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Seismic stations are usually used to record seismic event and, therefore, they are recommended to
be installed far from railways and traffic roads in order to avoid the superposition of ambient
noise signals to those provoked by an earthquake. In this paper, instead, seismic stations, placed
intentionally in areas near railway and traffic roads, are used to characterize the subsoil spectral
properties and to assess the effect of vibrations due to trains and vehicles. A cemetery in the green
countryside near Florence is chosen as a reference case study to deal with this topic. Most of the
buildings in the cemetery area are affected by an extensive crack pattern. In January 2020 five
seismic stations were installed in order to evaluate if the trains running in the tunnels of the
regional and high-speed railway lines located below and in the vicinity of the cemetery and the
vehicles traveling on the nearby Al highway and regional road can produce vibrations in the
ground that justify the observed damage pattern.

Collected data are analyzed using the Nakamura technique in order to estimate the dynamic
properties of the ground and compared to the limits provided by the current regulations.
Furthermore, the trend of the Root Mean Square average over the entire recording period is
computed as well.

From the obtained results, it is possible to highlight that the average daily oscillation level
increases from early morning until 7 p.m. and then it decreases, and also that the highest am-
plitudes of transients are concentrated in the late evening and during the night, when the
background noise is lower.

Furthermore, the computed values of the maximum and average amplitudes are lower than
those that can cause damage to buildings as defined by the guidelines, the eigenfrequency of the
ground falls in a range far from that ascribable to the cemetery buildings, so that the resonance
effects can be excluded. In order to confirm these results, the amplitude of ground shaking due to
recorded transients is compared to that produced by two earthquakes (a 3.4 Mw local earthquake
at more than 100 km and a Mw 6.6 teleseism from Turkey) which occurred during the monitoring
period. One can conclude that it seems unlikely that the shaking produced by nearby vehicles and
trains could be responsible for the observed damage.
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1. Introduction

In a classical seismological approach, such as seismic monitoring, train and traffic vibrations are generally considered as noise
signals reducing the level of detection of a seismic station; so it is recommended to avoid the installation of seismic stations near
railways or trafficked roads. On the other hand, the vibrations induced by railways or vehicular traffic can be an efficient source to
geophysically characterize the subsurface and some studies have been published about those subjects [1,2]. From an engineering point
of view there is an open debate about the possibility that the vibrations produced by trains and vehicles may be sometimes considered
as potential sources of damage (also if moderate or cosmetic) for building structures, especially when they are in close proximity to
heavily trafficked railway lines or roads and in particular if they are cultural heritage structures In particular, the spread of high-speed
railway lines and the development of tram systems within cities, as solutions to traffic congestion and pollution, has promoted the
publication of numerous studies dealing with the subject [3-11].

The study of vibrations (natural or artificial) can be found in a large number of publications ranging from the analysis of the spectral
characteristics of the sources to theoretical models describing the propagation in the ground. Also, there are experimental studies
aimed at evaluating the effects of vibrations on the ground or on the buildings connected to it (see for example [12-15]). Vibrations can
be produced by external sources (vehicular or railway traffic, anthropic activities that produce oscillations on the ground, operation of
machines or engines, explosions of mines) that act at the base of the buildings by propagating inside or through forces (movement of
people and machines) operating inside. For all these reasons, the identification of physical characteristics of the vibrations complies
with specific standards that define the range of values in amplitude and frequency that can produce damaging or disturbing effects to
buildings or people. The most recent national policy regarding the measurement of vibrations, devoted to assessing their effects on
buildings, is the standard provided by UNI 9916 [16] in 2004, subsequently revised in 2014 and 2017. These standards, which are
framed within the regulations in force in Europe, recall the same principles found in the English [17], German [18] and Swiss [19]
regulations.

Below we report the analysis of the signals recorded in a cemetery area located very near to railways lines and highly trafficked
roads, in order to estimate if the induced vibration on the structures could be responsible for their damage. The analyses were per-
formed both in time and frequency domain with the intent of:

e defining the characteristics of the soil in order to highlight the presence of possible local amplification effects;

assessing amplitudes and frequencies of the effect of vibrations produced by the railway and vehicular traffic, according to the
requirements of the standards, in order to evaluate if they could be considered responsible to for the observed damage pattern;
analyzing the transient vibrations and the values of the maximum and average amplitudes, as already observed, to determine if
these values remain at considerably lower levels than those which, according to the regulations, can cause damage to building
structures;

analyzing the seismograms, considering the recordings of earthquakes that occurred during the installation period of the acqui-
sition system, in order to confirm that the signals produced by daily human activity are indeed of low entity.

