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Abstract In this paper, we address the issue of evaluating the seismic site response for sites
located on large alluvial plains, for which no reference sites can be identified, but some
earthquakes can be simultaneously recorded at both surface and depth. In the proposed method,
surface and borehole records are firstly used to assess the local 1D velocity model, then a model
representing a virtual reference rock site is defined, and finally the site spectral amplification is
calculated through numerical modeling. The effectiveness of the method is demonstrated at the
site of Mirandola (Italy). This site is located in an area which suffered heavy damage during the
seismic sequence that started in Northern Italy with the Mw = 5.8 event on May 20th, 2012.
That time, the site hosted an accelerometer of the National Accelerometric Network, which
recorded the whole sequence. A new station, named MIRB (MIRandola Borehole), was
installed during 2014; it is equipped with three accelerometric sensors deployed at surface, 31
and 126 m depth, respectively. The results of this study evidence that Mirandola is charac-
terized by an amplification level consistent with that of a class-C soil for up to a period of about
0.45 s, while for higher periods, the amplification lays between class-B and C soils.

Keywords Site response - Borehole data - Reference site - Mirandola

1 Introduction

Given the significant contribution of the local site conditions to the seismic hazard, it is
common practice to evaluate the seismic input considering rock conditions and modifying
the results by applying the site-specific response. The determination of the site response
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plays therefore a critical role in the mitigation of the seismic risk and there still is a debate
on how to account for it in the seismic codes at best (Pitilakis et al. 2015).

A rather comprehensive description of the seismic site response is given by the spectral
amplification, i.e. the ratio between the amplitude spectra of the observed ground motion
and the motion that would be expected at the same location if there were no site effect. The
spectral amplification is usually determined directly by the well-established Reference Site
Spectral Ratio—RSSR method (Borcherdt 1970), which implies the recording of the
earthquake ground motion both at the specific site and at a nearby reference site, where the
site effects are negligible. A critical precondition for the application of RSSR is the
availability of a reference site in the proximity of the site under investigation.

This paper presents the results obtained from a geophysical-seismological study aimed
at characterizing the site response in the town of Mirandola in Emilia-Romagna region
(Northern Italy).

Being Mirandola located on the alluvial deposits of the Po plain far away from surface
rock sites, the standard RSSR approach with a reference site at surface is inapplicable and
we adopt an original procedure which allows us to estimate the site response from borehole
data and other geophysical surveys. Since the seismic action is in practice calibrated on
ground motion recordings collected at surface (at the bedrock outcropping), we evaluate
the spectral amplification in respect to a virtual surface rock site, which mimics the
conditions of the reference site considered in the building codes (in our case the Euro-
code8, class-A soil).

Mirandola is one of the towns that suffered significant damages during the 2012 Emilia
seismic sequence (Tertulliani et al. 2012), which was characterized by two larger events
with Mw = 5.8 on May 20th and with Mw = 5.6 on May 29th (ISIDe Working Group,
INGV 2010), respectively.

Immediately after the occurrence of the Mw 5.8 earthquake on May 20, 2012, several
teams of seismologists from different institutions went to the epicentral area and deployed
rapid-response seismic networks in order to improve the monitoring during the seismic
sequence and to evaluate the seismic response at the instrumented sites (Moretti et al.
2012). As the seismic sequence continued, the field activity was focused not only on
monitoring the seismic events but also on collecting and analyzing the geological and
geophysical data in order to identify the seismogenic structures, to define the level of
damage, and to study the effects of the earthquakes on the environment. A number of
works were published on this topic, see for example the special issue of the Annals of
Geophysics, entitled The Emilia (northern Italy) seismic sequence of May—June, 2012:
preliminary data and results (http://www.annalsofgeophysics.eu/). In addition, the Emilia-
Romagna regional government undertook some microzonation studies (Martelli et al.
2013; Martelli and Romani 2013).

