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Abstract

This thesis has three different aims with the common final task of seismic risk reduction.
The first aim consists in the evaluation of the seismicity detection efficiency of a novel
accelerometer prototype adopting the Micro-Electro-Mechanical-System (MEMS) tech-
nology, named ASX1000. The cost of this miniaturized device is 2 order of magnitude
less than the traditional high-sensitive seismic stations. Six prototypes are installed in
Northern Italy to monitor the seismicity in the Venetian Plain that is a large and deep
alluvial basin. Ten prototypes are installed in Central Italy. We demonstrate that, for
the first time, the ASX1000 MEMS is able to record small local earthquakes with a
threshold of My = 1.5. It provides also an efficient estimate of strong motion parame-
ters. The second aim is related to seismic hazard scenarios of the Venetian Plain. Here,
deeper velocity structures, fundamental for seismic site response, are often unknown.
Thus, we quantify the effects of different shear-wave velocity gradients’ equations, find-
ing variation on the estimated ground motion parameters. This result has an important
impact on a-seismic design. The third aim involves ambient noise analysis. Firstly, the
Coronavirus outbreak gave the unique opportunity to discriminate the cultural noise
from the natural one. Then, we consider the possibility to use the ASX1000 for seismic
noise interferometry. This method is important to retrieve subsoil structures in ab-
sence of seismic events. The ASX1000 MEMS is a promising geophysical tool, but at
the moment it is not suitable for passive analysis. So, we perform noise interferometry
with a different dataset, belonging to the high-quality seismic stations of the national
seismic network, and we show some interesting preliminary results.
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Sommario

Questa tesi affronta tre tematiche finalizzate alla riduzione del rischio sismico. La
prima riguarda lo studio della performance di un nuovo prototipo di accelerometro che
utilizza la tecnologia MEMS (Micro-Electro-Mechanical-System), ’ASX1000. Il costo
di questi dispositivi miniaturizzati e inferiore di almeno 2 ordini di grandezza rispetto
al tradizionali sensori sismici ad alta risoluzione. Sei ASX1000 sono installati nel nord
[talia per caratterizzare la sismicita della Pianura Veneta, un bacino alluvionale pro-
fondo ed esteso. Dieci sono installati nell’Italia Centrale. In questo lavoro dimostriamo
che il prototipo puo registrare microsismi fino ad una Magnitudo Locale pari a 1.5. In-
oltre, il MEMS ASX1000 puo stimare accuratamente i parametri di scuotimento del
suolo. Il secondo argomento riguarda la realizzazione di scenari di pericolosita sismica
della Pianura Veneta. Abbiamo effettuato uno studio sull’influenza di gradienti di
velocita delle onde di taglio sulla risposta sismica in superficie. Questo risultato e fon-
damentale per il design anti-sismico. Il terzo argomento riguarda l’analisi del rumore
ambientale. Abbiamo analizzato il rumore registrato durante il lockdown imposto dal
governo italiano per mitigare la diffusione del Coronavirus, in modo da caratterizzare
il rumore antropico. Abbiamo poi valutato la possibilita’ di utilizzare I’ASX1000 per
studi di interferometria sismica come metodo utile per ottenere strutture di velocita
sismiche. I risultati suggeriscono che questi dispositivi, al momento, non sono idonei
ad analisi di sismica passiva. Abbiamo allora applicato I'interferometria sismica alle se-
quenze di rumore registrate dalle stazioni sismiche ad alta risoluzione della rete sismica
nazionale. In questo lavoro mostriamo i risultati preliminari.
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Chapter 1

Introduction

1.1 Background and motivations

Earthquake ground motion represents the shaking associated with a sudden release of
energy due to a fault rupture. The physical properties of the ground motion are closely
related to the source process, the medium and the local site condition, according to
local geological and geophysical features (Mai [2009], Atik et al. [2010]). Sampling of
seismic ground motion is crucial for a detailed characterization of the seismic excitation
in proximity of an epicentral area (useful for emergency operation in the immediate
post-earthquake phase) (D’Alessandro et al. [2014]) and earthquake engineering pur-
poses (the estimate of the effects on the buildings and infrastructures, urban planning
and rehabilitation actions in active seismic zones, microzonation studies) (Ansal et al.
[2009]; Romanelli and Vaccari [1999]). The technical advancement throughout the 20th
century made possible to realize reliable and sensitive seismic sensors, able to charac-
terize the strong motion with great accuracy and a over a wide range of frequencies.
Of course, larger the accuracy of the observations, the more reliable the knowledge

of the seismic phenomena and any following consideration about the seismic hazard
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(D’Alessandro et al. [2014] ). At the same time, the improvement of the performance
capabilities may cause an increase of the prize of the instrument. Because of the high
costs of advanced commercial seismometers (considering also the installation, mainte-
nance and surveillance expenses), the number of the sensors generally deployed in the
national seismic networks is relatively low, leading to a limited spatial sampling. The
sparse sampling of the ground motion parameters, coupled with the large spatial vari-
ability of local geophysical and geological parameters (even within small distances),
complicate the correct characterization of earthquake effects (Cochran et al. [2011],
D’Alessandro et al. [2019]; Lawrence et al. [2014]). To mitigate the high cost of in-
stalling standard seismic arrays using conventional seismometers, inexpensive sensors
such as MEMS (Micro-Electro-Mechanical System) accelerometers could be adopted
(Evans et al. [2014]). MEMS accelerometers are devices with a very small footprint (mi-
crometers to a few millimeters in size) and with low power consumption. These sensors
are usually silicon devices composed of a free mass anchored to a chip by means of flex-
ible silicon threads forming a mass-spring mechanical system (Evans et al. [2014]). The
mass acceleration is converted in an electric signal using a capacitive circuit. MEMS
accelerometers are extremely popular and inexpensive products, adopted in a variety
of fields (monitoring of machine and vehicle, space exploration, game controllers, etc.)
(Evans et al. [2014], D’Alessandro et al. [2014]). In the last decades they became even
more lightweight and sensitive, and suitable for the requirements of earthquake mon-
itoring (Boaga et al. [2019]; Lawrence et al. [2014]). Because of their low price, low
power demand and small size, a large number of devices can be efficiently deployed.
Recently, several attempts were made to include low-cost MEMS accelerometers in

seismological investigations by the use of dense networks of sensors (Clayton et al.
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[2011]). The individual instruments can be attached to ”volunteers” computer (e.g.
Cochran et al. [2009]) or they can be installed as independent instruments at individ-
ual hosts (e.g.Clayton et al. [2011]), or in public buildings such as schools, hospitals
etc (D’Alessandro et al. [2014]). Another approach is to exploit a network of built-in
MEMS sensors in smartphones (Kong et al. [2016]). However, their full potential when
it comes to recording ground motion has not been explored. In particular, the major
limitation of using MEMS sensors for seismological purposes is the high instrumental
noise and low sensitivity of the currently available devices. That is, MEMS sensors
are able to record only large or moderate earthquakes at short distances (Boaga et al.
[2019], Cenni et al. [2019], Lawrence et al. [2014]). Thus, the low quality of the current
device limits the magnitude detection threshold (Evans et al. [2014]) In this Thesis we
introduce a promising prototype of a new MEMS sensors, named ASX1000, which is a
tri-axial capacitive accelerometer. This device is designed to be easily installed in local
telecommunication infrastructures: it can be fixed with screws and plug at the base-
ment of the server rooms and connected to a miniaturized data logger connected via
cable or other streaming devices. In this way, the recorded waveforms can be processed
in real-time in order to infer ground motion parameters such as PGAs and Spectral
Accelerations.

The ASX1000 prototypes were installed in two different zones of Italy (North-east
and Central Italy), one of the most seismically active countries in the Mediterranean,
being the site of several large and extremely damaging earthquakes since historical
times. The recent seismic history of Italy proves that the effects of moderate and large
earthquakes are often destructive in the high vulnerable areas. Those are the case of

Umbria and Marche seismic sequences in 1997-1998 (Deschamps et al. [2000]), L’Aquila
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in 2009 (Lucente et al. [2010]), Emilia-Romagna in 2012 (Bignami et al. [2012]) and
the Amatrice-Visso-Norcia in 2016-2017 (Michele et al. [2016]). On November 2019
we installed six of these sensors in north-east Italy regions (Veneto and Friuli Venezia
Giulia), a mid-to-high seismic hazard area, with documented historical events. This
region is characterized by the presence of the Venetian Po Plain, a large and deep
sedimentary basin which represents the foreland basin of the Southern Alps (Doglioni
[1993]). It is well known that the geological configuration of soft sedimentary layers
overlying bedrock-like formations leads to seismic amplification effects (Rathje et al.
[2010]). A denser seismic network could characterize in more detail the seismic ground
motion, enhancing the knowledge of local seismic amplification effects due to different
geological conditions. In this work we present an experimental network built with few
ASX1000 MEMS sensor prototypes, aimed to evaluate their seismic detection efficiency.
In addition, on January 2020, 10 of these MEMS sensor prototypes were installed in
the inner part of the Umbria Valley (Central Italy), replacing a pre-existing MEMS
network, already installed since 2016 and detailed described in the works of Boaga et al.
[2019] and Cenni et al. [2019]). This area of Central Apennines is characterized by a
continuous release of seismic energy, which is frequent but relatively moderate, and can
be considered a sort of natural laboratory for seismological study (e.g., TABOO, The
Alto Tiberina Near Fault Observatory; Chiaraluce et al. [2014]). This work analyzes in
detail the preliminary and experimental data obtained with these prototype networks,
in order to promote a project regarding the installation of hundreds of ASX1000 MEMS

sensors in the Veneto Region (expected to start in 2022).
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1.2 Objectives of the thesis

This thesis has three different objectives.

The main objective of this work consists of exploring the capabilities and the per-
formance of a MEMS sensors prototype, the ASX1000, for earthquake engineering
and seismological studies. We evaluate the seismicity detection efficiency and the use
for ground motion characterization of this new MEMS accelerometer (Cascone et al.
[2021]a). The first study case is the Venetian Po Plain, a densely populated deep allu-
vial basin, where a detailed ground motion recording is fundamental for the evaluation
of local seismic effects. Although strong seismic events didn’t occur recently, this area
was of interest because of the effect of strong earthquakes occurring in the neighbor
territories, such as the Friuli (1976) and Emilia seismic sequences (2012) (Poli et al.
[2008], Bignami et al. [2012]). The second study case is the seismologically active cen-
tral Italy area, located in Umbria region, where we substituted the older sensors with
the new prototype ASX1000. We test the suitability of the MEMS sensor ASX1000
prototype to record earthquakes, recovering the combination of minimum local magni-
tude and epicentral distances detectable. Performance validation is achieved through
a comparison of the MEMS sensors’ records with the national strong-motion network
data (RAN Rete Accelerometrica Nazionale), built with high-quality and high-sensitive
instruments. This study showcases for the first time, the ability to monitor small local
earthquakes (1.5 > My, > 2.5) with MEMS sensors (see APPENDIX A, section A.1).
The performance of the new MEMS accelerometers enables monitoring not only local
seismic events (with epicentral distances in the order of 50 km), but also strong tele-
seismic events (with epicentral distances in the order of 300 km), nucleating outside

the Italian territories, for example in Slovenia and Croatia.
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The second objective of this Thesis focuses on the detailed seismic site analysis of
the Venetian Po Plain, which involves the use of shear-waves velocity gradients. This
area, characterized by a mid-to-high seismic risk, lacks a geophysical characterization
below the tens meters of subsoils (e.g., shear-wave velocity profiles)(Cascone et al.
[2022]). Generally, the ground motion records of the most recent destructive earth-
quakes provide new opportunities to revise, and improve the procedure for seismic
hazard assessment. It is well known that the Veneto Region was stuck by strong his-
torical seismic events (e.g. Verona Earthquake, My = 6.8, 1117) (Guidoboni et al.
[2005]). As previously said, this sector didn’t release energetic seismic events in recent
times, so, the recorded ground motion is limited in distribution and size. The seismic
site characterization of geological setting of deep alluvial basins is fundamental: the
amplification of seismic waves caused by alluvial deposits can strengthen the incident
motion and increase the effects of earthquakes on structures and buildings (Boore et al.
[1993], Martin et al. [1994]). Moreover, deep alluvial basins are often the most densely
populated part of a country, enhancing the exposure to the risk. In this case, a neo-
deterministic approach, such as synthetic ground motions, can be good supplement for
analysis of site characterization and regional seismic hazard assessment(Anderson et al.
[2000]; Panza et al. [2002], Panza et al. [2003], Romanelli et al. [2010], Zuccolo et al.
[2008]). This method allows to define a set of earthquake scenarios without having to
wait for strong events to occurs and it is possible to assess the impact of future earth-
quakes on a defined area of exposure (Romanelli et al. [2010]). The final results of this
study is the estimate of the amplified response of soil layer under earthquakes excita-
tion and thus the variation of strong motion parameters (such as PGAs and Spectral

Accelerations). Seismic site amplification can be described as the motion modification
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due to soft soil during the wave propagation through the stratigraphic column, from the
basement bedrock upward to the ground surface (Boore et al. [1993]). The distribution
of shear wave velocities of the shallow subsoil (the first tens or hundred meters depth)
is then fundamental to quantify amplification effects (Martin et al. [1994], Mascandola
et al. [2019]). Unfortunately, in big alluvial basins deep shear-wave velocity profiles are
rare, and often generic velocity gradients models are adopted. This implies a relevant
uncertainty in the computation of seismic response analysis for these important ter-
ritories. For this objective we perform a comparative study which, for the first time,
evaluates the effect of different shear-wave velocity gradients on stochastic analysis of
seismic site response in deep alluvial basins.

