited ef-
fects for the local conditions above this period. It is worth
mentioning that the spectra show peaks above 1 g at all the
sites in the case of the Norcia earthquake and greater than
about 0.3 g for the Visso earthquake.

In Fig. 9, the response spectra were also superimposed on
the predictions obtained using two GMPEs that are based on
the earthquakes recorded in the Italian region and worldwide.
The median values provided by GMPEs were calculated using
the Joyner-Boore distance (Rj,, Joyner and Boore 1981) of

9.7 km (from site to source) and through the Vg 3, reported
in Table 4, using both B&AO8 (Boore and Atkinson 2008)
modified using the adjustment proposed by Scasserra et al.
(2009) (which were derived using data from Italian earth-
quakes) and B&allll (Bindi et al. 2011) relationships (black
and green solid lines in Fig. 9 respectively); the confidence
intervals (as median + one standard deviation) are indicated
with dashed lines. The graphs related to the B&allll show
significantly high total standard deviations. Contrariwise, the
variability is restrained for B&AO8. The large variability in the
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Fig. 9 Response spectra with 5% damping obtained by horizontal
motions at the different sites (blue lines for the transverse components
and red lines for the radial ones), both for the Mw 6.5 Norcia earthquake
(upper panel) and the Mw 5.9 Visso earthquake (lower panel). In addition,
the Peak Ground Accelerations (PGA) are indicated. The pseudo-
accelerations are compared with those obtained by two Ground Motion
Prediction Equations (GMPE) [B&AO0S8: Boore and Atkinson (2008),
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modified using the Scasserra et al. (2009) distance indications; B&alll:
Bindi et al. (2011)]. The mean values (solid lines) and the statistical
dispersion (dashed lines) are indicated as functions of the Vg3 and the
R;, distance (Joyner and Boore 1981). Moreover, the fundamental fre-
quency (£ one standard deviation) of masonry structures given by Gosar
(2012) are reported with reference to the number of floors
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ground shaking parameters is probably related to the regional
dataset that contains mostly small and moderate magnitude
events (Douglas 2007; Akkar and Cagnan 2010). By compar-
ing experimental and predicted spectra, it is observed that the
spectral shape of the Norcia earthquake is quite different from
the predictions; the experimental spectral accelerations are
evidently greater than the median predictions at low periods
(< 0.5 sand<0.3 s for B&AO8 and B&alll, respectively).
Contrariwise, at high periods the GMPEs appear to be precau-
tionary. With reference to the Visso earthquake (Mw 5.9),
however, the observed PSAs are more comparable with the
median values of the predictions at low periods, with the ex-
ception of the ACSO03 site. For ACS03, the PSAs observed are
placed at the upper bound provided by B&all1. We should not
expect the ground motion from the recordings of single earth-
quakes to be consistently close to the median values from a
large global dataset. Nevertheless, it is significant that the
spectral accelerations provided by the recordings in many
cases greatly exceed the upper bound of the GMPE when
the standard deviation is contained (e.g., B&AOS), or are
placed on this limit with a given large variability (e.g.,
B&alll). This trend is more significant if the interested period
ranges intersect the fundamental periods of vibration related to
the masonry structures that were built in proximity to the
investigated sites. In Fig. 9, the fundamental periods obtained
by Gosar (2012) for residential masonry buildings as a func-
tion of the number of floors are indicated as a reference. In
particular, the author measured the microtremor inside 66 res-
idential masonry buildings in five Slovenian towns and ob-
tained the fundamental frequencies as a function of their
height (or number of floors).