In this context, several geophysical investigations have been carried out in Mirandola,
such as the velocity profile obtained from cross-hole and down-hole tests, ESAC and noise
HVSR data (Paolucci et al. 2015; Gallipoli et al. 2014). However, the essential step for our
purposes consists in the installation of three-component seismic sensors in two adjacent
boreholes that was performed in June 2014. The deepest sensor reaches the bedrock and
allows observing the ground motion not affected by the local soil conditions. A cross-hole
(CH) survey (Martelli and Romani 2013) provides the Vs profile down to the bedrock.

Within the InterPacific project, Mirandola was also chosen as one of the test-sites for
comparing the effectiveness of invasive and non-invasive methods (such as cross-hole and
down-hole tests, versus surface-waves or refraction seismics methods) for seismic site
characterization (Garofalo et al. 2016a, b). For the Mirandola site, the stratigraphic profile
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of the Emilia Romagna Region (Martelli and Romani 2013) was assumed as a reference
and the cross-hole Vs profile was validated by the measurements carried out for the project
(Garofalo et al. 20164, b).

Moreover, for the area affected by the 2012 seismic sequence, some studies provide
regional velocity models (for example Malagnini et al. 2012; Vuan et al. 2011; Govoni
et al. 2014), while others give evidence of the seismic response at some sites within the
epicentral area (Priolo et al. 2012) or compare the ground-motion observation with pre-
diction equations for soft soils (Barnaba et al. 2014).

Thanks to the seismic instrumentation installed within the two boreholes we were able
to proceed to the evaluation of the spectral amplification at the site of Mirandola. The
ground motion recorded in borehole actually revealed strong interference effects of the
waves reflected from surface, therefore the borehole recordings are not fit to be used
directly in RSSR. In order to estimate the spectral amplification we adopt an alternative
approach which makes use of numerical modeling and uses earthquake recordings
simultaneously acquired at surface and depth, respectively, to define the local velocity
model (Laurenzano et al. 2013a, b).

In this paper, we first provide some insight to the theoretical basis of our approach. Then
we describe the site, the station installation and the available data in detail. Next we
present the application of the analysis of the interferences in borehole recordings to the
validation of the Vs profile provided by the CH survey. Finally we evaluate the spectral
amplification with respect to a virtual reference site with class-A soil and compare it to the
spectral amplification provided in the NTC-2008 Italian building code (NTC 2008).

2 Method

Seismic site response is usually described using the spectral amplification, i.e. the ratio
between the amplitude spectrum of the earthquake waveforms recorded at the site and
those observed at a nearby site located on rock (Borcherdt 1970).

Steidl et al. (1996) questioned about the nature of the reference sites and demonstrated
that surface sites on bedrock are often characterized by a non-neutral spectral response at
frequencies of engineering interest. They suggested the use of reference sites in borehole
providing that the interference effects of the reflections from the surface are properly taken
in consideration. The usage of the reference site in borehole seems in any case unavoid-
able, when the studied area is in the middle of an alluvial plain with no bedrock outcrop in
the neighborhood.

However, since in our case the spectral amplification has to be evaluated for a seismic
action applied (or recorded) at a surface rock site, which is not available at Mirandola, we
introduce a virtual rock surface site, which mimics the conditions of the reference site
considered by building codes (in our case the Eurocode8, class-A soil). To this aim we
make use of numerical modeling, applied to a local velocity model validated with an
analysis of the interference effects observed in the borehole recordings.

The seismograms recorded in borehole are the result of the superposition of an up-going
wavefield coming from the earthquake source and a down-going wavefield reflected from
the surface, with the addition of surface waves at later times. At depth z, the interference of
the up-going and down-going wavefields generates notches in the recorded spectra. This is
true especially for events close to the receiver, since the wavefield is mainly composed by
body waves and its direction of propagation is close to the vertical. On the other hand the
seismograms recorded at surface represent to a good approximation of the incoming
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wavefield. The ratio between the Fourier amplitude spectra of waveforms recorded at
surface and at depth z may be used to estimate the wavefield interference at the receiver
depth. This function is called interferometric function.