2. Subsoil characterization of the investigated area
2.1. Description of the area and of the monitoring system

The cemetery in Incisa, situated in the area known as I ciliegi” between the towns of Figline and Incisa Valdarno, about 40 km
south of Florence, was subjected to seismic monitoring between 20th and 27th January 2020. Five SARA Electronic Instrument devices
were installed at the ground level, inside small isolated chapels or in free-field (CIM1), constituted by a 24 bit A/D converter (SL06)
coupled to a seismometric sensor with an eigenfrequency of 2 Hz (SS20) or 4.5 Hz (SS45). Table 1 shows the measurement points,
indicating the codes of the devices used for each one of them and the length of the monitoring period. Fig. 1b shows the position of the
devices.

The signals were recorded at a sample rate of 200 sps; the triaxial seismometers were oriented with the axis Y (component HHN)
along the direction indicated in Fig. 1b. Before the analysis, the recorded data had been corrected by the instrument transfer function,
in order to enlarge the analysis spectral band.

The stations were synchronized by a GPS (Global Positioning System). The minimal window of contemporaneity of the records of
all the seismic stations covers the interval from January, 20th 2020 at 12 o’clock (local time) to January, 23rd 2020 at 7 o’clock (local
time), due to the fact that the battery at seismic station CIM3 had drained before the other ones.

Table 1

Devices used in the measurement points.
Code $520/45 SLO6 Operating period
CIM1 2252 2249 2020-01-20 11:00 (LT) - 2020-01-27 11:00 (LT)
CIM2 2045 1549 2020-01-20 11:00 (LT) - 2020-01-26 15:00 (LT)
CIM3 2251 2248 2020-01-20 11:00 (LT) - 2020-01-23 07:00 (LT)
CIM4 2253 2250 2020-01-20 11:00 (LT) - 2020-01-24 09:00 (LT)
CIM5 2542 2541 2020-01-20 11:00 (LT) - 2020-01-26 18:00 (LT)
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Fig. 1. a) Location of the cemetery in relation to the main sources of vibration. b) Layout of the cemetery with the indication of the monitored
points (red triangles).

Under the eastern corner of the monitored area, where CIM1 station was installed, there is a curved railway tunnel of about 400 m
in length, which is part of the railway line of regional trains going to and from Florence (Fig. 1a). Approximately 200 m east of the
railway tunnel there is the High-Speed railway line with a 200-m long tunnel about 100 m from the closest point of the cemetery
(Fig. 1a). About 350 m from the eastern point, there is Highway Al. Next to the cemetery, a few meters below the ground level, there is
the regional road SR69, an important transportation link on which many heavy trucks travel.

Blocks of buildings included among the stations CM1, CM2 and CM3 (Fig. 1b), built on the crest of the hill on which the cemetery
stands, present significant and very extensive crack patterns. In particular, the main municipal chapel presents vertical and diagonal
cracks on the peripheral walls highlighting clear overturning mechanisms of the front and rear facades to the south and north,
respectively (Fig. 2a). Such damages are mostly attributable to the slow sliding downstream of the earthy slope behind the chapel,
caused by the hydro-geogenic instability of the hill, due to the presence of diverse layers of clay silt soil that have the characteristic of
retaining water. Indeed, the rooms that houses the common ossuary and the rear warehouse (Fig. 2d, e), located under the floor of the
chapel which shows a continuous crack running along the east-west axis following a zigzag path defined by the joints of the tiles
inclined at 45° (Fig. 2b) and is, in turn, inclined both towards the south and north, are often flooded (Fig. 2c). Therefore, the current
state of the chapel is very worrisome, because the peripheral walls are detached, and no longer provide the well-known box-like
behavior to the construction. On the other hand, it is not possible to exclude a priori that the ground shaking produced by railway and
vehicular traffic in the vicinity of the cemetery, may produce an additional damage factor for the built structures, for this reason the
seismometric monitoring survey was performed.

2.2. Estimation of the subsoil properties

It is widely known that the shaking produced by a seismic event can be subject to the effects of amplification even on a reduced
scale due to the mechanical properties of the geological structures present in the first tens of meters from the surface. Regarding Italy,
the first observations of the phenomenon date back to the descriptions of the surface effects of some of the strongest seismic events of
the last century, when some of the most important geophysicists noticed the different behavior between rigid soils and less compact
ones [20,21]. More recently, the study of so-called site effects has appeared more and more important after the devastating earth-
quakes of Michoacan (19/9/1985, Mexico, M = 7,9) and Loma Pieta (17/10/1989, USA, M = 6,9) [22,23]. The procedure of assessing
the mechanical properties of surface geology aimed at evaluating ground shaking due to the propagation of seismic waves, i.e.
microzonation, has thus become a useful investigation method for defining the analysis of seismic risk, mostly in urban areas. The
objective of the microzonation is to estimate the frequency response of the examined site, in order to quantify the site amplification in
terms of amplitude and frequency. One of the most widely known method used to describe the effect of the amplification was
developed by Japanese seismologist Akito Nakamura at the end of the 1980s [24], inspired by the work of Nogoshi and Igarashi [25].
Nakamura’s technique is a spectral analysis of seismic ambient noise data recorded by a single triaxial seismic station that uses the
ratio between the Fourier spectrum of the horizontal and the vertical components to find out the resonance frequency of the site.