The Third objective of this work involves the evaluation of the use of ASX1000 pro-
totype for noise interferometric technique (Boschi and Weemstra [2015],Boschi et al.
[2016],Shapiro and Campillo [2004]; Shapiro et al. [2005],Weemstra et al. [2016], Weem-
stra et al. [2017]). This approach is fundamental for obtaining shear wave velocity
profiles adopted for seismic response studies (Boaga et al. [2007]), particularly where
classical controlled source explorations are challenging, as in deep alluvial basins. In
these environments, such our study area (the Venetian Po Plain), the deeper struc-
tures are often unknown, and this technique could be rather useful to improve the
modelling of ground motion. Ambient noise, or the seismic signal recorded in absence
of earthquakes, consists of microseisms resulting from the coupling between oceans and
solid earth at frequencies mostly below 1 Hz (Longuet-Higgins [1950]), while at higher
frequencies it includes the ”anthropogenic” or ”cultural” noise associated with human
activities at or near the surface of the Earth (Bungum et al. [1985], Halliday et al.

[2017]; Zhang et al. [2009]). One of the most used method involves the extraction of
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Green’s Function from ambient noise field (Shapiro and Campillo [2004], Boschi and
Weemstra [2015]): the resultant function from the cross-correlation of random noisy
waves recorded at two different stations corresponds to the Green’s function, i.e., as
if an impulse force is applied at one station and recorded at other station. The low-
frequency content of noise allows to map the deep structures of the Earth lithosphere
(Shapiro et al. [2005], Weemstra et al. [2016]). Anthropogenic noise can be used for rel-
atively small scales, for instance in characterizing the shallower subsoils (Louie [2001],
Boaga et al. [2007]). The application of noise interferometric technique in geophysics
can be useful to evaluate the surface wave dispersion in a passive way, without con-
trolled sources (Campillo and Paul [2003],Roux et al. [2005], Boschi and Weemstra
[2015]). This method can furnish relevant tools for seismic hazard scenario modelling,
especially for the case of deep alluvial basins such as the Venetian Plain, where shear
waves velocity profiles reaching relevant depth are required (e.g. 100 - 200 m) (Boaga
et al. [2007]). And although the estimation of the fundamental mode Rayleigh wave
through cross-correlation is a well known technique, the innovative aspect of this part
of the thesis consists in the possibility to perform this technique with inexpensive
MEMS sensors. In order to retrieve subsoil models of the Veneto region, extending
our small prototype network, we started considering the continuous noise recording of
the high-quality seismometers of the Italian Seismic Network managed by the INGV
(Istituto Nazionale di Geofisica e Vulcanologia, Italy). These seismic data is public
and distributed through the Orfeus European Integrated Data Archive (EIDA). In this
context, the unexpected situation of the COVID-19 outbreak and the consequent lock-
down measures between March and May 2020, allow us to quantify the anthropogenic

impact on seismic ambient noise. On March 2020, the government of Italy imposed
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a national lockdown, restricting the movement of the population and closed all non-
essential industries, in response to the growing pandemic of COVID-19 in the country.
While earlier studies have attempted to characterize high-frequency seismic noise, the
Italian lockdown of industrial activities and reduction in road and train traffic repre-
sents an unprecedented opportunity to discriminate the anthropogenic noise from the
natural noise. The seismic signature of the containment measures is evident from the
analysis of continuous recording at INGV stations in time and frequency domains (Poli
et al. [2020], see APPENDIX A, section A.2). The observation that the most of en-
ergy loss occurs at frequency between 1-10 Hz can be useful for future studies of noise
cross-correlation to characterize the upper subsoil. To summarize, the three different
studies proposed in this work have in common the final objective of the earthquake
risk reduction, with a focus on seismic local response of deep alluvial basins (see figure
1.1).

To evaluate in denser way the seismic ground motion, new MEMS based network
can be adopted. High sensitive MEMS sensors can be even be adopted for seismic noise
analysis, inferring models which can be adopted in ground motion scenarios. These
approaches aim to obtain more accurate information on ground shaking and repre-
sent essential tools needed for city planning, disaster preparedness, hazard mitigation

decisions and risk reduction in earthquakes prone areas.

1.3 Thesis Outline

In this section we report the outline of the thesis. The three objectives of the thesis
listed in Section 1.2 are discussed in three different chapters. Each chapter has its own

Introduction-Method-Results-Discussions and Conclusions sections. In order to avoid
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EARTHQUAKE DETECTION NOISE ANALYSIS
Seismic Monitoring Effect of shear wave Shear wave velocity model for
PGA, Spectral Acceleration velocity gradients on ] seismic hazard scenarios

Seimsic site response of the Venetian Plain

\ ]

SEISMICRISK REDUCTION AND HAZARD EVALUATION IN DEEP ALLUVIAL BASINS

Figure 1.1: Summary of the three main aims of the Thesis.

repetition, some of the results contained in published papers, are shown directly in
APPENDIX A.

Chapter 2 explores the literature review of MEMS sensors and introduces the ASX1000
prototype, showing its technical features. We show the performance of our prototype
on a certified shake table apparatus belonging to the Seismological Research Center
of the OGS (Istituto di Oceanografia e Geofisica Sperimentale, Italy). We introduce
the MEMS prototype arrays installed in Northern and Central Italy and we discuss
the general criteria to identify seismic events from the continuous data recorded by the
ASX1000 prototype. A catalog of earthquakes recorded by our MEMS sensor proto-
type, collected since January 2020, is then reported. Finally, we present the results of
the comparison between the MEMS sensors and RAN high-quality stations in terms of

PGAs and Spectral Accelerations. The results related to the microsesimcity monitor-
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ing is reported in APPENDIX A (section A.1).

Chapter 3 discusses the analysis of seismic local effects of the Venetian Plain. We
introduce this chapter with the geodynamical and geological setting of the study area.
Here we discuss the importance of shear-waves velocity gradients for accurate seismic
scenarios in deep alluvial basins. In this case, the chapter has the same structure of
a manuscript submitted on ”"The Journal of Geophysics and Engeenering” (see AP-
PENDIX A, section A.3).

Chapter 4 is related to the analysis of ambient noise and the cross-correlation tech-
nique. The basic idea is the future use of MEMS sensors as passive arrays. Nowadays,
their high level of instrumental noise and their poor performance at lower frequencies
limit the noise cross-correlation of seismic ambient noise, even if promising improve-
ments are coming from recent study on a new prototype. In the meanwhile we focus
on the characterization of the velocity model of the Venetian Plain, performing the
cross-correlation of ambient noise as recorded by the broad-band forced balanced seis-
mometers belonging to the INGV IV network. A section of this chapter is dedicated
to the cross-correlation processing computational routine. The results related to effect
of anthropogenic activities on seismic noise during the coronavirus lock-down in Italy
are shown in APPENDIX A (section A.2).

Finally, Chapter 5 presents the main conclusions of this work and recommends future

research directions.
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Chapter 2

Earthquake detection with MEMS

SEINSOors

2.1 Introduction

Seismology is a recent field of the Earth Sciences that has only been studied quan-
titatively since around 1900, when seismic instruments started to be available. The
first time-recording seismograph, based on undamped pendulums was built by the Ital-
ian physicist Filippo Cecchi in 1875 (Shearer [2019]). Soon after this, higher quality
instruments were developed. Nowadays, the sensitivity of seismic instruments allows
earthquakes location, the accurate measurement of the true ground motion and many
1

other applications.

During the last decades, the instrumentation for earthquake observation greatly

IDECLARATION: The part of this chapter related to small earthquake detection has been pub-
lished as “Small local earthquake detection with low-cost MEMS accelerometers” in The Seismic
Records, vol. 1, pp. 20-26, 2021
CONTRIBUTION: Design of the work, Data Collection and Interpretation

13



14 Earthquake detection with MEMS sensors

improved in term of sensitivity and reliability of the seismic data Scudero et al. [2018].
The most diffused seismic sensors, based on a spring-mass principle, have reached very
high precision and sensitivity. However, these devices are usually expensive, and the
heavy proof masses make this device bulky, difficult to transport and manage. For this
reason, one of the problem in seismology is the efficient wave-field recording, due to
the limited number of installed sensors (D’Alessandro et al. [2014]). One key factor to
improve seismic monitoring is the implementation of a seismic sensor network, which
requires the widespread deployment of seismic instruments. However, the cost and com-
plexity of installing numerous traditional seismic instruments are too high. A dense
coverage of stations is fundamental for many reasons, first of all the effectiveness of res-
cue operations in the immediate post-earthquake phase when a destructive earthquake
occurs. The possibility to map the distribution of earthquake intensity with adequate
resolution depends on the availability and on the spatial distribution of monitoring
stations. The limitations of the traditional instruments were overcome and significant
improvements were boosted by MEMS (Micro-Electro-Mechanical-System) technology
(D’Alessandro et al. [2019]). MEMS sensors have low costs, small size, low power, and
high bandwidth devices enabling a wide range of applications in term of scales and
typology of recorded signals. The dimension of a MEMS device is in the order of the
microns: the electromechanical system are highly miniaturized devices integrated onto
an unique silicon substrate (Crone and Sharpe [2008]). These devices are considered
as one among the most promising technology for this century, capable to revolutionize
the industrial world and the commercial product market (Scudero et al. [2018]). These
inertial sensors, in particular, have seen widespread application in the consumer and

automotive electronic industries, game controllers, smartphones, space missions and so
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on. Further applications include geotechnical surveying and the monitoring of natural
hazards, such as earthquakes. The progresses achieved in MEMS technology, coupled
with the progress reached also in wireless data transmission, enabled the extension of
the sensing capability and, consequently, opened the door for their use in a wide field
on applications (D’Alessandro et al. [2014], Scudero et al. [2018]). These sensors could
be integrated in the existent seismic networks and increase the number of sensors, to
have a quick parameterization of an earthquake (such as shake maps), as well as to
investigate seismic site effects caused by local geological condition. In this Chapter we
introduce a new MEMS sensor prototype named ASX1000. We explore its physical
functioning principles, its sensitivity and its use for earthquake observation. For this
purpose we present two experimental arrays deployed with MEMS based accelerome-
ters, located in Northern and Central Italy. In particular, we investigate whether the
advances in MEMS sensors enable us to create a dense distributed sensor network in a

high-risk area.

2.2 Methods

2.2.1 Seismic Sensors

A seismic sensor is an instrument used to measure the ground motion when it is shaken
by a perturbation. Ground motion can be measured in terms of displacement, veloc-
ity, and acceleration. Ground displacement represents how far the surface has been
moved. Ground acceleration is how fast the ground velocity is changing with respect
to time. Traditionally, seismometers, or weak-motion sensors, are very sensitive to

small and distant events and are thus too sensitive for strong-motion signals. So, dur-
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ing most damaging earthquakes, seismometers which are installed close to the epicenter
are clipped (a signal clips and is distorted when it exceeds the threshold of the sensor’s
dynamic range). The accelerometers, or strong motion sensors, are designed to record
the strongest events at small hypocentral distances. Their maximum on scale acceler-
ation is usually expressed as g, a fraction of the Earth’s gravity (1g = 9.81 m/s?, the
average of Earth’s gravity between the equator and the poles). In high seismic risk
areas where the main goal of networks is future seismic risk mitigation, strong-motion
recordings play an important role, and two sets of sensors will have to be installed so
that the system never clips. Italy, which is one of the country in Mediterranean with
the highest seismic risk, has two fundamental seismic networks: (1) the RSN (National
Seismometric Network -Rete Sismometrica Nazionale) managed by the National Insti-
tute of Geophysics and Volcanolgy; (2) the RAN (National Accelerometric Network
- Rete Accelerometrica Nazionale) managed by Civil Protection Authorities. Gener-
ally, seismologists prefer recording weak motion (displacement or velocity), for easy
interpretation of seismic phases, while engineers consider strong motion acceleration,
whose peak values are directly related to structures seismic load: ground acceleration
is the most important factor in determining the stress induced to structures during

earthquakes. This Thesis focuses on strong-motion sensors category or accelerometers.

Accelerometers: Basic Physical Theory

Accelerometers are inertial sensors designed to detect velocity variations, typically in
the medium-to-high range of frequency. The measurements are done in a moving ref-
erence frame (the Earth surface), so the sensing system of an accelerometer is designed

for the detection of inertial forces on the base of a damped spring-mass structure.



2.2 Methods 17

The relative motion between the suspended mass and the ground is a function of the
ground motion. The sensor mass displacement is linearly proportional to the external
acceleration. The system can be described by the equation of motion for a rigid body,

expressed with the Newton’s second law:

F =mad (2.1)

Considering a single direction (the x-direction, for example), the vector equation is

reduced to a scalar expression:

F, =ma, (2.2)

It is possible to use Newton equations even in a no-inertial system, replacing the
reference system. The origin point of the new reference system must be fixed on the
device (coordinates of the moving body, Figure 2.1). It turns out that acceleration a,,
calculated in global coordinates, is replaced with acceleration #, calculated in body
coordinates. Equation (2.1) can be re-written considering the new reference system.
The equation of motion for the mass proof in the body coordinate system x = X, — X
is:

(X, — Xo) + (X, — Xo) + k(X — Xo) = —mX, (2.3)

On the left-hand side are the contributions related to the inertial motion of the
proof mass (m), to the damping (b, expressed in N/(m/s)), and to the linear force of
the spring (k, expressed in N/m). On the right-hand side is the initial external force,

which is often referred to as the apparent force. The Capacitive electrodes shown in
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Figure 2.1: Simple scheme of an accelerometer

Figure 2.1 are characterized by a capacitance which varies with the displacement of

the mass.