In the simple case of a homogeneous medium, it can be shown that the interferometric
function for a vertically incident plane wave features peaks at frequencies:

2n+1)-v
fp=——— 1
B 4z (1)
where n = 0, 1, 2, 3, ...; and z = recording depth and v = soil velocity.

The distance between peaks is regular and is controlled by the following formula:

v

Af = —
2z

(2)

In the more realistic case of an inhomogeneous medium, the interferometric function is
very sensitive to model variations in the velocity and thickness of the layers above the
receiver located at depth and it cannot be written in simple form.

It is important to point out, that the waveform recorded at the deep receiver contains a
significant contribution from the down-going wavefields reflected by the free surface and
other interfaces above the receiver. Therefore it cannot be regarded as the waveform
representing the free field record of a rock reference site. It comes out that the interfero-
metric function does not represent the site amplification; even in the case the deep receiver
is located in the bedrock. On the other hand, being the interferometric function highly
sensitive to the seismic velocity distribution in the layers above the buried receiver, it
represents a very reliable tool to constrain the velocity model down to the receiver depth.

In this study, we used the interferometric function in order to validate and refine the
velocity model of Mirandola site. The validation consists in the comparison of the
empirical interferometric function obtained from a set of recordings at surface and in the
borehole with synthetic interferometric functions obtained from a set of velocity models
defined on the base of the available geophysical studies.

The comparison is made by a misfit function MF based on the mean square difference
between the experimental and synthetic interferometric functions:

2
N <IFi(exp) _ IFi(syn))

MF:Z v

i=1

(3)

where, IF? and IF*™ are the experimental and synthetical interferometric functions,
respectively.

The site amplification function is evaluated as the spectral ratio between the synthetic
seismograms computed at the site for two velocity models. One is the velocity model
corresponding to the minimum MF and the other represents the virtual rock site corre-
sponding to EC-8 class-A soil. Both the models have in common the deep structure (i.e.
below the buried receiver depth).

3 Description of the site and station installation
Particular interest for the Mirandola site has been sparked by the analysis of the

accelerometric data collected during the seismic sequence of Finale Emilia of May 2012.
In fact, the station of Mirandola (named MIRA) was the closest station of the Italian Strong
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Motion Network—Rete Accelerometrica Nazionale (RAN, http://www.protezionecivile.it)
to both the epicenters of the 20 and 29 May 2012 shocks, and it recorded very high
acceleration peaks (almost 0.9 g on the vertical component during the 29 May event). This
RAN station is located just north of the anticline axis at the top of the southernmost thrust
front of the Ferrara Fold (Pieri and Groppi 1981). In order to characterize the subsurface
from the stratigraphic, geotechnical and geophysical point of view, the Geological Seismic
and Soil Survey of the Emilia-Romagna Region, performed two drillings, 126 m deep and
at distance of few meters each other. Both drillings reached the seismic bedrock, which
consists of consolidated mudstones with interbedded sands, referring to the middle Plio-
cene, at depth of 113 m. A cross-hole survey was performed in order to define the
stratigraphic profile and measure the seismic shear-wave velocity Vs. Later, a third 31 m
deep drilling was realized in the neighborhood of the two boreholes.

A new accelerometric station named MIRB (MIRandola Borehole) was realized close to
MIRA with sensors in borehole during 2014. In detail, at the first drilling, 126 m deep, the
station is equipped with a six channel, 24-bit resolution Sara (www.sara.pg.it) SL06 dig-
itizer and two Sara Force Balance accelerometers SA10, deployed one at the surface and
one at the hole bottom, respectively. At the 31 m deep drilling, a three channel Sara SL06
digitizer equipped with another SA10 accelerometer deployed at the hole bottom, was
installed. For both boreholes, the casing was cemented into the borehole and the sensors
were coupled to the casing wall by a spring system. The misalignment angle correction
have been estimated in 120° and 7° for the borehole sensors at z = —31 and —126 m
respectively, using the sensor at the surface as a reference (Mucciarelli et al. 2015).