Many studies providing a theorical interpretation of this method that have been carried out in recent years were thought to be an
empirical technique lacking theorical grounds [26,27]. In the years 2000-2004, the EU-funded SESAME project defined the guidelines
for using seismic environmental noise for the definition of ground amplification effects [28]. In recent years, many applications have
been carried out and the technique is ordinary practice in the professional activity of microzonation. The Nakamura technique, also
known as HVSR (H over V Spectral Ratio), involves the calculation of the average spectral ratio of the horizontal components against
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Fig. 2. a) Front facade overturning of the main chapel, b) zig-zag crack running along the inside floor of the chapel, c) presence of stagnant water in
the rear warehouse, d) plan, e) cross section.

Table 2
Values of subsoil resonance frequency (Fo) in Hz, estimated from HVSR.
Code N/V E/V H/V
[Hz] [Hz] [Hz]
CIM1 1.79 1.78 1.79
CIM2 2.07 2.11 2.09
CIM3 2.26 2.29 2.28
CIM4 3.14 3.19 3.16
CIM5 2.79 2.93 2.85

Table 3

Variations in percentage of the thickness of subsoil amplificative
layer as obtained applying Eq. (3) to each seismic stations with
respect to the CIM1 station, located just above the railway tunnel
at the NE corner of the cemetery and which exhibits the lowest
value of resonance frequency from HVSR.

Thickness of amplification subsoil

Code [%]
CIM1 H1
CIM2 86% of H1
CIM3 76% of H1
CIM4 57% of H1
CIM5 63% of H1

the vertical ones, in the hypothesis that this one is not affected by amplification and its spectral content is representative of the source
and propagation content. Moving from such a hypothesis, we can say that the HVSR, in the presence of a clear acoustic impedance
between the amplification layers and the rigid subsoil, highlights the spectral content of the propagation inside the surface geology that
produces the amplification effect on the ground, thus making it possible to estimate the resonance frequency of the site.

In the present case study, for each measurement site, spectral ratios were calculated over intervals of 120 s without overlapping (for
a more detailed description of the software used please refer to Azzara et al. [29]). All hourly spectral ratios were arranged in order to
estimate the representative average spectral ratio for each measurement point. The data analysis and plotting were performed by using
the Seismic Analysis Code — SAC [30,31] available at https://ds.iris.edu/ds/nodes/dmc/software/downloads/sac/.

From the reading of the average HVSR ratios and those relating to the single horizontal component for each seismic station, the
values of the estimated resonance frequencies are shown in Table 2. The very narrow standard deviation associated with each average
ratio seems to confirm the stationarity of the signals. The presence of such clear spectral peaks leads one to hypothesize that for each
measurement point it is possible to consider a typical one-dimensional structure characterized by a sharp impedance contrast between
the amplification layer and the rigid subsoil. In such a hypothesis, it is possible to use the formula of the quarter of wave (see, for
example, [32-34]) to relate the resonance frequency (F,) to the velocity of shear waves (V) and the thickness of amplifying layers (H):

‘/S

FOZE )

Taking into consideration the frequency peak values reported in Table 2, it is evident that, even at such a close distance, the seismic
stations show resonance frequencies that are highly different from each other. In the reasonable hypothesis that the velocity of shear
waves (V;) is the same in all monitored points, applying Eq. (1) to each measurement point, it will result that for the i-th point the
thickness of the resonant layer can be written as:

V.
H = 2
= ©)

In this way the ratio between the thicknesses in two different measurement points, i and j, is equal to the inverse of the ratio
between the corresponding resonance frequencies :


https://ds.iris.edu/ds/nodes/dmc/software/downloads/sac/
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Table 4
Velocity profile extracted from the MASW campaign [35].
Depth Thickness Velocity (Vs)
[m] [m] [m/s]
1 1 100
5.3 4.3 176
34.3 29 296
40.3 6 736

Fig. 3. Interpretation of the results in terms of the topography of the rigid layer beneath the amplifying layer: a) is the cemetery layout, b) and c) are
respectively the profiles along AA’ and A’B lines shown in a). At the location of each seismic station are also depicted the average HVSR computed
over the entire monitoring interval. The black, blue and red curves respectively correspond to EW/Z, NS/Z and H/Z spectral ratio. The frequency
axes span between 0.1 and 20 Hz. the amplitude vertical scale is the same for each plot. The frequency corresponding to the spectral peaks for each
seismic station are listed in Table 2.
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Fig. 4. Daily recordings from CIM1 station. Each graph from to the top down shows respectively the two horizontal components and the vertical
one. The time is based on the UTC, one hour behind the local time.