Mems sensors

Several works demonstrate that MEMS (Micro-Electro-Mechanical System) sensors
can efficiently integrate the use of common accelerometers and their use for seismol-
ogy related applications has been emerging considerably in the last decades. Among
the various typologies of MEMS accelerometers (such as piezoelectric, piezoresistive or
strain gauge), the electro-mechanical piezoresistive or capacitive sensors are the most
widely employed (Shaeffer [2013]). Capacitive accelerometers are based on a spring-
mass like system placed on a silicon substrate. The capacitor consists of two parallel

metal plates separated by an insulating material. When the device goes under an
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acceleration, the inertial map shifts, causing a change of the configuration of the ca-
pacitor plates and causing, in turn, a change in the capacitance. The displacement is
proportional to the capacitance difference, such difference is measured by an integrated
electronic system and the value of the acceleration in then calculated with a conversion
factor (Figure 2.2). The advantage of these capacitive instruments is the miniaturized

dimensions and the very low-cost of production.

anchor

Bupds

anchor

Figure 2.2: Scheme of a capacitor which characterizes the capacitive MEMS accelerom-
eters

In a MEMS accelerometer each sensor has a lot of capacitor sets. The dimension
of a single sensor is in the order of few hundreds of micrometers and thickness in
the order of few tens of micrometers. Since these sensors are directional device, they
can detect accelerations along a single axis. To measure accelerations on the three
dimensions, three sensors are oriented along the axes of orthogonal triad. This task
could be challenging in the microscopic scale where the flat base of silicon wafer sets the

manufacturing limits. If it could be relatively easy to create two identical structures
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on the plane, it is harder to extend the structure perpendicularly off plane. This lead
to a different sensitivity on the vertical axes. The final packing of a triaxial sensor
could be as small as few millimeters each side. The basic production process involves
the ”printing” of the pattern of the circuit on the crystalline silicon wafer, creating a

three-dimensional structure D’Alessandro et al. [2019]. (Figure 2.3)

ghpdaditor,
plates

proolmass

procf mass

Figure 2.3: The crystalline silicon wafer typical of the MEMS capacitive sensors

Because of the constructive constraints of a MEMS device, first of all the small
dimension, the inertial mass has a very limited weight but it must be in condition
to induce detectable electrical outputs. Consequently, MEMS devices are naturally
sensitive to the strong motion in the higher part of the earthquake frequency range.
Several studies demonstrates that these sensors can reach an efficient performance for
moderate (5.0 >M,, >5.9) to large (M,, >6) earthquakes detection at distances in the

order of tens of kilometers. (Boaga et al. [2019], Lawrence et al. [2014])
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2.2.2 ASX1000 Accelerometer Prototype Design

In this Thesis we present a new MEMS based accelerometer prototype named ASX1000.
It is a low noise density triaxial-multirange accelerometer, characterized by low-power
consumption. It has an internal circuit of transduction, providing digital output. It
is designed and produced by ADEL srl, an Italian based company specialized in tech-
nology and telecommunications. This accelerometer prototype is thought to be a plat-
form for the data acquisition and recording for long period measurements. The device
adopted in this study is shown in Figure 2.4. The circuit is inserted in a fixed metal
plate and the cover is completely hermetic and dust/water proof (Figure 2.4a). Figure
2.4b shows the internal circuit batch; the MEMS sensor parts are marked by the yellow

square.

Y

Micro-SD Power Supply

s
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=_ O
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Figure 2.4: (a): ASX1000 MEMS sensor prototype; (b) its internal circuit batch

The system is equipped with three communication channels for remote control and
data transmission (Figure 2.4). These channels are:

1) 10/100Mbit LAN with TCP/IP protocol.
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2) Multi-standard serial RS422, RS485 and RS232 with a maximum speed of 115200
baud.
3) USB 2.0 type.

The MEMS device has a low power consumption. Power can be supplied in three
ways:
1) +48Vdc, the typical DC power which supply the telecommunication infrastructures.
2) +5V from USB

3) +5V from external power supply, through the multistandard serial connectors.

This sensor operates in high sensitivity mode for an acceleration range of +2¢g, but
it supports the and +4¢ full scale (the full scale is the maximum signal amplitude that
can be measured). In these ranges, the sensor provides a linear output signal. This
value guarantees that the sensor can record even very strong accelerations, such as
those induced by a catastrophic earthquake, remaining in linear regime. The band-
width (which is the frequency band in which the system has linear response), was
designed in the range 0 - 62.5 Hz, since the frequencies generated by an earthquake are
at most of the order of tens of Hz. Earthquake engineering frequencies of interest, i.e.
those that can create more damage to buildings triggering resonance phenomena, are
included in a more narrow range (approximately 0.1-20 Hz) and therefore largely con-
tained in the frequency band of this MEMS accelerometer D’Alessandro et al. [2014].
The ASX1000 accelerometers prototype is designed with a sampling rate of 250 Hz
(but it is an adjustable parameter). To completely characterize the earth’s movement,
the motion must be measured in three perpendicular directions: the sensors have three
sensing elements (X-Y-Z), oriented along mutually orthogonal axes. The microma-

chined elements are fully differential, comprising the lateral x-axis and y-axis and the
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vertical z-axis sensors. In particular, the three axes go through separate signal paths
that minimize offset drift and noise. Devoted software for the acquisition samples the
data at frequency of 250 Hz. The waveform files are written in three different for-
mats: Comma-separated-values (csv); Binary (bn); The Standard for the Exchange
of Earthquake Data (mseed). The ASX1000 MEMS prototype has a built-in digitizer
to eliminate the unnecessary noise, where the measured data can be processed with
digital filters, which can be set remotely. The acquired data are recorded by the ac-
celerometers in a continuous mode and are stored locally in a micro-SD memory card
(visible in Figure 2.4b), with storage up to 64 Gbyte (the maximum storage is up to
four months, then the memory card is reset). The data transmission, through the three
communication channels mentioned above, involve near real-time data transfer from
the remote stations to the central processing site, managed by ADEL computer room.
At the moment, the available software, processed the waveforms automatically but
is not equipped with a triggering detector useful to identify the seismic event. So the
ASX1000 MEMS prototypes cannot be adopted for the identification of automatic seis-
mic events. In order to perform seismic monitoring, several processing implementations

(such as a ring-server, a central trigger and selected time-window) are needed.

2.2.3 MEMS Sensors’ Seismic Arrays in Italy

In order to test the performance while detecting earthquakes, 16 ASX1000 prototypes
are installed at two seismic active areas in Italy. In this Thesis we present two exper-
imental MEMS sensors-based networks deployed in North-East Italy (with 6 sensors)
and Central Italy (with 10 sensors). The geographic coordinates are reported in Table

2.1 The networks’ configuration is shown in Figure 2.5a and Figure 2.5b (red triangles).
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When possible, the ASX1000 MEMS sensor prototype were compared to the national
strong motion high quality sensors (Kinematics Episensor ES-T sensors) belonging to

RAN (green triangles).

A MEMS B

46°30"

45°30"

Figure 2.5: MEMS-based network in (a) Northern Italy and (b) Central Italy

The urban networks have been designed and installed in agreement with the italian
telecommunication company TIM spa. The MEMS sensors were installed inside the
TIM telecommunication infrastructures at the base of local server rooms, and the
sensors were firmly coupled to the building with screws and plugs with a two-sided tape
(Figure 2.6a). Each sensor is connected to a wall outlet for power and the azimuth is

measured after the installation, using a compass (Figure 2.6b).

Seismological Framework of the study areas

The ASX1000 MEMS sensors prototype are installed in the Italian regions charac-
terized by a high seismic risk. The Northern-East Italy (Veneto and Friuli Venezia
Giulia Regions) is frequently shaken by earthquakes.The seismicity in this sector is

often attributed to the active thrusts of Southern-East Alpine Front. Nowadays, the
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ASX1000
Prototype

Figure 2.6: (a)ASX1000 prototype installed in a local telecommunication infrastruc-
ture.(b) Azimuth measurement

INGV National Seismic Network in Veneto and Friuli Regions is integrated by local net-
works, managed by the Seismological Research Center of the OGS (Istituto Nazionale
di Oceanografia e Geofisica Sperimentale). In the Veneto Region the instrumental seis-
micity of the last decades is moderate (Romano et al., [2009]): only 3 earthquakes
have exceeded the My >4.4 (Priolo, [2008]). But earthquakes’ occurrence in this area
has been historically documented since the fifteenth century (Poli et al. [2008]), where
The most destructive historical earthquakes are characterized by M,, >5.5. The Friuli
Region is also characterized by a high level of seismic activity. The last destructive
seismic events occurred from May to September 1976, where four seismic events with

M,, > 5.9 destroyed several villages causing hundreds of casualties.

The second study area is the inner Part of the Umbria Valley. Here, the intra-

Apennines active extension produces a broad and complex system of normal seismo-
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genic faults, as indicated by the strong earthquakes that recently occurred (Gubbio
1984, M,,= 5.6; Colfiorito 1997, M,,=6.0; Norcia 1979, M,= 5.9; L’Aquila 2009, M,,=
6.1; Amatrice 2016, M,= 6.1; Norcia M,= 6.5).

2.2.4 From the Earth to the computer desktop

In this section we illustrate the general criteria to retrieve seismic events detected by
the ASX1000 MEMS sensor prototypes installed in Italy. As shown previously, all the
installed MEMS sensors have real time communications and data is available typically
within minutes of real-time. A private (at the moment) website platform designed
and programmed by ADEL, accessible with a user account, is available to download
the data acquired by the MEMS sensor prototypes. The Graphic-User-Interface (GUI)
programmed by ADEL is shown in Figure 2.7. It allows to select manually the seismic
sensors belonging to the two experimental arrays in Italy. The first column reports the
name of the hosting telecommunication infrastructure. The second column displays the
identifier code of each MEMS sensor installed, where the network code is ”0080E100”.
The third and forth column report the date and the time of the last acquisition. For
each seismic sensor it is possible to select the start time of the downloaded data. In
the drop-down menu it is possible to select the time window, with a maximum of 60
minutes. On January 2020 it was possible to download the data in .csv format (Figure

2.7). Starting from May 2021, the mseed and binary formats were available too.

The CSV file is organized in this way:
- First column: Date

- Second column: Time
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Sismografi
Centrale Id sismografo Uitimao evento Uitime messaggio
(1 PONTE PATTOLI DOS0E 1000300 202109113 12:41:20 202109123 16:03:49
G MONTEBELLO (PG) DO80E 1000800 2021/08/19 11:36:04 202109123 16:03:42
G BASTIA (PG) D080E1000F00 20210907 17:09:20 20210923 16:04:117
(] PADULE DOS0E1001B00 2021/07/07 06:53:10 2021108123 16:04:09
G GUBEID D080E 1001400 2021/04/28 07:33014 20210923 16:03:48
(1 BEVAGNA DOSOE 1001600 2021/04/28 07:32:07 2021/08/23 16:04:03
(£ FOLIGNO-CENTRO D080E 1000200 2021/04/28 07:32°36 20210923 16:04:32
G SPELLO DOB0E100CC00 2021/04/28 073107 2021/07/28 12:49:33
(£ BORGO TREW D080E 1000400 2021/07/04 0B:47:44 20210923 16:03:47
~ -~
01/09/2021 = 16 - 05 1 v
" W minuti

Torna alla lista defle centrali

Sismograto PONTE PATTOLI

Nome file -BIN Ms £sv
0080E1000300_31466_200430080000 200430080500.ACQ @ o]
00B0E1000300_31466_200430180000 200430181000.ACQ @ @ [ Enmina |

Figure 2.7: The platform developed by ADEL in order to download the raw data
acquired by the installed MEMS sensors.

- Third column: Millisecond
- Forth column: Voltage output values of the X component
- Fifth column: Voltage output values of the Y component

- Sixth column: Voltage output values of the Z component

As shown previously, the dataflow is not processed in order to identify seismic
events. This means that the user, who knows a priori the origin time, location and
magnitude of a seismic event, download the time window which may contains the

earthquake and download it from the ADEL website.



28 Earthquake detection with MEMS sensors

7

Since the first available format was the ”.csv”, I programmed python and shell-
based scripts in order to convert the voltage to acceleration and to infer an immediate
visualization of the seismic waveforms. As mentioned in paragraph 2.2.2, the wave-
forms are not processed with a triggering detector, so the ASX1000 prototype is not
capable of identifying seismic events. The seismic events are retrieved from the INGV
database. The routine to infer the earthquake waveforms (schematize in Figure 2.8)
is the following: 1) A Weekly check on the INGV (Istituto Nazionale di Geofisica e
Vulcanologia) website or INGV smartphone app, in order to make a list of the seismic
events occurred in proximity of the two experimental networks. The website and the
app display several earthquake information such as the origin time, the ipocenter and
the local or moment magnitude.

2) I log in the ADEL platform, I select the considered station, I select a time window
centered on the origin time reported on the INGV database and then I download the
raw data.

3) I run a shell-based script which converts the output voltage in acceleration. The
Azimuth correction is performed, considering the ASX1000 prototype Azimuth, mea-
sured during their installation (Figure 2.4). I remove the trend and the mean. I apply
a bandpass using a Butterworth filter, generally at 1-10 Hz. Then convert the column
in the binary SAC (Seismic Analysis Code) A header of the SAC file is created too,
considering the information contained in the csv format such as the date and time.
These operations are performed on the three components.

4) T run a python-based script, with obspy package (CITAZ), plots the waveforms of
the three components and infer the maximum values of acceleration (the peak ground

accelerations, PGAs)).
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When the mseed format started to be available, the step 3 and 4 wasn’t necessary

anymore.
. ~
( ieval Weekly check of INGV
Data Retriev ) seismic catalugue
~ J
g ™
Processing et
4 N
e —
p Download from ADEL
website
Output L )

Conversion in m/s?
Remove mean and trend
Bandpass filter (1-10 Hz)
Azimuth correction

.

SAC file for each
component

Figure 2.8: Workflow adopted in this work to retrieve seismic waveforms recorded by
the ASX1000 MEMS sensor prototype

2.2.5 Shake Table Test

The ASX1000 MEMS sensor prototype was calibrated in the laboratory on a certified
shake table, in order to evaluate its suitability in strong motion related studies. In
fact, the determination of instrument response is fundamental to reconstruct the true
earthquake ground motion.

The shake table apparatus built and used at the Seismological Research Centre of

OGS (Istituto Nazionale di Oceanografia e Geofisica Sperimentale) in Udine (Italy), is
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able to generate controlled frequency signals.

The system hardware features a shaking table, a laser interferometer and an in-
terface board that allows for A/D conversion between the laser interferometer and a
personal computer. The instrument is shown in Figure 2.9a. The system software
automatically determines the response of curves of the sensors after the shake table
has been driven with the target frequency range. For the horizontal components’ cali-
bration, a laser sensor LDS-3000 is adopted. It is a displacement sensor which allows
accurate measures in a range of 400 mm and a resolution of 2.54 nm. For the vertical
component a laser sensor LM-300 is used, a displacement sensor which allows accurate
measures in a range of 3 mm and a resolution of 200 nm, in a frequencies up to 400 Hz.
During the experiment on the shake table, the ASX1000 prototype was excited with a
sweeping signal characterized by a frequency range between 0 and 100 Hz, a duration
of 60 seconds, and a maximum and minimum amplitude of +0.2 m/s? (Figure 2.9b).
In the time domain, the acceleration time histories of the sweeping waves recorded by

the MEMS sensor prototype and the laser are in good agreement.