The two boreholes lay at distance of less than 4 m one from another, and their geo-
graphical coordinates are respectively: 44°52/38.91”N, 11°3/46.10"E, 17 m.a.s.l. and
44°52/38.80”"N, 11°3'46.10"E, 17 m.a.s.l. Data are acquired in continuous mode with a
sampling rate of 100 Hz. The station is designed to operate autonomously with the
adoption of a photovoltaic system and a dedicated router-modem for remote transmission.

The data from MIRB station are stored in two archive systems belonging to OGS—The
National Institute of Oceanography and Experimental Geophysics, i.e. the archive named
NISBAS—the Network of Italian Surface-Borehole Accelerometers and Seismometers
(http://nisbas.crs.inogs.it, Mucciarelli et al. 2015), which is devoted to organize, storage
and provide access of data recorded by stations equipped with both surface and borehole
sensors, and the archive named OASIS—the OGS Archive System of Instrumental Seis-
mology (http://oasis.crs.inogs.it, Priolo et al. 2015). The user can retrieve detailed infor-
mation about the seismological station as well as download generic pieces of waveforms
taken from the stream of continuous recordings. Data are freely available.

4 Validation of the geophysical 1D model of Mirandola

The correct definition of the seismic velocities in the uppermost layers is essential for the
computation of the seismic response of the Mirandola site. As already discussed, the
velocity model validation is performed by comparing the empirical interferometric func-
tion obtained from earthquake waveforms recorded simultaneously at surface and depth to
the interferometric function calculated at the same receivers through numerical modeling.
Interferometric functions are obtained as the mean of the ratios between the Fourier
amplitude spectra of the waveform at surface and at the two different depths. The
numerical computation of the waveforms was performed using the Wavenumber
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Integration Method (WIM—Herrmann 1996a, b), a method that solves the 3D full wave
equation in a horizontally layered medium.

4.1 Experimental data

The experimental interferometric functions were calculated using the recordings of 25
events occurred in the area during the period June 2014-October 2015, with magnitude
between 2.1 and 3.7. Table 1 lists date, location and magnitude of the selected events
(ISIDe Working Group, INGV 2010), while Fig. 1 shows their location.

We retrieved the accelerograms for the selected events from NISBAS (http://nisbas.crs.
inogs.it). Since the instrumentation installed at different depths is the same and we were
interested only to the spectral ratios, we didn’t need to apply any instrumental correction to
the recordings. Therefore we worked directly with data in counts.

The processing of data consists in:

e Selection of the time windows for both the surface and depth recordings: only the body
waves contribution is selected since it is the only that is interested by interference;
e Applying a baseline and a tapering correction to the time windows;

Table 1 List of the 25 events

recorded at MIRB and used for Event Lat Lon Depth M
;ﬁfeff‘:rr;ﬁ?ﬁ‘c’“ﬁj’lfctt?gnempmal 20140619224343 44.918 11.054 7.1 2.8
20140723222636 44.895 11.283 247 22
20140805050425 44.902 11.290 9.7 25
20140807230441 44.891 11.286 9.8 2.1
20140808220034 44.876 11.204 5.9 2.1
20140828174919 45.656 10.666 10.0 3.6
20141005070923 44.614 11.062 34.9 25
20150105080829 44.899 11.248 8.0 2.7
20150201184422 44.886 11.280 9.8 23
20150215223503 44915 10.946 8.4 25
20150217194253 44.177 11.406 8.4 3.7
20150224223813 44.100 12.041 224 33
20150304000004 43.604 11.175 9.2 3.7
20150311090248 44.895 11.265 9.7 2.4
20150401045811 44.180 11.710 214 3.2
20150718152639 44.276 10.953 8.9 3.0
20150721230724 44.056 10.981 572 3.1
20150722125743 44.156 10.894 21.5 3.7
20150801204751 45.903 10.773 5.2 3.7
20150806205212 44.927 11.239 9.4 2.6
20150818201002 45.905 11.902 73 3.6
20150823171052 44.893 11.290 8.8 2.1
From left to right: date, latitude, ~ 20150824034353 44259 11.939 21.7 3.5
longitude, depth (km) and 20150824220611 44.879 10.570 31.6 2.6
magnitude (from: ISIDe Working  20151020103550 44.897 11.108 6.7 35

Group, INGV 2010)

@ Springer


http://nisbas.crs.inogs.it
http://nisbas.crs.inogs.it

Bull Earthquake Eng (2017) 15:2393-2409 2399

e Computing the mean interferometric function as the mean ratio between surface and
depth smoothed spectra of all the recordings;

Smoothing is applied by a moving average method. Since the signal-to-noise-ratio of
the recordings was very good in the frequency range of engineering interest between 0.5
and 20 Hz, no filters were applied.