Table 5
Parameter values described by the British BS7385 [17] standard, as reported by UNI 9961 [16].
Class  Type of building Peak component particle velocity in the frequency band of the dominant pulse
4Hz-15Hz 15 Hz - 40 Hz 40 Hz -
250 Hz
1 Frame of reinforced structures. Industrial or 50 mm/s
commercial buildings
2 Non-reinforced structures. Residential buildings exhibits a linear trend from 15mm/sat4  exhibits a linear trend from 20 mm/s at 50 mm/s
or small commercial buildings Hz to 20 mm/s at 15 Hz 15 Hz to 50 mm/s at 40 Hz
Bt ®
H; Fy

Given this evidence, it is possible to estimate, in percentage respect one point chosen as reference, how the depth of the rigid
interface, which causes the impedance, varies.

Based on the information that can be extracted from the geological report of the cemetery extension [35], the thickness of lacustrine
deposits found in this area is 20—25 m high. The area under investigation lies at the westernmost point of the cemetery. The MASW
survey conducted during this study provided an estimate of the velocity profile of shear waves (Vs), as reported in Table 4.

According to the information extracted from the geologic report (see [35]) and the results of the HVSR analysis, we can evaluate the
geometry of the amplifying layer. Consulting the data in Table 3 it is possible to estimate the slope of the bottom of this layer between
the measuring points CIM1 and CIM3. Assuming that the layer thins continuously between these points, we can try to derive an
empirical relationship with the intent of evaluating the thickness that should be expected in the area outside the one currently
investigated and described by the geological study above mentioned. Following this procedure, it is possible to obtain an equation that
allows to estimate the thicknesses of the amplifying subsoil. Computing the coefficients of the linear regression of the distribution of
thickness in function of the distance from CIM1 station (Y), it follows that:
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Fig. 5. Average Fourier spectra computed for the entire monitoring period for each measurement point. From left to right, respectively, EW, NS and
Z components. The color legend on the left associates the seismic stations to each curve.

D =0.99 —0.0024Y ()]

where D stands for the ratio between the thickness of the amplifying layer in the measuring points CIM2, CIM3 and that of CIM1.
Applying Eq. (3), the thickness of the layer at a distance of approximately 140 m from CIM1, which corresponds approximately to the
area where the MASW were executed, should be about 66 % of that expected in CIM1. Therefore, according to the results of the
geological survey previously conducted, assuming a value of 25 m for the thickness in the area investigated during the survey, we could
expect that the amplifying layer in CIM1 should be about 38 m thick.

This value is very close to that obtained by applying Eq. (1), inputting the values: 1.79 Hz for F, the resonance frequency of the site,
and 275 m/s, the weighted average of the values indicated in Table 4, for Vs:

Vi 275
H=—t_—_="-
4F, 4 x1.79

=38.4m %)

Similar considerations could be made about CIM4 and CIMS5 stations, located at the southern edge of the cemetery. At these
measuring points, the thickness of the amplification layer should be even smaller.

Fig. 3 shows a geometrical interpretation of the results obtained where two profiles are hypothesized: along the line CIM1-CIM2-
CIM3 and the line CIM1-CIMS5. It is clear that it might be useful to carry out some other temporary measurements along the perimeter
and inside the cemetery to collect further data in order to verify this interpretation.

Another aspect that could be taken into consideration is the width of the HVSR peaks at the different measured points. Despite the
fact that ambient noise tends to underestimate the amplification factors, it would seem quite evident that the data recorded by the
seismic station installed at the CIM2 point show a spectral peak of the HVSR that is certainly higher than those detected at the other
measurement points. This could be a sign that this area is probably the one affected by more pronounced amplification effects as
compared to other areas. This area is not far from the currently closed chapel, which has suffered the most significant damage
compared to the other buildings inside the cemetery.

3. Analysis of the vibrations
3.1. Estimate of the reference parameters and comparison with the limits set by the regulations

The previously mentioned standard defines the guidelines for the measurement and processing of data. In particular, UNI 9916 [16]
identifies velocity as the most suitable physical quantity for measuring vibrations in terms of the effects of damage on buildings, and
defines two parameters that provide a quantitative measure of vibrations and set the minimum admissible limits according to the type
of source that produces vibrations and to the frequency content:

3.1.1. Peak particle velocity
It is defined as the maximum value in a time interval of the modulus of the velocity vector in a three-dimensional space.

p.pv. = ma}c(\/X2 + Y24+ Zz) (6)

3.1.2. Peak component particle velocity
It is the maximum value in a fixed time interval of the modulus of one of the orthogonal components of motion measured
simultaneously.

p.c.p.v. =max(|C|) @)

where C stands for X, Y, Z orthogonal components.
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Fig. 6. Time distribution of the peak component particle velocity (p.c.p.v., Eq. (7)), computed for each component of each seismic station, from left
to right respectively EW, NS and Z components.