The analysis in the frequency domain involves the estimate of the ratio between the
FFT (Fast Fourier Transform) of the acquired signals. Thus, a plot of both Amplitude
and Phase are produced during the experiment (Figure 2.10). The prototype proves
to be in a very good agreement with the laser motion reference also for the frequency
response up to 80 Hz. These results suggest that our MEMS sensor prototype gives
a reasonable response in the frequency range of interest for earthquake engineering.

Thus, it can be installed and acquire seismic data.

A noise analysis was performed, leaving the MEMS sensor prototype in the shake

table laboratory, which is isolated from source of anthropic noise, for 30 minutes. This
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Figure 2.9: Shake table with the co-mounted lasers and the ASX1000 prototype. (b)
Time series of the sweeping waves (18 seconds window) recorded by the X component
of the ASX1000 MEMS sensor prototype (red line) and laser (black line).

test is useful to evaluate the noise floor of the MEMS sensor: the recorded signal in
the absence of any external perturbations. This non-null output corresponds to the
noise produced by the sensor itself. We estimate the Power Spectrum Density (PSD)
of the 30 minutes signal (expressed in Volt, V) for each component. The plots of the
PSD is shown in Figure 2.11. The PSD shows a general downward trend between -80
dBV? and -120 dBV? in the 0.1-250 Hz frequency range. This result is fundamental in
order to evaluate the detectable magnitude of the ASX1000 MEMS sensor prototype

(Cascone et al. [2021])(see the Figure 1 in the APPENDIX A, section A.1).

2.3 Results

2.3.1 Earthquake detection

Starting from the first January 2020 to December 2021, the MEMS-based networks

in Italy detect 44 Earthquakes with 1.5 <M <6.3. Their epicentral and hypocentral
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Sensor: ADEL; S/N: ADXL335
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Figure 2.10: Modules and phases estimated during the experiment on the shake table

distribution are shown in Figure 2.12 and 2.13.

The earthquakes parameters, visible on the INGV website, are reported in Table
2.1. Here, we report the recorded seismic event in a chronological order. We assign an
ID for each seismic event: ”CI” and ”NI” for the seismic events recorded in Central and
Northern Italy, respectively (see Table 2.1). Then we report the information inferred
from the INGV website: the date and origin time; the location expressed in decimal
coordinates; the moment or local magnitude. The nucleation depth of the seismic
events varies typically between 6 and 16 km. With the exception of the seismic event
"NI_8”, which has nucleated at 31 km depth. On the basis of the distance between
epicenters and the MEMS senor’s networks, we arbitrary classify the events in Small
Seismic Events (1.5 <M <2.5), Small-to-Moderate Seismic Events (2.5 <M <5),

and Moderate seismic (M, >5) events.
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Figure 2.11: PSD of the self-noise which characterize the ASX1000 MEMS sensor
prototype

Figure 2.12: Epicenters distribution of the seismic events recorded by the ASX1000
MEMS sensor prototypes in Northern Italy.
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Figure 2.13: Epicenters distribution of the seismic events recorded by the ASX1000
MEMS sensor prototypes in Central Italy.

Small Seismic Events detection

The ASX1000 MEMS sensor prototype recorded a total of 24 small seismic events The

lowest M|, recorded is equal to 1.5. (Figure 2.14)

The Earthquake occurred on 28th November 2021 (see CI_32 in Table 2.1) The
distance between the epicenter and the MEMS sensor that has recorded the event is
equal to 4 km. The waveforms of the three components are plotted in Figure 2.14. It is
worth notice that the vertical component (blue signal in Figure 2.14) is characterized
by a higher level of instrumental noise with respect the horizontal components. The
reason of the noisy vertical component is explained in section 2.2.1. The analysis of
the other small seismic events, reported in Table 2.1 are described in detail in a paper
published in The Seismic Record, available online from 13th May 2021, (APPENDIX

A, section A.1).
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Small-to-Moderate and Moderate Seismic Events detection

The ASX1000 MEMS sensor prototype recorded a total of 19 Small-to-Moderate seis-
mic events. For seismic events with My > 2.5 a comparison with the signals inferred
from the RAN stations can be made. The data, in terms of waveform and strong motion
parameters can be download under request on RAN website (ran.protezionecivile.it.).
The comparison can be made in terms of waveforms, PGA (Peak Ground Acceleration)
and 5 percent damped Spectral Acceleration (Sa). The PGA quantify the maximum
acceleration experienced by a particle on the ground. The Sa is a fundamental strong
motion parameter which represents approximately what is experienced by a building,
which is modeled by a particle mass on a mass-less vertical rod having the same nat-
ural period of vibration as the building. The PGA is easily inferred considering the
absolute value of the seismic waveform. The Spectral Acceleration are inferred con-
sidering the Newmark linear method. This method allows to obtain pseudo-velocity
and pseudo-acceleration on the basis of the maximum displacement captured for each
period (T) The ASX1000 MEMS sensor prototype recorded a total of four moderate
seismic events. One located in Italy, near the town of Salizzole; three located outside
the Italian territories, in Slovenia and Croatia (Figure 2.12).

Here we show the comparison of strong motion parameters of the Salizzole Earth-
quake and and Slovenia Earthquake (Figure 2.15 and 2.16). It is worth notice that the
signal recorded by the MEMS ASX1000 during the Slovenia earthquake shows clearly
the S-waves and surface waves arrivals.

The most energetic seismic event(NI_5 in Table 2.1), nucleated near the Petrinja
City (Croatia), has a M, = 6.3. This earthquake is recorded by all the ASX1000

MEMS sensor installed in Italy: this means that these new prototypes are capable of
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Figure 2.16: Strong motion parameters comparison of Slovenia Earthquake
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recording energetic telesismic events, also at distances greater than 300 km.

2.3.2 Multi-sensor TEST

On 5th of March 2021 an experiment with an active seismic source was made in order to
evaluate the possibility to design a multi-sensor accelerometer and improve the sensor
sensitivity. Each device includes four MEMS sensors instead on one, to improve the Sig-
nal to Noise Ratio (SNR) of the recording signal. The experiment is performed outside
the Geoscience Department at University of Padova. The experimental set-up consists
of a falling weight mass (35 Kg) as an active seismic source and the acquisition sys-
tem composed by four MEMS ASX1000 sensors (ACN1, ACN3, ACN4, ACN5)(Figure
2.17).

SEISMIC
 SOURCE

""II v‘ Vr i L el
=

4 MEMS SENSORS

Figure 2.17: Multi-sensors’ experimental set-up

The raw X-component acquisitions are shown in Figure 2.18a. It is possible to
recognize the recording of the elastic waves generated by the seismic source. In order

to perform the stacking, the raw signals are aligned considering the lag time inferred
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from the cross-correlation technique, which is detailed explained in Chapter 4. The
ACNT1 trace is considered as the master signal, and it is marked in magenta (Figure

2.18b). The aligned signals are then stacked: all recordings are summed to produce

one stacked record (Figure 2.18c¢).
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Figure 2.18: (a) Raw Traces; (b) Shifted traces considering the Lag time obtained from

the cross-correlation and the magenta signal represents the master trace; (c¢) Stacked
Trace

We show the Power spectrum of the four traces (marked in cyan) and the stacked
trace (marked in red) (Figure 2.19). It is worth notice that in the frequency band
interesting for earthquake engineering (the first tens Hz), the spectrum estimated on
the stacked trace is shifted on lowest values of decibels (dB), demonstrating a noise

level reduction and suggesting a promising approach for the design of new prototypes

based on multiple MEMS sensors.
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Figure 2.19: Power spectrum of the four acquired traces (cyan spectra) and the stacked
traces (red spectrum)

2.4 Discussions and Conclusions

In this chapter we evaluate the suitability of a new prototype of inexpensive MEMS
sensor, named ASX1000, to detect seismicity. The sensor shows a good performance on
a calibration experiment on a shake table apparatus. The two experimental networks
of MEMS accelerometers installed in Northern and Central Italy are able to record
local earthquakes and distant seismic events. In particular, these sensors are capable
of recording small magnitude seismic events (see APPENDIX A, section A.1). We
demonstrate that this new MEMS sensor prototype can reach efficient performance for
the detection of local seismicity with My >1.5 at epicentral distances lower than 10
km. These miniaturized devices are able to record also earthquakes with a M, of 3.0 at
epicentral distances in the order of 30 km. The fundamental strong motion parameters
(PGA and Spectral Acceleration) inferred from the accelerograms recorded by MEMS
sensors, are comparable with the ones inferred from the broad-band seismic stations
(the seismic data of the RAN network can be downloaded only for seismic events with
Mj, >2.5). These parameters represent practical indexes to describe, at a particular

site, the degree of shaking. They are critical also for seismic design of engineering
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structures. Thus, a denser seismic network built with low-cost MEMS sensors, can
improve the seismic wavefield recording. We remark that networks based on MEMS
sensors cannot substitute the broad-band seismometers, especially for weaker events.
On the other hand, considering the quick industrial development of MEMS technology,

in the near future these sensors could integrate the existing strong-motion networks.



42 Earthquake detection with MEMS sensors

Table 2.1: In the Table are reported the 1D, epicenter, date (dd/mm/yy), origin time
(hh/mm/ss), coordinates, and local magnitude of the recorded seismic event. The

magnitudes marked with * refer to the moment magnitude

ID Epicenter Date Time Lat Lon | Z (km) | M
CIL1 Accumoli (PG) 28-01-2020 | 16:37:34 | 42.722 | 13.2 | 8 3.3
CI2 | Mt Cavallo (MC) 20-03-2020 | 04:49:43 | 42.97 | 13.05 | 9 3.3
CL3 Gubbio(PG) 05-04-2020 | 14:33:48 | 43.37 | 1252 | 9 24
NI.1 | Claut(PN) 08-04-2020 | 15:10:46 | 46.22 | 12.50 | 8 2.9
CI.4 | Amandola (FM) 05-05-2020 | 02:05:38 | 42.98 13.29 | 11 3.4
CI.5 | Norcia(PG) 04-05-2021 | 20:05:06 | 42.8 13.11 19 3.0
CI6 | Norcia (PG) 18-05-2020 | 02:18:30 | 42.77 | 13.16 | 9 3.0
NI.2 | Forni Di Sotto(UD) 13-07-2020 | 12:06:53 | 46.33 | 12.63 | 10 3.5
CI.7 | Valfabbrica(PG) 10-09-2020 | 07:45:13 | 43.17 | 12.65 | 9 2.5
NI.3 | Slovenia 17-07-2020 | 02:50:57 | 46.31 13.57 | 11 3.8%
NI.4 | Cismon D.G.(VI) 29-07-2020 | 20:26:34 | 45.93 11.73 | 11 2.7
NI.5 | Croatia 29-12-2020 | 11:19:54 | 45.4 16.2 |9 6.3%
NI.6 | Salizzole(VR) 29-12-2020 | 14:36:57 | 45.23 | 11.06 | 15 3.9%
CI.8 | Gualdo C. 10-02-2021 | 00:49:57 | 42.89 | 12.59 | 8 2.0
CI9 | Spoleto(PG) 14-02-2021 | 23:59:14 | 42.74 | 12.76 | 8 24
CI_10 | Spoleto(PG) 15-02-2021 | 04:39:31 | 42.73 12.75 | 8 2.4
CI-11 | Pietralunga(PG) 19-02-2021 | 22:42:45 | 43.41 12.45 | 8 2.6
NIL.7 | Ala(TN) 22-02-2021 | 12:04:06 | 45.78 10.97 | 12 3.5
CI-12 | Pietralunga(PG) 25-02-2021 | 20:34:10 | 43.39 | 1248 | 9 2.7
CI_13 | Montone(PG) 26-03-2021 | 05:32:27 | 43.41 12.37 | 6 2.8
CI.14 | Norcia(PG) 05-04-2021 | 20:05:06 | 42.80 | 13.11 | 9 3.0
CI_15 | Valfabbrica(PG) 09-04-2021 | 04:12:10 | 43.13 1256 | 9 2.6
CI.16 | Trevi(PG) 11-04-2021 | 17:41:15 | 42.86 12.70 | 7 2.5
CI_17 | Gubbio (PG) 15-05-2021 | 07:56:01 | 43.36 | 12.56 | 8.6 3.9
CI_18 | Gubbio (PG) 15-05-2021 | 08:07:20 | 43.37 | 12.57 | 7 3.1
CI-19 | Gubbio (PG) 15-05-2021 | 12:08:28 | 43.37 | 12.55 | 8 2.0
CI_20 | Gubbio (PG) 23-05-2021 | 20:51:23 | 43.36 | 12.55 | 8 3.0
CI-21 | Gubbio(PG) 09-06-2021 | 10:36:56 | 43.36 | 12.53 | 8 2.1
CI_22 | Gubbio(PG) 10-06-2021 | 01:39:31 | 43.38 | 1253 | 7 2.4
CI-23 | Assisi (PG) 12-06-2021 | 05:17:59 | 43.10 | 12.62 | 7.5 2.9
NI.8 | Eraclea(VE) 14-06-2021 | 06:31:19 | 45.58 | 12.75 | 31 3
CI-24 | Gubbio (PG) 27-06-2021 | 10:38:13 | 43.36 | 12.52 | 6 2.9
CI_25 | Gubbio (PG) 27-06-2021 | 13:27:16 | 43.36 12.55 | 6 2.9
CI_26 | Massa Martana (PG) | 22-07-2021 | 14:06:22 | 42.75 1255 | 7 3.5
CI27 | Massa Martana (PG) | 22-07-2021 | 15:52:33 | 42.75 12.56 | 8 2.7
CI_28 | Spoleto(PG) 21-09-2021 | 14:40:40 | 42.77 | 12.74 | 10 2.8
CI29 | Norcia(PG) 16-07-2021 | 08:00:49 | 42.78 | 13.06 | 9 3.3*
NI9 | Valdobbiadene 28-09-2021 | 00:46:44 | 45.94 | 12.01 | 10 3.6
NI_10 | Valdobbiadene 28-09-2021 | 01:32:21 | 45.94 | 12.01 | 10 2.7
NI_11 | Valdobbiadene 29-09-2021 | 14:20:38 | 45.94 | 12.01 | 11 3.3
CI_30 | Visso(MC) 18-10-2021 | 12:54:17 | 42.92 | 13.11 | 9 3.7%
CI_31 | Campello (PG) 08-11-2021 | 16:20:02 | 42.78 1272 | 7 2.6
CI_33 | Gubbio (PG) 28-11-2021 | 20:00:22 | 43.37 | 12.53 | 8 1.5
CI_34 | Gubbio (PG) 23-12-2021 | 09:15:54 | 43.33 1261 | 9 2.4