Figure 2 shows as an example the recordings of a local earthquake (M = 3.5) at station
MIRB. One can observe that: (1) waveforms of receivers located at depth feature a smaller
amplitude; and, (2) PGA increases of an average factor of 3.4 and 2.7 moving from deepest
and intermediate sensors to surface, respectively. Figure 3 shows the Fourier amplitude
spectra of the data recorded at the surface and the two depths for two different events (left
and right panels, respectively). The spectra are smoothed to emphasize the spectral not-
ches. Note that while the spectra feature different shapes and frequency content, the
spectral notches persist at the same frequencies.

Figure 4 shows the spectral ratios computed between the data recorded at surface and
depth, for the two depths of 31 and 126 m, respectively. The thin grey curves refer to the
25-recorded events, taking the geometrical average of the two horizontal components,
while the thick red curve represents the arithmetic mean of the whole family. The
coherence among the interferometric functions estimated for the different events demon-
strate the stability of the interferometric function for the considered range of magnitudes,

Treviso
(e}

455 i Venice ey
=3 70 R e
“Padua Porec Ol
i )
Rovinj
& (o]
45 ® 40 Pua
® 35
3 ® 30
(9]
Saas ® 25
5 o 20

1.5

43.5

43
_+  Grosseto
£ ¥ o Vi

10 10.5 11 11.5 12
Longitude(°)

Fig. 1 Map of the location of the 25 earthquakes used in the study (red circles) and of Mirandola station
MIRB (black triangle)
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epicentral distances and azimuths. For the shallower receiver, the peaks are at 2.1, 5.3, 8.6,
12.3 and 16 Hz, while for the deeper receiver the peaks are located at 0.75, 2.1, 3.1, 4.4,
5.6, 7.2, 9.7 Hz.

4.2 Forward modeling and validation

The validation of the velocity profile is accomplished by means of the comparison of the
experimental interferometric functions with those obtained by numerical modeling. The
synthetic interferometric function allows considering (and validating) the model down to
the deeper receiver depth (in this case —126 m) and is influenced only by layer thickness
and Vs, and not by other parameters.

We computed synthetic seismograms using WIM (Herrmann 1996a, b) for a plane
S-wave propagating upwards for three depth values corresponding to actual sensors, i.e.
surface, —31 m, and —126 m, respectively and for a set of different velocity models built
on the base of the available geophysical studies.

After the occurrence of the 2012 Emilia sequence, a series of investigation have been
performed at the site of Mirandola, namely: a down-hole test down to 30 m; ESAC and
HVSR inversion down to about 80 m (Paolucci et al. 2015; Gallipoli et al. 2014); a cross-
hole CH survey performed by the Emilia-Romagna Region (Martelli and Romani 2013),
providing the Vs profile in the first 126 m, just under the bedrock occurrence. As already
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Fig. 2 Recordings of the October 20, 2015, 10:35:50, M = 3.5 event. From left to right: vertical, EW, and
NS components. From fop to bottom: recordings at surface, z = —31 and —126 m. Values are in counts
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20150806205214 20150824034353

Normalized Fourier Amplitude Spectra
Normalized Fourier Amplitude Spectra

Frequency (Hz) Frequency (Hz)

Fig. 3 Smoothed amplitude Fourier spectra (horizontal components) computed for 2 different events
recorded at surface (grey curve), at 31 m depth (thin black curve), and at 126 m depth (thick black curve),
respectively

Horizontal Spectral Ratio

Frequency (Hz)