For short-term vibrations, in order to exclude the triggering of fatigue phenomena, the standard provides that the p.c.p.v. should be
taken into account. For vibrations caused by explosions, machines and railway or vehicular traffic the correct parameter is the p.p.v.
The standard provides tables of reference values that define the maximum effect of vibrations that are not dangerous for the safety
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Fig. 7. Displacement waveforms recorded on January 22nd, 2020 by the seismic stations installed inside the cemetery. From left to right HHE,
HHN, HHZ components are shown.

Table 6

The maximum displacement between 1-4 Hz recorded on January 22nd, 2020 by the monitoring seismic

stations.
Code HHE HHN HHZ

[pm] [pm] [pm]

CIM1 3.7 4 5.3
CIM2 5.1 3.6 3.5
CIM3 9.8 5.1 16
CIM4 2.3 3.6 0.7
CIM5 2.1 2.2 1

Fig. 8. Daily trend of RMS on January 22nd, 2020 for each seismic station installed inside the cemetery. From left to right respectively EW, NS, Z
components are shown.

of buildings. These values are related to the type of sources, the classification of buildings and, for some specific cases, the involved
frequency bands.

The position of the monitored area exposes it to the presence of numerous sources of vibrations: two railway lines, the highway, a
regional road. As regards to the former, it is pVossible to reconstruct the occurrence of the oscillation sources starting with the in-
formation available online from the Italian Railway Company, Trenitalia, timetable.

The information from the online schedule provides a rough indication of the passages along the railway lines. Trains from Rome to
Milan and from Rome to Venice in both directions were considered, but it was not possible to obtain any information on the passage of
either high-speed trains operated by the company ITALO or freight trains. This notwithstanding, the main passages in both directions
are mostly evident on work days from 6 a.m. to 11 p.m. It is likely that, on holidays, the number of passages decreases and occurs on a
reduced basis. The same considerations can be made for the other two sources of vibrations, the highway and the regional road, but in
both cases, it is not possible to estimate the number of vehicle passages. What has been observed is quite evident in Fig. 4, which shows
the daily trends of the signal recorded at the CIM1 station during the entire monitoring period. It is, in fact, possible to notice that
during weekends there is a remarkable reduction of both the width and duration of the vibrations in the area.

Indeed, it is very hard to understand to which means of transportation the numerous recognizable peaks in the daily trend of the
seismic ambient noise correspond. Vibrations of higher amplitude are distributed throughout the day. During the night or late evening

10
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Fig. 9. Qualitative comparison between the signals recorded by seismic stations CIM1, b) and d), and those published by Fuchs et al [12] at train
passages a) and c), (modified from [12]).

hours, it is possible to more clearly recognize the presence of sharp peaks due to transients that are recorded by all the seismic stations.
This effect is probably due to the fact that during the night the average level of ambient noise decreases significantly as compared to the
daytime and, therefore, the transients are more evident.

In this case study, it seems more correct to refer to the British standard, BS7385 [17], that is applicable to buildings less than 3
floors and valid for vibrations generated outside the building and for measurements made at its base, instead of the Swiss standard, SN
640312 [19], which, although specific for road and rail traffic with frequencies above 8 Hz, refers to measurements made in the highest
parts of the structures. Table 5 shows the reference values defined by the aforementioned British standard, reported in the Italian
standard [16].

The standard aims at comparing the values in Table 5 by UNI 9961 [16] with the p.c.p.v. parameter defined by Eq. (7). If the system
were in resonance conditions, the values would be reduced by 50 % and in the case of transients with frequency content lower than 4
Hz, the minimum limit specified in the table, it is required that the displacement does not exceed the value of 0.6 mm, regardless of the
frequency.

Before calculating the p.c.p.v. it is necessary to find out the frequency band of the vibrations for the measurement points. The
average Fourier spectra (FFT) (Fig. 5) were computed as the geometrical mean of the spectra computed on consecutive windows 120 s
in length.

Fig. 5 shows the average velocity spectra calculated for each measurement point and each component of motion. In particular, it is
possible to notice that the frequency content of the ground vibration recorded by the seismic stations is, generally, concentrated in the
spectral band between 1 and 20 Hz, despite the differences between the different locations. For the stations located in the upper part of
the cemetery (CIM1, CIM2, CIM3) the spectral band narrows down to 1-9 Hz, for those in the lower part (CIM4, CIM5) it shifts towards
higher frequencies, between 2 and about 20 Hz.

At a low frequency, all the stations and components show the presence of a comparable amplitude peak centered around 0.2 Hz,
which can reasonably be attributed to environmental factors.Given the previous considerations, in order to represent the temporal
variation of the maximum amplitude of each component of the motion, the p.c.p.v. was computed over the entire monitoring period in
the spectral band between 4 and 15 Hz, as required by the aforementioned standards. The maximum of each component on each
floating window of 120 s with an overlap of 60 s was estimated. The curves have been smoothed by using the arithmetic smoothing
algorithm provided by SAC code. Fig. 6 shows the trends of the p.c.p.v. for each component of the motion for each measurement point
over the entire monitoring period.