Chapter 3

Seismic hazard scenario of the
Venetian Plain and the effect of

shear-wave velocity gradients

3.1 Introduction

The average shear-wave velocity (vs) of the first 30 meters of subsoil and the depth of
the engineering bedrock are considered the key parameters for simplified seismic site

! However, a reliable estimate of the site amplification should

response modelling.
consider the entire shear-wave velocity profile from the Earth’s surface down to the
engineering bedrock. In deep alluvial basins, a typical geological context where the

soil-bedrock interface may lie below the penetration depth of most common prospect-

!This chapter has been published as ”Velocity gradients choice affecting seismic site response in
deep alluvial basins: Application to the Venetian Plain (Northern Italy)” on The Journal of Geophysics
and Engineering, 19(1), 1-13.
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ing methods, only the shallow velocity profile can be obtained in detail, while the
deeper structures are commonly extrapolated with linear equations. The choice of a
realistic interpolation between the shallow and deep soil still remains an open issue. We
compute the 1D seismic site response of two sectors of the Venetian Plain (Northern
Italy) characterized by gravelly and sandy deep formations, respectively. We model the
1D soil columns using theoretical non-linear gradients proposed in literature for deep
alluvial basins. In this chapter we perform several 1D seismic site analyses in the Vene-
tian Plain area (Northern Italy), a large and deep sedimentary basin. In particular we
consider two different sectors where a detailed set of seismic surveys were performed to
obtain shallow v, profiles, while the deeper structures remain un-investigated. To fill
the gap between the shallow and deeper v, structures, we adopt general gradients, pro-
posed for the modelling of several alluvial basins as the Lower Rhine Basin (Germany;
Budny [1985]), the Grenoble Basin (France; Guenguen et al., [2007]) and the Lucerne
Basin (Switzerland; Poggi et al. [2012]). These sites (red stars in Figure 3.1) are in fact
characterized by deep sedimentary covers, similarly to the Venetian Plain. In order
to compare modelling and experimental data we analyzed real seismograms coming
from a borehole in the Po Plain, where deep and surface seismic recording stations
were available. 1D seismic site response modelling were compared to the recording
amplifications, testing different gradients. We aim to assess how the choice of gradient
can modify the seismic site response in deep sedimentary basins, where no informa-
tion about the deeper structures are available. A realistic modelling of the ground
motion is the key parameter for ground shaking scenario, used by civil engineers for
the design of earthquake-resistant constructions. Due to the limited knowledge of the

deeper velocity structures, it could be more appropriate to model the soil column with
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the gradient which allows for the most conservative results in terms of ground motion
effects. This study demonstrates the importance of the v gradient on ground motion
scenarios and the results are relevant for the seismic hazard evaluation in the deep

sedimentary basins, which host the large urban environments around the world.

3.2 Geological Setting: The Venetian Plain

Our study area is the Venetian Plain region (Northern Italy), a large syntectonic alluvial

basin actively affected by earthquakes occurrence (Figure 3.1).
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Figure 3.1: Left Panel: Europe chart and deep alluvial basins’ locations (red stars):
Lower Rhine Basin (Germany); Lucerne Basin (Switzerland); Grenoble Basin (France);
Po Plain (Italy). Right Panel: zoom of Venetian Plain (Italy). Blue squares represent
in-situ measurement locations. Red diamonds represent ENI/AGIP deep boreholes.
Yellow stars indicate the epicentre of the main seismic events from 1117 to 2012 (5.5

<M, <6.8).

Together with the Po Plain, the Venetian Plain represents the foreland of the S-
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verging central-southern Alps and of the N-NE-verging northern Apennine belt (Doglioni
[1993]). The effect of the north-propagating Apennine foredeep, started in the late
Miocene, affect the southern sectors of the Venetian Plain and lead to a regional south-
ward tilting recorded up to Venice Lagoon. The thickness of Quaternary formations
varies from 2 km in the southern part of the Venice Lagoon, and gradually pinch out
eastward (Carminati et al. [2003]). The buried active fronts of Northern Apennines
and Southern Alps are considered seismic sources capable of destructive earthquakes
(Poli et al. [2008]). The epicentres distribution of historical and instrumental earth-
quakes is shown in Figure 3.2. Although the seismicity is concentrated along the
foothills area of the Southern Alps and the Northern Apennines, it is widely recog-
nized that the Venetian Plain is influenced by strong seismic site effects (Vuan et al.
[2011]). The 3D structural models of the Venetian Plain are principally based on old
geophysical information from oil explorations (Doglioni [1993]). They are also based
on the TRANSALP, a deep seismic reflection measurement collected in the Eastern
Alps (Cassinis [2006]). In this study we consider two different sectors of the Venetian
Plain with different Quaternary sedimentary fillings: the "high” (Northern) and ”low”
(Southern) plain, where several shallow vs measurements were performed (Figure 3.1).
The high plain or pre-Alpine zone, here called ZONE 1, has a fluvial and glacial origin
and is principally composed of gravel. The low plain, hereafter ZONE 2, extends from
the gravel deposits transition to the Adriatic coast; the subsoil is composed mainly of

silt and clay layers with intercalations of sandy layers (Carraro et al. [2015]).
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3.3 Method

3.3.1 Shear-waves velocity profiles

The effects of local geology on seismic ground motion have been widely studied in
geotechnical earthquake engineering in order to estimate response spectra for building
restoration and construction(Martin et al. [1994]). The shear-wave velocity (vs) is one
of the key parameters adopted for site classification in several seismic regulations (Boore
et al. [1993]). v, profiles estimate the rigidity of the soil column when excited by seismic
shear stress, which is the most important action controlling the seismic site response
(Martin et al. [1994]). Seismic site amplification can be in fact described as the motion
modification due to the soft soil during the wave propagation through the stratigraphic
column, from the basement bedrock upward to the ground surface (Rathje et al. [2010]).
Several seismic regulations propose different approaches in order to evaluate the seismic
amplification due to the soil properties. The soils are often classified into different
categories, based on the average v, of the top 30 m of a soil profile (also called v430)
as in the Italian Building Code (”Norme tecniche per le costruzioni-NTC”; Ministero
delle Infrastrutture e dei Trasporti 2008); or the Eurocode 8-ECS8; and the National
Earthquake Hazard Reduction Program-NEHRP provisions (Building Seismic Safety
Council-BSSC 2003). The v,30 parameter adopted by the seismic site classification
refers to the depth of investigation for common geophysical and geotechnical analysis,
that are logistically and economically often limited to the first subsoil (generally around
tens of meters depth). Seismic surveys to retrieve vy values can be made either in
boreholes (downhole seismic testing, Cardarelli et al. [2018]) or with surface methods

as the multichannel analysis of surface waves (MASW,Strobbia et al. [2011]) and SH
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refraction analysis. Regardless the method adopted in common engineering projects,
the investigation depth rarely exceeds the first subsoil, being limited by the logistically
achievable efforts such as: seismic source power, extension of the survey length due to
urban conditions, borehole penetration etc. Thus, most of the seismic site response
studies are based on the properties of the subsurface soils down to 30 meters (Boore
et al. [1993], Martin et al. [1994]). The Italian and European seismic codes define
the engineering bedrock as the depth at which v, > 800 m/s (soil category A = stiff
soil or rock, see EC8). Softer soils, with v, > 800 m/s, are expected to amplify
the seismic action, therefore the correct estimation of the site amplification should
consider the entire soil profile from the ground surface down to the engineering bedrock.
Nevertheless, in deep alluvial basins, a clear soft soil-bedrock interface may not be
evident but buried under hundred meters of soft sediments (Guéguen et al. [2007],Poggi
et al. [2012], Mascandola et al. [2019]). In these geological contexts, thick and soft
sediments are expected to amplify the seismic ground motion. The site classifications
that consider only the v,30 might lack in correct seismic action estimation, leading to
inaccurate evaluations of the ground amplification level (e.g., Borcherdt [1994], Pitilakis
et al. [2006]). Several available techniques, such as passive surveys and travel-time
seismic tomography allow a deeper soil characterization, down to hundreds of meters
depth. The passive methods, based on the recording of ambient vibrations, use 2D
arrays of receivers (e.g. SPAC; frequency-wavenumber method), linear arrays (Re-Mi,
Louie [2001], Strobbia et al. [2015]) or single stations measurements (HVSR, Nakamura
[1989]). Passive methods are powerful and cost effective, but they could suffer from a
non-uniform distribution of noise sources and/or be biased by 2D site effects. Travel-

time tomography use signals from earthquakes or low-frequency seismic ambient noise
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to retrieve deep geological structures. Berbellini et al. [2017] propose that the reference
bedrock depth of deep alluvial basins could be extrapolated using regional models
inferred from travel-time seismic tomography. However, since tomographic approaches
are oriented to large scale modelling, retrieved models are sufficiently accurate at depth
(i.e., at the kilometric scale), but they often do not present enough resolution for local-
scale seismic waveform studies, as needed for local hazard assessment and evaluation
of earthquake scenarios. As matter of fact, the v, profile characterizing the soil column
may be accurate for the first tens of meters, thanks to local geophysical/geotechnical
surveys, and at few kilometres in depth, if regional tomographic models are available.
However, the velocity structure between the uppermost velocities (e.g., v530) and the
engineering bedrock (vs > 800 m/s) may be not accurately defined, especially in deep
alluvial basins. The most adopted ground motion modelling approaches, such as one-
dimensional 1D seismic site response, need the complete characterization of the soil
column, at least until the reference engineering bedrock depth. For these reasons,
several seismic codes propose simplified approaches to describe the soil column. The
Italian seismic code (ICMS 2018), for example, proposes an extrapolation of v, in
depth through linear gradients with different slopes (depending on the geological site

conditions) until the depth of the engineering bedrock depth (Figure 3.2).

It is known that the seismic motion can be decomposed in different sets of waves
such as body waves (P, SH, SV) or surface waves (Rayleigh, Love) and seismic mo-
tion amplification may be different. However, it is a common practice in earthquakes
engineering design norms focusing of the effect of near-surface geology for vertically

propagating shear body waves (see Eurocode 8).
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Figure 3.2: Extrapolation of v, profiles with linear gradients suggested by the Italian
Seismic Code (ICMS 2018, modified).

3.3.2 One dimensional seismic site response

In this work we simulate the 1D seismic site response of two sectors of the Venetian
Plain: the ZONE 1, representing the pre-Alpine sector of the alluvial plain character-
ized by coarse deposits; the ZONE 2, representing the alluvial plain sector with sandy-
clay formations (Figure 3.1). We analyze different sedimentary deposits with a wide
granulometry range, which cover an important breadth of different soil types. In seis-
mic engineering practice, the deep alluvial basin environments are usually represented
with one-dimensional geometry of horizontal layering, allowing 1D seismic analysis.
With STRATA software (Kottke and Rathje [2009]) it is possible to perform stochastic
seismic site response analysis with the equivalent-linear approach, assuming horizontal
soil layer boundaries with an infinite lateral extension and a vertically-propagating-
horizontally-polarized shear waves (SH waves). In particular, STRATA code needs:

(1) the input motions (acceleration time-histories); (2) the soil properties down to



3.3 Method 51

the engineering bedrock: the vy profiles, shear-modulus (G) and Damping ratio (D)

non-linear curves (Boaga et al. [2012]), and total unit weight.

Input Motions

The seismic site response analysis requires the definition of seismic input terms of accel-
eration time series. The waveforms can be previously recorded accelerograms belonging
to a seismic database, such as the European Strong Motion Database. We select a tar-
get response spectrum considering the local probabilistic seismic hazard analysis of the
Veneto Region (Northern Italy). We adopt an average expected acceleration of 0.13g
with 10 PERCENT of probability of non-exceedance in 50 years for a return period of
475 years (Italian Seismic Hazard Map, INGV 2004) (Figure 3.3a).
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Figure 3.3: (a) Seismic hazard map of Veneto region, Italy (Italian Seismic Hazard
Map, INGV 2004, modified); (b) The three-real selected accelerograms used as input
motion in our stochastic 1D response simulations.

We use the Rexel program (Iervolino et al. [2010]) in order to select a set of one-
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component real accelerograms. The research criteria consist of an upper and lower
tolerance, with respect to the target spectrum, of 30% and 10% respectively, in a
period range between 0.15s and 2s. Three accelerograms are finally selected for our

simulation (Figure 3.3b).

Definition of v, profiles

In order to characterize the two sites of the Venetian Plain (ZONE 1 and ZONE 2),
some geophysical testing campaigns were carried out, including 31 MASW and 36
Re.Mi. surveys. Figure 3.1 shows the different tests locations, marked by blue squares.
The resulting 67 v, profiles, down to 30 m, are plotted in Figure 3.4. From the plot, it is
possible to clearly distinguish between higher v, formations in ZONE 1, characterizing
by coarse sediments and lower v, in ZONE 2, where sand formations are prevalent.
The different granulometric distribution of the two study sectors are also confirmed
by deep exploration boreholes log, close to the geophysical measurement locations (red
diamonds in Figure 3.1), available on VIDEPI website (videpi.com). The average vy
profiles for the ZONE 1 and the ZONE 2, marked by red lines in Figure 3.4, match
with the velocity structure proposed in the Eurocode 8 for gravelly and sandy soils,
respectively. The averaged v, profiles allow to construct the first 30 m of the 1D soil
columns representatives of the two sectors of the Venetian Plain.