Conclusions

Since September 05, 2016, we recorded severe earthquakes
(Mw>5.9) and aftershocks of the Central Italy seismic se-
quence that struck the area along Amatrice, Norcia and
Visso, and deployed a temporary seismic array along the val-
ley of the Tronto River corresponding to the town of
Acquasanta Terme (AP, Marche). The seismic sequence pro-
vided several recordings of the earthquakes with variable
magnitudes, which allowed us to study the seismic site re-
sponse. The seismic recordings were with reference to five
sites—three along the right flank of the valley, where the main
settlements of the town were built—one at the valley bottom,
almost in contact with the seismic bedrock and the last one on
the other side of valley, close to another small hamlet. The
comparison between the recordings obtained from two stron-
ger earthquakes (Mw 6.5 Norcia and Mw 5.9 Visso), thirty
aftershocks and the ambient noise revealed significant local
effects with amplifications into specific frequency ranges, de-
pending on the site conditions. The natural frequencies

detected by HVSR at the sites going up along the right side
of'the valley were 19 Hz at the bottom, 4 Hz in the town center
of Acquasanta Terme and approximately 3 Hz in the village of
Cagnano. The HVSR obtained by recordings at the site—on
the left side of the valley—appeared not to show a dominant
peak. Moreover, the SSRs (calculated as ratio with respect to
the recordings at the valley bottom) clearly define the frequen-
cy ranges where the amplifications were detected, highlight-
ing significant local effects at all the investigated sites. In
particular, SSR amplitudes around 4 were observed in the
town center; values above 8 were encountered near the settle-
ments of Cagnano and San Vito, i.e., the sites at a higher
altitude along the right and left flanks of the Tronto River.
The observations on the local effects were also confirmed
from the normalized Arias intensity. The overall framework
outlined by the analysis of the experimental data and the geo-
logical information suggests that the experimental natural fre-
quencies are compatible with the local stratigraphic sequence.
However the amplifications greater than expected ones—
compared to the estimated impedance ratios and an ideal be-
havior of the subsoil—suggest that the seismic response is
affected by significant effects related to the ‘real” topographic
and stratigraphic arrangement.

In agreement with literature, the HVSR allowed us to rec-
ognize the first fundamental frequency with more accuracy,
with the exception of the ACS07 site, where the vertical am-
plification seems to hide it. Instead, SSR defines amplitudes
significantly higher with respect to those of the HVSR, with
values greater than 3 for wider frequency ranges. A particular
case is represented by the ACS08 site, where horizontal and
vertical SSRs showed more contained amplifications than
those obtained for ACS03 (about 200 m away); the causes
of this behavior should be investigated more thoroughly.

Finally, the analysis of the response spectra by the recordings
of the two stronger earthquakes have shown that the GMPE
provided by Boore and Atkinson (2008) is almost always not
precautionary for a period lower than 0.35 s, except for the site
at the valley bottom. The upper bound values, furthermore, of
the spectral acceleration obtained by GMPE provided by Bindi
et al. (2011) are lower than (or comparable with) the measured
ones in several cases, despite the presence of large total standard
deviations of this relationship. It is noteworthy that these unex-
pectedly high spectral accelerations fall in the range of funda-
mental periods for masonry buildings, which represent the main
historic structures built in the town of Acquasanta Terme and its
villages. Thus, the ancient buildings (especially those with
more than two floors) and the thermal structures located at the
valley bottom have been subjected to smaller spectral acceler-
ations in correspondence with their predominant period, al-
though these were significant during the two strong earthquakes
(cf. Fig. 9). Instead, the ground shaking has shown amplifica-
tion in the engineering frequency range while moving towards
the town center, and more at the Cagnano and San Vito villages,
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and is especially interesting for ancient buildings. The higher
spectral accelerations concurred with the preliminary observa-
tions regarding damage following the Amatrice earthquake.
Therefore, the rebuilding effort should consider higher seismic
requirements for the structures located along the slopes of the
valley, especially the ancient ones with more than two floors.
Moreover, the ground motion has shown significant differences
within relatively small spatial variation. Thus, a microzonation
plan (which also includes other hamlets of Acquasanta Terme)
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and a site-specific study are required for assuring a PP

performance-based design of ancient and recent structures.
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Fig. 10 Acceleration time histories recorded at the sites during the Mw 6.5 Norcia earthquake (upper panel) and Mw 5.9 Visso earthquake (lower panel)
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