The distribution of maximum peak values highlights the daily periodicity of ambient seismic noise, which is in line with what was
previously observed.

Seismic stations CIM4 and CIM5, located in the lower part of the cemetery area and closer to regional road SR69, show, in the
considered frequency band, higher maximum values as compared to the stations installed in the upper part, which are closer to the
tunnel of the regional railway line.

11
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Fig. 10. Displacement waveforms recorded by CIM1 station throughout the monitoring period. The numbers on the right indicate the Julian day
corresponding to each recording. The three colored bands identify the three different periods of the day in which similar trends are recognized. The
two boxes at the top are related to the horizontal components, EW and NS, respectively from left to right. The box below relates to the vertical
component of the motion.

Fig. 11. Distribution of the Fourier spectra of the first class of transients (black curves). The yellow curves are the average spectra computed for
each component of motion, from left to right EW, NS and Z.

The maximum values of the p.c.p.v. between 4 and 15 Hz, however, do not exceed 0.25 mm/s, thus placing themselves well below
the requirements of the standard (see Table 5).

All the previous considerations are applicable to the frequencies between 4 and 15 Hz, as established by the BS 7385 standard. The
average spectra of the signals recorded in the different measurement points, however, show that, especially for the stations located in
the upper part of the cemetery area (CIM1, CIM2, CIM3), most of the energy is concentrated in the frequency range of 1—-4 Hz.

For frequencies below 4.0 Hz the regulation requires that the displacement does not exceed 0.6 mm regardless of the frequency. The
recorded waveforms below 4.0 Hz were then filtered and integrated to obtain the displacement in millimeters. Fig. 7 shows an example

12
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Fig. 12. Distribution of the Fourier spectra of the second class of transients (black curves). The yellow curves are the average spectra computed for
each component of motion, from left to right EW, NS and Z.

Fig. 13. Comparison between the average Fourier spectra of the first class (black curves) and the second class (blue curves).

of the ground displacement recorded by all seismic stations in the 1—4 Hz band during a work day.

The maximum values recorded by the seismic stations are listed in Table 6. The highest displacements are recorded at the stations
located in the upper part, which have values that, on average, are about double when compared to the stations in the lower part, which,
in particular on the vertical component, record shaking that slightly exceed one micron. Even taking into account that the absolute
maximum value, the one detected in CIM3 and attributable to one of the disturbances mentioned above, is around 0.016 mm, the
maximum values of detected displacement are well below that defined by the standard.

3.2. An attempt to classify transients

For the sake of completeness, even if not required by regulations, the trend of the RMS average over the entire recording period was
calculated. The RMS calculation was executed on intervals of 120 s overlapped by 60 s. Fig. 8 shows the RMS trends for one of the
monitored days.

The RMS trend highlights what was previously observed: the average daily oscillation level begins to increase from early morning,
around 6 a.m. (local time) until about 7 p.m. (local time), when it begins to decrease. The transients that stand out from the background
noise and show the highest amplitudes are concentrated during the night and in the late evening. The values of the maximum and
average amplitudes, as already observed, remain at considerably lower levels than those which, according to the regulations, can cause
damage to the building structures.

The task of discriminating which of the multiple transients recorded daily by the seismic stations are attributable to the passage of
trains and which are due to other causes is not easy to perform.

A substantial support, at least qualitative, can be provided by a comparison with the signals recorded in the presence of railway
traffic, as available in literature. In particular, Fuchs et al. [12] reports numerous examples of seismometric recordings of train pas-
sages. Fig. 9 shows the comparison between the signals recorded by CIM1 station (the one placed just above the railway tunnel) and the
ones published in Fuchs et al. [12].

The signals shown in Fig. 9 are among the most energetic recorded by the CIM1 station, their maximum values of amplitude
reaching some hundreds of microns, well below the limits set by the current regulations.

In order to classify the different types of signals recorded by the seismic stations, we first tried to recognize, in the daily records, the
intervals in which similarities of behavior were found and, subsequently, by analyzing the individual transients, we tried to identify the
signals showing spectral response analogies.

Fig. 10 shows the displacement waveforms recorded by the CIM1 station throughout the monitoring period. Observing the daily
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Fig. 14. Particle motion of ground displacement in the coordinated planes in the presence of transients: a) NS-Z, b) EW-Z, ¢) EW-NS. The blue
arrows indicate the average direction of shaking in the planes considered.

records it seems reasonable to identify three periods throughout the day that show similar trends: the night period, between midnight
and 5 a.m. (UTC), the central period of the day (from 5 a.m. to 8 p.m.), and late evening (from 8 p.m. to midnight).