We model the deeper layers (below the 30 meters until the engineering bedrock) of
the 1D soil columns with v, gradients found in literature. The velocity gradients used
in this study are meant to be used for generic deep alluvial basins, characterized by an
average sedimentary cover that, in terms of seismic velocity, is similar to the shallow

geological formations of the Venetian plain. Seven different gradients are selected, that
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Figure 3.4: The 67 vg profiles inferred from geophysical measurements in ZONE 1
(vellow) and ZONE 2 (blue). The red lines represent the mean vy profiles for the two
zones, representative of the shallow part (0-30 m) of the soil columns

we will refer to as: EXP (Exponential); PAR (Parabolic); SQR (square root trend);
LIN (linear); GEN1 and GEN2, (Generics); HYP, (Hyperbolic). The adopted gradi-
ents can be subdivided in two categories. Gradients that don’t include the bedrock
depth parameter to model the vy profile (EXP, PAR, SQR) fall into the first category.
These gradients make it possible to define the engineering bedrock at different depths,
depending on the selected gradient shape. Gradients that include the a priori informa-
tion of the bedrock depth (LIN, GEN1, GEN2, HYP) belong to the second category.
Considering the geological context of the Venetian Plain, there is no evidence in lit-
erature of bedrock depth in ZONE 1, while the ZONE 2 was recently investigated by
Mascandola et al. [2019], who mapped the engineering bedrock of the Po Plain, that
represents the southern propagation of the Venetian Plain (Figure 3.1). On the basis of

the available information, we can model the soil columns of the ZONE 1 with gradients
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belonging to the first category, while the ZONE 2 is modelled with gradients belonging
to the second category, fixing the engineering bedrock at 400m depth (Mascandola
et al. [2019]). The theoretical gradients used in this study are described below. In

formula, the vy parameter represents the v, at the ground surface (z = 0).

EXP: Exponential gradient defined as:

vs(2) = vo(l + 2)* (3.1)

where x is an exponential coefficient controlling the dependence of velocity with the
depth z (0 <x <1). This equation holds for granular media only. Saturation level, fluid
pressure and cementation can affect the exponent x (Albarello et al. [2011]). This is
the most common form of the v, gradients, used to model tectonic basins such as Lower
Rhine Basin (Germany) (Budny [1985]). In particular, to better define the parameter
x for ZONE 1, we use the value found by Budny [1985]) for coarse sedimentary cover,

equal to 0.285 (yellow curve in Figure 3.5a).

PAR: Parabolic gradient defined as:

vs(2) = 1S, 07 (3.2)

where S,0 represents the total vertical overburden stress (considering a constant
value of the soil unit weight) and p is a model parameter, generally varying between
0.1 and 0.3 (Andreotti et al. [2018]). Equation 3.2 allows the modelling of a parabolic
profile of v, and is proposed for sedimentary basins by Santamarina et al. [2001]. In

order to link this curve to the shallow profile we set S,0= 20 kN/m? which is the total
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unit weight adopted for the 1D soil columns analyzed in this study. The p parameter is
set to 0.15 (reference value as suggested by Andreotti et al. [2018]; red curve in Figure
3.5a).

SQR: v, as a function of the square root of the depth, in formula:

vs(2) = vo + av/z (3:3)

where a is a constant (Gueguen et al. [2007]). This gradient is considered as a
polynomial variation with depth. This equation represents a benchmark basin velocity
model inferred from borehole data in Grenoble Basin (France), an Alpine basin with a
maximum depth of more than 1 km. It is characterized by a Quaternary infill of coarse
glacial deposits, which in terms of velocity, is similar to the sedimentary cover of the
high Venetian Plain. In our model, we set a equal to 19, which is a reference value

taken from Gueguen et al. [2007] (purple curve in Figure 3.5a).

LIN: Linear Gradient, defined as:

vs(2) =mz +q (3.4)

It is the easiest interpolation between the shallow subsoil (vs min) and bedrock (v
max = 800 m/s). This simplified approach is currently suggested by the Italian Seismic
Code (2018) (Figure 3.2). We obtain the linear coefficients with a simple interpolation
between the average shear-wave velocity at 30 meters depth (v min = 350 m/s) and
the bedrock velocity at 400 meters depth. This results in a slope of m = 1.21 and an

intercept of q = 313.51 m/s (Dashed red line in Figure 3.5b).
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GENT1: The velocity gradient proposed by Regnier et al. [2016]).

2720 \q

(3.5)

Us(z) = Usmin T (Usma:v - Usmin)(z >
2 ~0

This gradient is used to model simple soil conditions, where v, increase regularly
with depth. vymen min and vymax are the expected minimum and maximum shear
wave velocities, z0 is the depth of the shallower low velocity layer and z; is the bedrock
depth. The parameter a is an exponent set equal to 0.25, a reference value taken from
Regnier et al. [2016]. In our model z0 is equal to 30 m, z» is equal to 400 m; vsmin and
vsmazx are equal to 350 m/s and 800 m/s respectively (Dashed yellow curve in Figure
3.5b)

GEN2: Generic v, gradient This relationship was proposed by Poggi et al. [2012] for
a seismic characterization of the alpine environment in Lucerne Basin (Switzerland).

The gradient formula is:

Us(z) = (Usmax - Usmin)(l - QLJZ) + Vsmin (36)

This equation, similar to GEN 1, adopts curvature coefficients, a and b, which in
our model are set to 2.3 and 81.7, so that the basement is reached at 400 m depth

(Dashed purple curve in Figure 3.5b).

HYP: Hyperbolic profile This gradient represents the Gibson 2nd kind model (Gib-

son [1967]). The proposed gradient formula is:

z9

vs(2) = vo + (3.7)

Z9 — 2

29 is the bedrock depth (in our case S,0 = 350 m/s and 2z, = 400 m). (Dashed
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green curve in Figure 3.5b)
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Figure 3.5: Velocity models adopted for 1D seismic site response for (a) ZONE 1 (case
with unknown bedrock depth) and (b) ZONE 2 (case with bedrock depth z5 = 400 m).

Stochastic 1D Seismic Analysis

The entire 1D soil columns with discretized layers are defined in order to compute the
seismic site analysis. We analyze the different velocity profiles shown in Figure 3.5a,
3.5b. The shallow layers correspond to the average v, profiles as indicated in Figure
3.4, while the deeper layers are obtained by discretizing the v, gradient curves with 10
m thick intervals. The non-linear soil properties are generally represented with shear-
modulus reduction (G/Gmax vs shear strain) and damping ratio (D vs shear strain)
curves. In our case, the subsoil is modelled using the modulus reduction and damping
curves as proposed by Idriss [1990] for gravel with a total unit weight of 20 kN/m3

for the soil column of ZONE 1 (solid curves in Figure 3.6a and 3.6b). The soil profile
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characterizing the ZONE 2 is modelled with the non-linear curves as proposed by Seed
et al. [1986] for sandy silt with a total unit weight of 19 kN/m? (dashed curves in

Figure 3.6a and 3.6b).
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Figure 3.6: (a) Shear modulus and (b) damping curves adopted for 1D seismic analysis
of ZONE 1 (Idriss 1990) and ZONE 2 (Seed et al. [1986].

Once the stratigraphic models are defined, a stochastic analysis via Monte Carlo
simulations is performed in order to consider the local variability. The method consists
in an iterative calculation of a deterministic model defined with a set of random realiza-
tions. The input parameters are randomly generated on the basis of previously defined
probability distributions. In this way it is possible to simulate the sampling process
of a real population in order to consider the uncertainty of the measurements. In our
study, we randomize only the shallow v, profile in the first 30 m, considering the stan-
dard deviation inferred from the statistical distribution of the 67 v, profiles obtained by
in-situ measurements (Figure 3.4). The variability of the shallow soil profiles adopted

for the stochastic analysis is displayed in Figure 3.7a and 3.7b, which illustrate 100 v,
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profiles randomly generated. During the simulations the set of accelerograms described
previously (shown in Figure 3.3b) are used as input at the bottom of each soil column.
Thus, we perform 300 Monte Carlo simulations for each soil column (100 realizations

for each of the three acceleration-time-histories), for a total of 2100 simulations.
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Figure 3.7: Example of 100 realizations of v, profiles for (a) ZONE 1 and (b) ZONE 2.

3.4 Results

The results, derived from the stochastic 1D seismic site response analysis through
Monte Carlo simulations, are presented in terms of surface acceleration response spectra
(with a damping ratio, &, of 5%), peak ground accelerations (PGA), and Housner

Spectrum Intensity (Housner [1952]). This last parameter is defined as:

Si(€) = / S, (€.T)dT (3.8)

1

The time integral considers the area under the pseudo-velocity response spectra
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Sv over the period range T between 0.1s and 2.5s, with a damping ratio (&) of 5%.
This is an important parameter (expressed in cm), commonly adopted to evaluate
the seismic input energy and buildings damage capacity (Housner [1952]). STRATA
software generates different outputs such as the acceleration time histories and the
response spectra. The PGA and Housner Intensity are calculated a posteriori. The
resulting spectral acceleration curves for ZONE 1 and ZONE 2 are shown in Figure

3.8a and 3.8b, respectively.
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Figure 3.8: Mean response spectra at the ground surface for the different velocity
gradients used to define the v profiles in (a) ZONE 1 and (b) ZONE 2.

They are computed as the mean of all Monte Carlo simulations. Each curve is nor-

malized to the common initial value of spectral acceleration, which is equal to 0.1 g.
The response spectra obtained from the simulation of the velocity gradients of ZONE
1 and ZONE 2 show significant amplifications in the period range of engineering inter-
est, with high amplifications at low periods. The peak value of spectral acceleration
increases gradually from 0.64 g to 1.3 g for ZONE 1 and from 0.25 g to 0.48 g for ZONE
2. It is possible to observe the same relative differences in PGA values (Figure 3.9). In

particular, the values of PGA span from 0.51 g to 0.68 g for ZONE 1 (Figure 3.9a), and
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Figure 3.9: PGA (a-b) and Housner Spectrum Intensity SI (c-d) values, inferred from
the simulations.
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between 0.36 g and 0.45 g for ZONE 2 (Figure 3.9b). Figure 3.9 shows the Housner
Spectrum Intensity values inferred from the spectra for each velocity gradient adopted

in this study. The Housner Spectrum Intensities range between 1.1 cm and 1.3 cm for

ZONE 1 (Figure 3.9¢), and between 0.74 cm and 0.93 cm for ZONE 2 (Figure 3.9d).

3.4.1 Comparison with real accelerogram

In this paragraph we compare the results of 1D seismic site response and real data
collected in Casaglia site where a borehole was available (see location in Figure 3.1).
In this site the borehole is located in Po alluvial plain (the geological context called
"ZONE 2” in this study). The borehole reaches the quaternary basement at 132 m
depth. The sedimentary coverage is represented by holocenic alluvial deposits, varying
from clay to coarse loose sand poorly compacted. The site can be classified as soft-soil,
according to cross-hole and down-hole measurements of Pesaresi et al. [2014]. On the
basis of this specific stratigraphic information until 132 m depth, we model the 1D
shear-wave velocity structure. The first 30 m are modelled with the mean v, profile
which characterise the ZONE 2 (Figure 3.4). The engineering bedrock depth is assumed
to be at 132 m, as suggested by the stratigraphic log, so the deeper velocity structures
are extrapolated with LIN and GEN2 gradients (Equation 3.4 and 3.6). The v, profiles
adopted for seismic site response are shown in Figure 3.10a. The borehole was equipped
with two broad-band seismometers, one at the surface (OG010, a Lennartz velocimeter)
and other at a depth of 135 m, within the quaternary basement (FERB, a Guralp CMG-
3TB seismometer). The available recorded waveforms refer to a seismic event occurred
on 12 February 2013, with M; = 3.8 and an epicentral distance of 170 km (Pesaresi

et al. [2014]). The East-component waveforms (expressed in m/s) are converted in
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Figure 3.10: (a) Shear-wave velocity structures used as model for the alluvial sedi-
mentary cover in Casaglia site (see Figure 3.1); b) Accelerogram of the seismic event
occurred on 12 February 2013 recorded by the borehole seismic stations (FERB); ¢) the
same seismic event recorded by the surface station located at the top of the borehole
(OG010); d) simulated accelerogram inferred from a linear gradient LIN; e) simulated
accelerogram inferred from an exponential gradient GEN2.
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accelerograms and are shown in Figure 3.10b and 3.1c for the borehole sensor and
surface sensor respectively, with their corresponding PGAs. It is worth noticing that
the PGA recorded by the borehole station is smaller than the one recorded by the
surface station, due to the soft layer amplification of motion. In order to compare the
gradient method, the waveform recorded by the borehole station was used as input
motion for the 1D seismic site response computed with STRATA Software. Figure
3.10c and 10d show the simulated accelerograms for the LIN and GEN2 gradients.
The computed PGA are also displayed. As expected, the linear gradient LIN (as
suggested by the norms) underestimates the amplification effects, with a variation of
the amplification effects of 43%. On the contrary, the synthetic accelerogram computed
with the non-linear gradient GEN2 is characterized by a PGA value similar to the real

ones recorded at the surface.

3.4.2 Discussions and Conclusions

We compute the 1D seismic site response of two sectors of the Venetian Plain (ZONE
1 and ZONE 2), where deep vy profiles are unknown, adopting several shear-wave
velocity gradients found in literature. In ZONE 1, where the bedrock depth is unknown,
the choice of the velocity gradient determines the engineering bedrock depth, ranging
between 60 and 180 m (Figure 3.5a). In this case, the different results depend mainly
on the variable thickness of the soft sedimentary layer, which is excited by the seismic
input during the simulation. In ZONE 2, where the bedrock depth is known, the soft
soil column has a constant thickness of 400 m, but the shape of the velocity profiles
between the 30 m and the engineering bedrock is significantly different (Figure 3.5b).