Horizontal Spectral Ratio

Frequency (Hz)

Fig. 4 Spectral ratios between amplitude Fourier spectra of the data recorded at surface and depth
(z = —31 and —126 m, top and bottom, respectively). Grey curves in the background show the spectral
ratios (geometrical average of the two horizontal components) obtained for the 25 selected events while the
red curve represents their arithmetic mean

mentioned, this profile has been validated within the InterPACIFIC project (Garofalo et al.
2016a, b). The available stratigraphic profile displays some discontinuities, corresponding
to lithological transitions between silts, clay, and sands, in particular at depths of 5, 10, 25,
50, 75, 96 m and at 113 m with the top of the Pliocene marine bedrock occurrence. The Vs
profile estimated by the CH survey (Fig. 5, blue bold curve) shows a general increase of Vs
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Fig. 5 Blue thick curve Vs profile from CH survey (Martelli and Romani 2013; Paolucci et al. 2015;
Garofalo et al. 2016a, b). Blue dashed lines bounds of the Vs values within each layer of the profile. Black
line Vs profile corresponding to the minimum MF in the interference functions. Green and red vertical lines
harmonic average of the Vs model with the minimum MF and Vs corresponding to the cross correlation
delay between earthquake recordings at surface and at —126 m of depth, respectively. Magenta line virtual
reference models, representing a class-A soil site

with depth with two jumps, one at about 90 m, which corresponds to the transition from
less consolidated to more consolidated sediments, and the other at 113 m, which marks the
roof of the consolidated marine deposits.

In order to emphasize the sensitivity of the interferometric functions to Vs variation, we
considered the Vs profile resulting from the CH as reference and build up a set of com-
patible constant velocity layers models, with layer thickness determined from the strati-
graphic profile and Vs values varying within bounds indicated by the blue dashed lines in
Fig. 5 (corresponding to about 20 % of the mean value provided by the CH in each layer).
For each model, we computed the interferometric function and compared it with the
experimental one.

The validation procedure followed two steps. We considered separately the shallower
profile (until 31 m corresponding to the first sensor location) and then the remaining
structure until 126 m of depth. Figure 6 shows in grey the interferometric functions
obtained from all the considered variations (625 variations for the uppermost model in the
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top panel, and 868 variations for the remaining structure in the bottom panel) compared to
the experimental interferometric function (in red). The modeled interferometric function
corresponding to the minimum MF is shown in black in Fig. 6 while the corresponding
S-wave velocity profile is shown in black in Fig. 5 and listed in Table 2. This model
features also a very good agreement with those obtained by different authors from invasive
and non-invasive methods and compared in Garofalo et al. (2016b; Fig. 13).

Figure 6 emphasizes the sensitivity of the interferometric functions with respect to the
variation in the velocity models. The residual of the best-fit curve is about 17 % of the
maximum residual found within the population of the examined models. In a future
application of this approach, a more sophisticated method of inversion could be adopted.

The green and red lines on the left panel of Fig. 5 represents the harmonic average of
the Vs model corresponding to the minimum MF and the Vs corresponding to the delay in
the cross correlation between of the earthquake recordings at surface and at the deeper
sensor, respectively. They differ of only 1 %, and this result confirms the robustness of the
obtained Vs model.

Finally, the average shear wave velocity of the top 30 m (VS30) of the model corre-
sponding to the minimum MF was estimated in about 210 m/s, corresponding to a class-C
soil (CEN 2003). This value is in good agreement with the average value estimated by
Garofalo et al. (2016b) by invasive and non-invasive methods (i.e. 209 and 218 m/s,
respectively).

We can conclude that the velocity model obtained for the site of Mirandola has been
well constrained by experimental data.