Every single transient was analyzed in the frequency domain, in order to identify those exhibiting similar spectral behavior. The
Fourier spectra were calculated for each selected signal. The selection was made on all the recordings from CIM1 station, focusing on
the first of the selected periods, at night, in which the presence of the transients is highly evident. By comparing the spectra, two classes
were found, which include approximately 52 % of the analyzed signals. Figs. 11 and 12 show the spectra of the selected signals and the
spectral average for each class.

The first class exhibits a main spectral peak centered on 3.5 Hz. It generally occurs with maximum amplitude on the NS and Z
components and minimum amplitude on the HHEW direction.

The second class is characterized by the presence of a main peak around 1.7 Hz, which is more evident on the EW component; most
of the spectral content is distributed approximately in the frequency band between 1.5 and 5 Hz. Above this value, the spectra decrease
constantly. Fig. 13 presents the comparison between the spectra of the two classes.

In order to identify the area of origin of the sources of the recorded signals, an attempt was made to evaluate the vector compo-
sitions of the motion in the three coordinated planes, i.e. HHE-HHN, HHE-HHZ, HHN-HHZEW-NS, EW-Z and EW-NS respectively.

This procedure allows one to identify the predominant directions of origin of the wave front. In Fig. 14 the particle motion related
to the signals that have a dominant spectral peak around 3.5 Hz are shown. The waveforms were filtered in a very narrow band around
the predominant frequency and integrated to obtain the ground displacement. Once the angles of orientation of the particle motion in
the different planes were measured, the average directions of the movement in each coordinate plane were calculated (blue arrows in
Fig. 15).

From Fig. 15 it is possible to observe that the direction of ground shaking associated with each single transient shows a large
variability. The average direction of ground motion along the HHE-HHZ and HHN-HHZ planes indicates shaking predominantly in the
vertical direction. On the horizontal plane, an average direction of shaking is identified along an axis at about 13° with respect to the
HHN axis. Unfortunately, the results obtained are not sufficient to clearly identify the area producing the recorded signal.

Further considerations can be made for the CIM3 station, which exhibits transient episodic values that show peak values above the
maximums recorded in the other stations, in particular on the vertical component (Fig. 16). These transients are recorded only in the
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Fig. 15. a) Time series recorded on 21 January 2020 at the CIM3 site, from top to bottom respectively EW, NS, Z component. b) and c) magni-
fication of the signals recorded during two hours of night (02:00 a.m. - 04:00 a.m. local) (b) and daytime (09:00 a.m. - 11:00 a.m. local) (c); d)
enlargement of one of the signals due to a vehicle or train passage near the cemetery; e) enlargement of one of the disturbances detected during
working hours by the seismic station CIM3.

Fig. 16. a) Waveforms recorded by the seismic station CIM1 along the three components of the motion, containing the seismogram of the
earthquake of 24th January 2020 at 17:02 (UTC), from top to bottom EW, NS, Z components; b) Seismogram of the earthquake. c¢) Spectral
comparison between the FFT of the seismogram (blue curves) and that calculated in an interval containing only transients (black curves), EW, NS, Z
from left to right respectively.

Table 7
List of seismic events that occurred during the monitoring period and recognizable in the recordings of the installed seismic stations (from INGV,

[36D.

Time

[uTc] Latitude Longitude Depth [km] Magnitude (Mw) Event Location Name
2020-01-21T18:51:14.310 44.0077 10.6683 53.1 2.4 6 km E Bagni di Lucca (LU)
2020-01-21T19:04:33.980 44.1188 10.7393 11.2 3 2 km NW Cutigliano (PT)
2020-01-24T17:02:48.240 44.4513 12.3578 4.6 3.4 Costa Ravennate (RA)
2020-01-24T17:55:15.242 38.2553 39.2001 10 6.6 Turkey
2020-01-24T23:41:03.640 44.3163 12.1693 20.6 29 12 km S Ravenna (RA)
2020-01-26T06:31:58.826 51.2086 —17.9879 19.5 6.1 Andreanof/Aleutian Islands
2020-01-26T16:26:03.250 43.9055 12.6112 25.6 3 2 km N Montefiore Conca (RN)
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Fig. 17. a) Waveforms recorded by the seismic station CIM1 along the three components of the motion (from the top to bottom: EW, NS, Z),
containing the seismogram of the earthquake occurred in Turkey on January 24th, 2020 at 17:55 (UTC). b) Seismograms of the earthquake. c)
Spectral comparison between the FFT of the seismogram (blue curves) and that calculated in an interval containing only the transients (black
curves), EW, NS, Z from left to right respectively.

central period of the day (Fig. 16e), which is characterized by full working activity. They have a completely different waveform from
those that can be associated with train passages (Fig. 16d). The total absence of disturbances of the same type during the non-working
period of the day and the fact that the seismic station was installed inside the room where maintenance materials and tools are stored,
reasonably suggests that the transients are attributable to the presence of service personnel.