The stochastic simulation performed in STRATA and based on the use of different
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literature velocity gradients shows differences up to 20%. The smaller site response is
associated to the LIN (Linear) and HYP (Hyperbolic) gradients, characterized by lower
values of vy, e.g., softer soils. The softer sites are able to accumulate larger strains and
experience more damping. In particular, considering the case of a thick soil column, the
damping is much more pronounced; thus, in this condition, the attenuation phenomena
become dominant. Keeping a conservative approach for seismic design, it appears more
appropriate to model the soil column with generic gradients, which allow to obtain the
highest values of PGA, Spectral Acceleration and Housner Spectrum Intensity. We
evaluate the effect of the v, gradient choice also considering real seismic data recorded
at 135 m depth and at the surface in a borehole located in the Po Plain. In this way
we investigate the site amplification of the sedimentary columns between the downhole
and surface station, modelled with different types of gradients. The linear gradient
method (as suggested by several seismic design norms) here again underestimates the
seismic site amplification, while the non-linear gradient (GEN2) reliably estimates the

site amplification effect.
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Chapter 4

Ambient Noise Analysis

4.1 Introduction

In this chapter we explore the third aim of this Thesis, related to the ambient seismic
noise analysis and noise interferometry. This application relies on the basic property
of the surface waves, i.e., the frequency dependent phase and group velocities in het-
erogeneous media. The analysis of noise cross correlations across multiple frequency
bands can in fact provides constraint on vertical velocity structure. Measuring disper-
sion curves (the frequency dependence of the velocity) is the key issue in modeling or
imaging a medium using surface waves. (e.g. Scherbaum et al. [2003], Rozenberg and
Ritter [2005], Boaga et al. [2007]). !

Therefore, we can apply the noise interferometric technique to infer shear-wave ve-

locity models in the Venetian Plain. It has been demonstrated in the previous chapters

!DECLARATION: The part of this chapter related to anthropic noise has been published as
“The 2020 Coronavirus lockdown and seismic monitoring of anthropic activity in Northern Italy” in
Scientific Report, vol. 10, pp. 1-8, 2020
CONTRIBUTION: Maps realization, Data Interpretation
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the importance of reliable information about the subsoil for site effects analysis, wave
propagation scenarios and, in general, seismic hazard assessment. Nowadays, ambient
noise studies are one of the fastest growing fields in the Earth sciences, bearing low
costs and having relatively low environmental impacts. Passive methods are based on
seismic noise and are independent from earthquake activity or active seismic sources.
This is a significant advantage in areas where the natural seismicity is low and/or
where active seismic sources (explosions, large vibrators) can’t be used (Boaga et al.
[2007]). Theoretical and experimental studies have shown that the cross correlation of
the diffuse ambient noise wavefield provides an estimate of the impulse response, or
empirical Green’s Function, of the subsurface between the two stations being corre-
lated (e.g. Boschi and K. [2015]; Campillo and Paul [2003]; Roux et al. [2005]; Shapiro
and Campillo [2004]; Weemstra et al. [2016]). In this cross-correlation technique, of-
ten referred to as seismic interferometry, the first station becomes a virtual source of
the seismic wave recorded at the second (Shapiro et al. [2005]). Noise interferometry
has been widely adopted for seismological and geophysical applications, but for the
first time, we will try to perform this technique using the long continuous time series
recorded by the ASX1000 MEMS sensors prototype, the new instrument proposed in
this Thesis. In particular, we intend to apply this technique using the four MEMS sen-
sors located in northern Italy, in Veneto Region in order to characterize the Venetian
Plain in terms of shear-wave velocity profiles. Firstly, we discuss the concept of seismic
noise in seismology, focusing on the typical noise sources. In this context, the unex-
pected situation of Coronavirus lockdown during 2020 gave us the unique opportunity
to discriminate ambient noise of natural origin from man-made noise in North Italy

(see the paper ”The 2020 Coronavirus lockdown and seismic monitoring of anthropic
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activity in Northern Italy”, APPENDIX A). Then we describe the noise interferomet-
ric technique performed with ASX1000 MEMS sensors prototype. Finally, we perform
ambient noise analysis using the long continuous seismic data recorded by broad-band,
high-quality seismic stations belonging to the INGV (Istituto Nazionale di Geofisica
e Vulcanologia) seismic network. This last part of the work was carried out abroad,
at the TU Delft University (Delft University of Technology, Netherlands) during the

ending phase of the PhD period, thus only our preliminary results are shown.

4.2 Method

4.2.1 Seismic Ambient Noise

Recorded seismic signals always contains noise which can have two origins: (1) the noise
generated in the instrumentation. All electronic components as well as the sensors itself
generate noise. (2) the seismic-ambient noise from Earth vibrations: a superposition
of seismic signals excited by numerous natural and man-made physical processes. In
this chapter we will focus on this second category of noise.

The natural noise represents the vibrations of the ground caused by tides, water-
waves striking the coast, standing water waves in the open seas due to storm systems,
air pressure changes, turbulent wind or wind-induced vibrations of trees or tall build-
ings. The natural noise can have characteristic frequencies depending on the source
of disturbance. Most studies have focused on surface waves within the microseismic
frequency band (0.05 - 0.2 Hz) which contain strong signals produced by ocean waves
(Longuet-Higgins [1950]). Man-made noise (often referred to as ”cultural” noise) is gen-

erated by human activities (trains, traffic machinery, industrial activities etc.). This
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type of noise is characterized by a large difference between days, night or holidays
time (Halliday et al. [2017]; Zhang et al. [2009]). Anthropic noise is thought to in-
clude frequencies from 1 to 10 Hz approximately, attenuating quickly with distance (a
few km) and disappearing quickly with increasing depth. The natural, low-frequency
noise, that provides unique observations of surface-wave propagation allowing to map
the structure of the Earth’s lithosphere (Shapiro and Campillo [2004]). Cultural noise,
instead, is of interest to geoscientists and engineers, as it can be used at relatively small

scales, for instance in characterizing shallow subsoils (Louie [2001],Boaga et al. [2007]).

4.2.2 Noise Interferometric Technique

"The term interferometry generally refers to the study of interference phenomena be-
tween pairs of signals in order to obtain information from the differences between

them.” Curtis et al., 2006

Basic Theory

The term ”seismic interferometry” refers to the principle of generating new seismic re-
sponses by cross-correlating seismic observations at different receiver locations (Wape-
naar and Fokkema [2006], Boschi and Weemstra [2015]). The cross-correlation C,y(t,
w), function of time t and frequency w, of ambient surface wave signal u recorded at

two seismic instruments, located at positions x and vy, is defined as:

1 /T
Coy(t,w) = - /Tu(x,T, wu(y,t + 7, w)dr (4.1)

with the parameter T defining the size of the window over which the cross-correlation

is computed. In particular, many authors showed theoretically (e.g. Boschi and Weem-
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stra [2015], Campillo and Paul [2003]; Wapenaar and Fokkema [2006]) and experimen-
tally (e.g. Weaver and Lobkis [2001]) that the Green’s function of a medium between
two stations can be derived by the cross-correlation of recordings of a coherent random

wave field at those points (Figure 4.1).
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Figure 4.1:  When a diffuse wave field is generated by distant sources and/or by
multiple scattering, detectors report random signals. Occasionally a ray (for example,
the one shown in red) passes through both detectors. As a result, the signals are
correlated.

The elastodynamic Green’s function (e.g., Aki and Richards [2002]) is essentially
the impulse response of a medium. The Green’s functions between pairs of seismo-
graphs can be estimated from the time-derivative of the long-time cross-correlation of
ambient seismic noise and are related to velocity dispersion. In particular, the most
energetic part of the estimated Green’s functions is associated with surface wave prop-
agation. From the vertical component ambient noise cross-correlation it is possible
to extract the vertical component of the Rayleigh-wave Green’s function (e.g., Boschi

et al. [2019]). Theoretically, the resulting cross-correlations should show the same ve-
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locity and dispersion features on both positive and negative lags, since waves travelling
in opposite directions between station-pairs sample the same structures. Noise interfer-
ometry evolved quickly to become an important and widely used tool in seismology. For
example, this method provides high-resolution tomography studies from the local (e.g.
Bussat and Kugler [2009]; Boaga et al. [2007]) to the continental (e.g. Shapiro et al.
[2005]) scale. This application of seismic interferometry is commonly called ambient

noise tomography.

Ambient Noise Interferometry

A Python-based script was developed in order to perform the ambient noise processing
in this work. The applied processing routine is basically the same as the one described
by Bensen et al. [2007]. The first phase of data processing consists of preparing wave-
form data from each single station. A long (e.g. one day) continuous noise signal is
subdivided into shorter time windows (e.g. one hour). Each time window is demeaned,
detrended and band-pass filtered. An example of this step is shown in Figure 4.2,

where we compare raw seismic data with the processed ones.

For this example, we take in account seismic data recorded by two stations in
Northern Italy (CTI, Trentino A.A. Region and CAVE, Emilia Romagna Region),
belonging to the INGV network. The seismic data are filtered in the frequency band
0.05- 0.2 Hz. After this first step the time windows are normalized in the time-domain
so that the effects of possible ballistic signal (i.e. large earthquakes, passing vehicles
etc.) or instrumental irregularities present in the data are minimized. In this study
the temporal normalization is done by converting each record into one-bit signals.

This method, called ”one-bit” normalization retains only the sign of the raw signals,
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Figure 4.2: Example of a 1-hour long time window (expressed with number of samples)
inferred from long continuous sequences of seismic noise recorded by CTI and CAVE
stations. In the left panel we show the raw data; in the right panel we show the
demeaned and filtered data.

b}

replacing all positive amplitudes with a 71”7 and all negative amplitudes with a
1”. It has been demonstrated that this approach increases the signal-to-noise ratio
(SNR) when employed in acoustic experiment in the laboratory and in seismological
application (Campillo and Paul [2003]). An example of one-bit application is shown in
Figure 4.3.

4.4c). Spectral whitening is then applied to each time window. The whitening
broadens the band of the ambient noise recording and also remove the effects caused
by persistent monochromatic source. The purpose of this phase is to accentuate broad-
band ambient noise by attempting to remove earthquake signals and other irregularities
that tend to obscure ambient noise. In this Thesis, the spectral whitening is applied
considering the ratio between the spectrum obtained through Fast Fourier Transform
(FFT) and the smoother spectrum (inferred from a convolution function). In Figure
4.4a we show an example of spectrum (black curve) and the smoothed spectrum (red
curve). The resulting ratio (Spectrum/Smoothed Spectrum) is shown in Figure 4.4b.

In this way, the frequency spectrum is flattened through spectral whitening. In order
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Figure 4.3: One-bit normalization applied to the time series shown in 4.2
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shown in 4.3 (black curve) and the smoothed amplitude spectrum (red curve). (b)
The Ratio between the spectrum and the smoothed one. (c) Spectrum filtered in the

frequency range 0.05- 0.2 Hz.
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to retrieve the frequency range of interest, a trapezoidal function, built around the
initial frequency band filter (0.005 -0.2 Hz) is applied (Figure 4.4c). The final step of
the data processing scheme, as proposed by Bensen et al. [2007], is represented by the
cross-correlation (in frequency domain, which is computationally faster with respect
to cross-correlation in time domain) of each time window and the final stacking. In
the stacked phase, the cross-correlations resulted for each time window are added to
one another. The use of long time-series optimizes the signal-to-noise ratio of the final

cross-correlation function and allows to observe the coherent surface waves signal.

4.3 Results

4.3.1 Cultural noise during the 2020 Coronavirus lockdown

In 2020, Italy thus became the first country in the world, with the exception of The
Hubei Region (China), to enact lockdown measures as a consequence of the COVID-19
outbreak and the need to contain it. In March 2020 the Italian government drastically
reduced vehicle traffic and interrupted all nonessential industrial activities over the en-
tire national territory. We analysed continuous data from an array of different seismic
stations belonging to INGV network, located in the vicinity of known industrial dis-
tricts in northern Italy in Lombardy, Emilia-Romagna, and Tuscany (Figure 4.5a). In
particular, we quantified the effects of the March/Avril 2020 Coronavirus lockdown on
the seismic ambient noise field. We found that, confirming earlier estimates, anthropic
noise becomes dominant at frequencies above “2 Hz, where most stations show a “50%
reduction in the energy associated with ambient signal. It then grows with increasing

frequency, up to about 20 Hz for most stations (Figure 4.5b). For detailed results,
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see the paper "The 2020 Coronavirus lockdown and seismic monitoring of anthropic

activities in Northern Italy” in the APPENIDX A of this Thesis.
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Figure 4.5: (a): Map of the seismic stations marked here by red triangles and acronyms.
Green and yellow lines denote major highways and railways, respectively. (b) PSD
curves of the analysed seismic ambient noise, obtained by averaging over the entire
frequency range of interest (1 to 40 Hz), without (black line) and with (red) smoothing.
The dates of mentioned governmental decrees are highlighted in blue with continuous
and dash-dotted lines.

4.3.2 Noise Cross-Correlation with ASX1000 prothotype

In this paragraph we present the results related to the cross-correlation of the signal
recorded by the ASX1000 MEMS sensors prototype. In fact, the installed MEMS
sensors, which is the experimental network proposed in this Thesis, are characterized
by a continuous recording. Long continuous datasets of seismic ambient noise are
stored and can be downloaded from the ADEL website platform, (See Chapter 2,

Paragraph 2.2.1). For the ambient noise analysis, we take in account the MEMS sensors
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installed in the Veneto Region (CASTELFRANCO, BASSANO D.G., ISTRANA and
MONTEBELLUNA) (Figure4.6), in order to infer shear waves velocity models of a

sector of the Venetian Plain.
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Figure 4.6: Map of the MEMS sensors installed in Veneto Region, selected for the
ambient-noise cross-correlation analysis. We perform the cross-correlation of ambient
noise recorded by our MEMS sensors prototype, considering all the possible permuta-
tions (blue lines).

We download 1 week-long continuous signal for each seismic sensor. The longer time
window which can be downloaded from the platform is 1-hour long. Thus, the daily
signals are built concatenating the sorted downloaded files. The vertical-Z component
noise records are processed using the method proposed by Bensen et al. [2007] and
explained in paragraph 4.2.2.2. In this study, daily waveforms at each station are
filtered in two different frequency range (0.1 - 0.5 Hz and 0.1 -1 Hz) Cross-correlation
is performed daily in the frequency domain. After being transformed back to the time
domain (with an Inverse Fast Fourier Transform, IFFT), daily cross-correlations are

stacked and plotted as a function of the Lag Time (expressed in seconds ’s’). The
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results are shown in Figure 4.7a and 4.7b.
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Figure 4.7: Cross-correlation inferred from different master signals, plotted as function

of the interstation distances. The ambient noise data are filtered in the frequency
bands 0.1-0.5 Hz and 0.1-1 Hz.