5 Definition of the virtual reference site and evaluation of the site
amplification at Mirandola

A difficulty in the evaluation of the seismic site response by traditional methods (as RSSR)
for sites like Mirandola, located within the alluvial plain, is the lack of reference sites. We
overcame this difficulty by computing numerically the spectral ratio between the wavefield
propagating through the obtained best-fit model and a virtual model which represents a
class-A soil site. The latter model (shown in magenta in Fig. 5) represents a typical site of
the North Apennine chain, with relatively low velocities at surface (500 m/s) and a smooth
increase of velocity with depth. At 30 m the velocity is 1000 m/s. The adopted values are
consistent with those of the velocity profiles obtained from down-hole and cross-hole
surveys performed by the Geological Seismic and Soil Survey of the Emilia-Romagna
Region in areas where the Marnoso-Arenacea formation (Langhian-Tortonian) outcrops.
The VS30 of the virtual reference site is 800 m/s, consistently with a class-A soil (CEN
2003).

Figure 7 shows the spectral ratio between seismograms computed for Mirandola using
the Vs model corresponding to the minimum MF (see Sect. 4.2) and the virtual reference
site. The resulting seismic response features an average level of amplification between 2
and 3 extending over the entire frequency band 0.5-3 Hz and shows two moderate peaks at
about 0.8 Hz and 2.1 Hz, respectively.

Using this curve to represent the spectral amplification at Mirandola, we can evaluate
the site response in terms of acceleration response spectra and amplification factors, and
compare those quantities to the same ones predicted by the Italian building code. To do
that, we follow the standard procedure of the Indirizzi e criteri per la microzonazione
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Fig. 6 Ratios between amplitude Fourier spectra of the synthetic data computed at surface and depth
(z = =31 and —126 m, top and bottom, respectively). Grey curves in the background show the spectral
ratios obtained from all the considered models, black thick curve is the synthetic interferometric function
corresponding to the minimum MF compared with the experimental one (red curve)

Table 2 S-wave velocity model

that best fits the empirical inter- z (m) h (km) Vs (km/s)
ferometric function

0 0.005 0.20

-5 0.005 0.17

—10 0.015 0.20

-25 0.025 0.28

—50 0.025 0.28

=75 0.021 0.40

-96 0.017 0.48
From left to right: interface —113 0.127 0.80

depth, layers thickness, Vs

sismica (Gruppo di Lavoro MS 2008). We first select a set of real accelerograms such that
its average represents the seismic action at the specific site input and is spectrum-com-
patible with the acceleration response spectra of the Italian building code (NTCO08, 2008).
We decided to adopt the same time histories (see Table 3) used as seismic input in previous
studies by Laurenzano et al. (2013a, b). Data have been downloaded from the ITACA
database (ITACA Working Group 2016). Figure 8 (left panel) shows the response spectra
of the 5 accelerograms and their mean.

We compute the site-specific acceleration response spectrum (Fig. 8, right panel) as a
mean of the convolution of each seismic input with the site amplification curve calculated
with respect to the virtual reference site. A specific smoothing procedure (Indirizzi e Criteri
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Fig. 7 Ratios between amplitude Fourier spectra of the data computed at surface for model corresponding
to the minimum MF and the virtual reference site. The black curve represents the spectral amplification
estimated for the Mirandola site as a result of this study

Table 3 Details of the time acceleration histories, which are used to represent the seismic action

Event Date Lat Long Mw Station R (km)
Friuli (Italy) 1977/09/16 46.28 12.98 53 SMT 9.1
Golfo di Patti (Italy) 1978/04/15 38.27 15.11 6.0 NAS 33.0
Val Comino (Italy) 1984/05/07 41.70 13.86 5.9 ATN 10.3
Umbria-Marche (Italy) 1998/04/03 43.19 12.76 5.1 NCM 5.2
L’Aquila (Italy) 2009/04/07 42.38 13.38 4.6 AQP 0.7

per la Microzonazione Sismica, Gruppo di Lavoro MS 2008) gives us the smoothed
spectrum, which is described analytically by the four parameters T¢, Ta, Ty, Tc and Tp.