3.3. Analysis of the seismograms

During the monitoring period some seismic events occurred on the national territory and outside, reported in the INGV National
Seismic Network Database. Table 7 lists the events clearly recognizable in the records of the seismic stations installed.

The most energetic local event recorded during the monitoring period occurred off the Ravenna coast on January 24th, 2020 at
17:02 (UTC), at more than 100 km from the investigated area. The seismograms of this event were compared with the waveforms of
transients recorded by the seismic monitoring stations in order to compare the amplitudes of the observed seismic shaking with that
produced by vehicular or railway traffic.

Fig. 16 shows the comparison between the transients and the seismogram of the earthquake off the coast of Ravenna recorded by
the seismic station CIM1. It is possible to observe that the width of the motion produced by the transients can be compared to that
produced by the earthquake which occurred 115 km from the seismic station, taking into account that in the case of the seismograms
the bulk of the spectral content is distributed in the 0.3-3 Hz frequency band.

A similar situation can be observed for the earthquake, Mw 6.6, occurred in Turkey on January 24th, 2020 at 17:02 (UTC),
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approximately 2400 km from the area under study.

Fig. 17 shows the comparison in the time and frequency domain between the signals recorded by the CIM1 station in the presence of
transients and following the earthquake in Turkey. Also in this case it is possible to note that the amplitude of the ground motion
recorded during the transients is of the same order as the seismogram recorded during the earthquake, taking into account that, in this
case, the frequency content of the seismogram is concentrated in the 0.6—2 Hz band where the spectral amplitude of the seismic
ambient noise recorded in the cemetery area is very small compared to what is found at high frequency.

4. Final considerations

The analysis of the signals recorded during the monitoring period has made it possible to define the spectral properties of the
subsoil within the study area. From the HVNSR analysis (Nakamura’s technique), the fundamental frequency of soil is distributed
between 1.7 and 3.2 Hz, according to the position of the seismic station. The values obtained from the analysis of the signals are in good
agreement with those indicated by the geological analysis carried out in 2016. Referring to the velocity profile of the seismic waves
reported in the aforementioned geological report, it was also possible to estimate the thickness of the amplifying layer, in the hy-
pothesis of a clear acoustic impedance contrast between this and the underlying geological layer.

With reference to the regulations in force, the amplitudes of movement were assessed in terms of displacement and speed of the
shaking associated with the presence of transients attributable to vehicular or railway traffic and, in general, to the anthropic activities
that take place in the area surrounding the cemetery. The result of the application of the algorithms required by current regulations has
produced an estimate of the values of the peak component particle velocity (p.c.p.v.) in the frequency band between 4 and 15 Hz and
the maximum displacement below 4 Hz. In both cases, the results obtained are well below the limits set by the regulations. In the
absence of a detailed list of train passages on the regional and high-speed lines, it was not possible to clearly associate each single
transient with railway passages. A specific analysis was, therefore, carried out on the individual transients recorded by the seismic
stations (in particular by the CIM1 station, i.e. the one located above the railway tunnel of the regional line, the closest in a straight line
to the High Speed tunnel and to the Regional Road located near the cemetery).

The analysis has permitted to recognize the presence of at least two classes of signals, characterized by a homogeneous spectral
behavior. Starting from the spectra of the individual transients, the representative average spectra of the two classes of signals were
estimated, which can be considered as reference inputs for a possible execution of numerical modelling modeling of the response of the
buildings present in the cemetery area. Finally, the ground shaking produced by the transients was compared to that produced by the
earthquakes in the area of the cemetery during the monitoring.

The amplitude of the ground motion produced by transients, associated with vehicular and railway traffic and anthropic activity,
was of the order of that recorded on the two most energetic earthquakes also because they have most of the frequency content in bands
that extend below the one that is characteristic of the site in the absence of seismic signals. Furthermore, considering that these two
earthquakes are either of low magnitude, about 100 km away from the area under study, or of considerable magnitude but located
approximately 2400 km away, the observation confirms that the signals produced by daily human activity are indeed of low entity.

Further considerations can be made, in spectral terms, taking into account the building typology of the area under study. This
exhibits small single-story buildings, for which it seems reasonable to expect a main frequency of oscillation between 8 and 10 Hz. This
such as to exclude the possibility of resonance phenomena both as respect to the frequency content of the signals that produce the main
oscillations of the ground, and as respect to the resonance frequency of the ground, estimated by HVSR, which is sufficiently different
from that hypothesized for buildings.

All these consideration leads to conclude that in this study case the vibration produced by railway or road traffic cannot produce
ground shaking able to determine the observed damages on the building structures. The amplitudes of the transients associated to the
traffic are, in fact, under the threshold fixed by the national and international regulation and their spectral band is in a range that leads
us to exclude the possibility of double resonance effect. As hypothesized in the text it is more plausible that the damage to the cemetery
structures is produced by slow movements associated with the instability of the slope due to retain of water rather than with the
vibrations induced by the railway or the road.
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