The smoothing procedure includes the following steps:

Estimating the periods TA and TV corresponding to the peak in the acceleration and
velocity response spectra, respectively;

Calculating the mean of the pseudo-acceleration response spectrum SA between 0.5 TA
and 1.5 TA;

Calculating the mean of the pseudo-velocity response spectrum SV between 0.8 TV
and 1.2 TV;

Calculating the four parameters:

Ty =2n(SV/SA); Tg=1/3Tc; Tc=2n(SV/SA); Tp=4ag+ 1.6;

where, ag is the acceleration value at T = 0 s;
Calculating the four spectra branches between Tg, Ta, Tg, Tc and Tp and T = 4 s, by
applying the equations given by Gruppo di Lavoro MS (2008)

The smoothed spectrum can be compared to the spectra of the Italian building code

NTCO08 for different soil classes (Fig. 9, left panel). It is consistent with class-C soil
spectrum up to a period of about 0.3 s, but it features a narrower band plateau (between

0.1
soi

5 and 0.3 s). For periods greater than 0.45 s the branch of the curve follows the class-B
1 spectrum of the Italian building code.
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Fig. 8 Left panel acceleration response spectra of seismograms used as seismic input (colored curves), their
mean and standard deviation (bold black dashed curves), smoothed spectra (black), and NTC8 8 (class-A)
curve for Mirandola (blue). Right panel site acceleration response spectra (black curves) obtained for MIRB
compared with the NTC-08 (Norme per le Costruzioni—NTC 2008) response spectra (colored lines) for the
same locality. Black dashed curves indicate the seismic input (mean and standard deviation)
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Fig. 9 Left panel smoothed response spectra (bold black lines) obtained for MIRB compared with the NTC-
08 (Norme per le Costruzioni—NTC 2008) response spectra (colored lines) for the same locality. Black
dashed curves indicate the seismic input. Right panel site response spectral amplification (black curve)
obtained for MIRB compared with the NTC-08. The average amplification factors obtained for three ranges
of periods are also reported

In addition, we present the site response in terms of the ratio between the site-specific
response spectrum and the seismic input. This amplification can be directly compared with
that deduced from the NTCO8 amplifications. Figure 9 (right panel) confirms that the
amplification level is consistent with that of a class-C soil, especially for periods up to
T = 0.45 s, while for higher periods the response spectral amplification lays between
class-B and C soil spectra. Finally, we computed the amplifications factors Fa as the ratio
between the spectral intensity (Housner 1952) of the accelerograms obtained at the site and
the seismic input for different period ranges. Amplification factors lay between 2.0 and 2.2
for the three considered ranges of periods (Fa reported in Fig. 9, right panel).
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6 Conclusions

In this study we apply an original procedure that makes use of both numerical modeling
methods and earthquake accelerometric data simultaneously recorded at surface and in
borehole to characterize the seismic response of the site of Mirandola, located on the Po
alluvial plane. For this station no reference sites can be identified, thus the standard RSSR
approach, which requires a reference site at surface, is inapplicable. We exploit the
interference between the up-going wavefield coming from a deep source and the down-
going wavefield reflected from the surface and recorded by a borehole receiver to validate
the shallow Vs model down to the receiver depth. The wavefield interference at the receiver
depth is computed as the ratio between the Fourier amplitude spectra of waveforms
recorded at surface and at depth z and is called interferometric function.

By comparing the interferometric functions computed through numerical modeling for a
set of velocity models defined on the basis of a CH survey, with those calculated from
recorded data we could refine and validate the local shear-wave velocity model. Being the
interferometric function very sensitive to any variation of the shallow portion of the model,
this approach proves to be effective and reliable for improving the velocity model, when
simultaneous earthquake recordings at both surface and borehole are available.

We also use the numerical modeling to evaluate the local spectral amplification at
Mirandola as the amplitude spectral ratio between synthetic accelerograms computed for the
previously validated Vs model and a virtual reference model representative of a class-A soil
site. Finally, following a standard procedure, we evaluate the site response in terms of
acceleration response spectra and amplification factors and compare them to those predicted
by the Italian building code. The results obtained in this study show that Mirandola features an
amplification level consistent with that of a class-C soil up to a period of approximately
0.45 s, while for higher periods, the amplification lays between class-B and C soils.
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