4.3.3 Noise Cross-Correlation with high-quality and broad-

band seismic stations (Preliminary Results)

In this paragraph we present the preliminary results related to the cross-correlation
of seismic stations belonging to the IV network operated by INGV. This part of the
Thesis was developed with the collaboration of the Delft University of Technology (TU
Delft, Netherlands). The high-quality and broad-band recordings from the IV network

are available. In fact, data are distributed through the Orfeus European Integrated
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Data Archive (EIDA) federation and International Federation of Digital Seismograph
Networks (FDSN) under an open license. The Venetian Plain presents a good coverage
of these seismic stations and could allow to perform ambient seismic noise technique
to obtain high-resolution Rayleigh waves dispersion curves. The map of the selected

seismic stations for ambient noise analysis is shown in Figure 4.8.
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Figure 4.8: Map of the selected high-quality, broad-band seismic stations belonging to
the IV network, managed by the INGV.

We collect the continuous broad-band vertical component seismic data recorded by
33 stations from the IV network from December 2019 to January 2021. The selected
stations consist of about 25 high broad-band and high-gain seismometers and 8 short-
period seismometers. The stations have a sampling rate of 100 Hz, with the exception of
seismic stations MBAL which has a sampling rate of 200 Hz. The long continuous data
are downloaded through obspyDMT, an open-source software toolbox for the query,
retrieval, processing and management of seismological data, including long continuous

dataset. The Data recorded by the 33 selected seismic stations are stored in a 2 TB
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Hard-Disk. For this analysis, we consider the vertical-Z component. The collected
seismic data are down-sampled for an ease storage and handling, in our case to 10 Hz
from originally 100 Hz. The data are subdivided in 1-hour length time windows; they
are processed through trend and mean removal; are band-pass filtered between 0.05
and 0.2 Hz, normalized in time domain and whitened. The 1-hour segment are finally
cross-correlated between all station-pairs and then stacked into a single-time series. In
Figure 4.9 we show an example of the cross-correlations with the fixed master which
is the CTI seismic stations. In order to obtain a clearer figure, we plot only 17 cross-

correlation functions representative of different azimuthal coverage.
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Figure 4.9: Cross-correlation functions with the common master (CTI seismic station).

4.3.4 Discussions and Conclusions

This Chapter explores the ambient noise analysis.
First, we perform a detailed analysis of the cultural noise. The unexpected situation

of the Coronavirus outbreak gave us the unique occasion to discriminate cultural noise
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from the ambient noise of natural origins. This result could be useful in the future for
local subsoil mapping and monitoring studies (see APPENDIX A, section A.2).

We evaluate also the possibility to perform noise interferometric technique with the
ASX1000 MEMS sensor prototypes installed in Northern Italy, in order to infer shear-
wave velocity model of this sector. As expected, it is not possible to observe coherent
signal in the obtained time-domain cross-correlation functions (Figure 4.7a and 4.7b).
The instrumental noise level which characterizes the ASX1000 MEMS sensor proto-
type is significantly high. We are just measuring the recording system noise and not
the seismic ambient noise. Moreover, nowadays the cross-correlation analysis with
the ASX1000 prototypes involve time series with a duration of only one week, while
noise analysis generally requires 1-year or more long time series. Currently, the ADEL
platform allows to download recorded time windows with a maximum length of 60
minutes, one station at time. So, the availability of time series longer that one week
are logistically complicated. Finally, we perform ambient noise analysis using the long
continuous seismic data recorded by broad-band, high-quality seismic stations belong-
ing to the INGV seismic network, installed in Veneto Region. In several cases it is
possible to observe clear signals, presumably related to the Rayleigh wave propagation
(CTI-ASOL, CTI-CRND, CTI-TEOL, CTI-CAVE) (Figure 4.9). Due to not perfectly
isotropic noise field distribution, asymmetric cross-correlation are often observed. In
particular, the station-pair CTI-TEOL exhibits coherent signals in both positive and
negative lags, suggesting a more diffuse source noise. The remaining station pairs seem
to provide incoherent results. We expect to improve these results by selecting the

night-time hours, or day-time hours of the recorded ambient noise.
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Chapter 5

Conclusion

This chapter summarizes the contribution of the thesis and discusses avenues for future
research. We include the conclusion of each aim discussed in this work. We present a
new MEMS sensor prototype named ASX1000 adopted to to build two experimental
networks in Northern Italy and Central Italy, installing 16 of these new sensors. The
accelerometers prototypes proposed in this study are smalls, inexpensive, low power
demanding and allow for a rapid and fast installation with screw and plugs. Their dy-
namic range and frequency band make these sensors suitable to monitor not only large
earthquakes, but even small, discrete and moderate seismic events. The performance
of the ASX1000 prototypes is examined on the basis of the results of the laboratory
experiments (shake table and noise-floor evaluation) and field recording (earthquake

detection). To summarize, the ASX1000 prototype is capable of recording:

1. small seismic events (1.5 <M}, <2.5) at short epicentral distances, with a maxi-

mum of 15 km (Cascone et al. [2021]).

2. discrete seismic event (2.5 <My <4) at distances in the order of 80 km.
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3. moderate seismic event (M >5) at distances in the order of more than 300 km.

A detailed discussion related to the micro-seismicity monitoring with the ASX1000
prototype is reported in APPENDIX A, section A.1. We remark that generally a
seismic network is deployed considering an installation of the sensors, which is as in-
sensitive to ambient noise sources (human and environmental) as possible, so that the
sensitivity for earthquake generated signal is high. The ASX1000 prototypes are in-
stalled in urban contexts, within noisy telecommunication infrastructures and they are
still able to record extremely low energetic events, with local magnitude lower than 2.0.
Then, the comparison to the highest-quality accelerometers (such as those belonging
to the RAN network) in terms of PGA and Sa confirms that the signals are in good
agreement. All these considerations suggest that the ASX1000 prototype is a promising
tool to integrate the existing seismic networks or seismic arrays (which are generally
small seismic networks installed to have a detailed investigation of small-scale phenom-
ena such as small earthquake swarms or induced seismicity). This thesis represents an
experimental phase, where the sensitivity of the ASX1000 prototypes are tested and
evaluated. However, at the moment, the earthquake’s information can be retrieved
only after few minutes from the origin time of seismic event. In order to have a quick
parameterization of an earthquake through automatic production of shake maps, sev-
eral seismological implementations (such as a ring-server, a central trigger and selected
time-window) are necessary. In the future we expect to build multi-sensors accelerom-
eters which allow to improve significantly the SNR of the acquired signals.

The second aim of this work is related to a detailed study of seismic site response in
the Venetian Plain, one of the study areas (Cascone et al. [2022]). In particular, we

compute the 1D seismic site response of two sectors of the Venetian Plain, where deep
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v, profiles are unknown, adopting several shear-wave velocity gradients found in liter-
ature. Our study demonstrates how the choice of the velocity gradient curves has a
significant impact on the seismic site response in terms of PGAs, Spectral Accelerations
and Housner Intensities. These three parameters are fundamental for strong ground
motion prediction and they are the most adopted in engineering a-seismic design. The
stochastic simulation based on the use of different literature velocity gradients shows
differences up to 20%. Keeping a conservative approach for seismic design, it appears
more appropriate to model the soil column with generic gradients, which allow to obtain
the highest values of ground motion parameters. We evaluate the effect of the gradient
choice also considering real seismic data recorded at 135 m depth and at the surface
in a borehole located in the Po Plain. In this way we investigate the site amplification
of the sedimentary columns between the downhole and surface station, modelled with
different types of gradients. The linear gradient method underestimates the seismic
site amplification, while the non-linear gradient GEN2 reliably estimates the site am-
plification effect. This experimental study case confirms the importance of choosing
an appropriate gradient in alluvial plains for an estimation of seismic effects. However,
the only available accelerograms for the 1D seismic site response analysis of Casaglia
site are characterized by small acceleration values, thus it could be difficult to estab-
lish the real implication on structural a-seismic design. In order to avoid estimation
errors induced by an arbitrary choice of the velocity gradient, the regional deep basin
structure should be determined through deep geophysical investigations (e.g. seismic
reflection surveys, passive surface wave techniques, etc.). When these seismic surveys
are not logistically possible, it seems more appropriate to model the soil column with

the v, gradient which allows obtaining the most conservative approach, i.e. the stronger
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seismic ground motion.

The third aim of this thesis is related to the ambient noise analysis.The first important
result related to this topic regards a detailed analysis of the cultural noise during the
2020 coronavirus lockdown. (APPENDIX A, section A.2). Our results suggest that
the lockdown, imposed by the Italian Government, only reduces noise of anthropic ori-
gin. By comparing the Fourier Spectra of seismic ambient noise before and after the
lockdown, one can attempt to characterize anthropic noise. The seismic data recorded
during the lockdown will be useful to characterize specific source of anthropic noise,
which in the future could become useful in local subsoil mapping and monitoring stud-
ies.

Finally, in this thesis we evaluate the possibility to perform noise interferometric tech-
nique with the ASX1000 MEMS sensor prototype. The current results suggest that
these MEMS prototypes are not suitable for passive surveys. The high level of in-
strumental noise and their limited bandwidth obscure the ambient noise sources. As
suggested in Chapter 2, in the next future we expect to develop new multi-sensor
MEMS prototypes characterized by a significantly lower level of instrumental noise.
Moreover, from the ADEL website will be updated for the download of longer recorded
time windows. We strongly believe that the future technological improvements of the
MEMS sensor field will enable the use of MEMS device also for passive prospective
aims. This will open interesting perspective, since it is planned to install hundreds of
MEMS in this territory in the next few years. This will allow theoretically a dense
interferometric study, in order to retrieve detailed subsoil models at local scale.

In this thesis we present also the preliminary results of the noise interferometric tech-

nique applied to the seismic data recorded by the high-quality and broad-band seismic
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stations. In this case, the instrument noise is well below the seismic noise. For this aim,
we consider 33 seismic stations belonging to the INGV network, located in proximity
of the Venetian Plain. Several station pairs give reasonable results in the frequency
range 0.05 -0.2 Hz.

In the next future we expect to:

1. improve the cross-correlation results, performing the correlation of only night-
time hours, or day-time hours. This approach could improve the cross-correlation

functions.
2. consider higher frequency ranges in order to investigate the shallow subsoil.

3. extract the phase velocities and invert the obtained dispersion curves with the
inversion algorithm developed by the TU Delft University. The extracted phase
velocities between 0.05 Hz and 0.2 Hz (and presumably, higher frequencies) will
be used in the tomographic inversion for imaging the velocity structures of the

Venetian Plain.

4. test passive interferometry on new multi-MEMS sensor prototypes (under con-

struction), which is able to reduce drastically the sensors noise.
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A.1 Small local earthquake detection using low-cost
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Abstract

This study evaluates the seismicity detection efficiency of a new low-cost triaxial acceler-
ometer prototype based on microelectromechanical systems (MEMS) technology.
Networks of MEMS sensors were installed in telecommunication infrastructures to build
two small arrays in northern and central Italy. The sensor prototypes recorded major
earthquakes as well as nine small seismic events with 2.0 < M, < 3.0. Where possible,
MEMS were compared to the closest high-quality seismic stations belonging to the
national accelerometric network. The comparison, in terms of peak ground accelerations
and spectral responses, confirms that the signals are in good agreement. The tested
inexpensive MEMS sensors were able to detect small local events with epicentral distances
as large as 50 km and provided an efficient characterization of the main motion param-
eters. This confirms that the proposed accelerometer prototypes are promising tools to
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integrate into traditional networks for local seismicity monitoring.

Introduction

Microelectromechanical systems (MEMS) sensors are minia-
turized integrated circuit batch processing devices, with size
ranging from a few micrometers to millimetres (Homeijer et al.,
2011). They are widely adopted in many industrial applications
such as telecommunication, automotive, game controllers, and
so on (Shi et al., 2009). As a consequence of such widespread
use, MEMS sensors are the most economic motion detector
(Fleming et al., 2009; Cochran et al, 2012; D’Alessandro
and D’Anna, 2013; Evans et al., 2014; Lawrence et al., 2014;
Nof et al., 2019). Moreover, the performance of MEMS sensors
is rapidly growing, being already comparable to high-quality
accelerometers (Kong et al., 2016). Recent advances in micro-
machined sensors provide adequate sensitivity for measure-
ment in geophysical applications. For example, several MEMS
devices are suitable for volcanic activity studies (Ando et al,
2011), gravimetric and geodetic observations (Cenni et al.,
2019; Mustafazade et al., 2020), and seismological and earth-
quake engineering projects (Holland, 2003; Cochran et al.,
2012). These sensors can reach an efficient performance for
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moderate (5.0 > M,, > 5.9) to large (M,, > 6.0) earthquake
detection at distances on the order of tens of kilometres
(Boaga et al., 2019; Liu et al., 2011). Because of the low cost
of the MEMS motion sensors (~ two orders of magnitude less
than a classical high-quality seismological stations), they could
be adopted for the installation of dense accelerometric net-
works. Ground-motion wavefield recording is limited to rela-
tively coarse spatial sampling due to a limited number of
installed sensors and large instrument spacing (on the order
of tens of kilometres). This can lead to spatial aliasing of
the wavefield and consequently an underestimation of the
effective peak ground acceleration (PGA) as well as uncertain-
ties in the estimation of local effects on the resulting shake
maps (Wald et al., 2008). These are the reasons why several
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dense low-cost MEMS networks have been recently tested for
the monitoring of strong earthquakes ground shaking
(Cochran et al., 2009; Lawrence et al., 2014). The question
remains whether such technology is suitable for low-magni-
tude seismicity detecting. In particular, an interesting use of
these sensors could be the monitoring of possible induced seis-
micity, an issue of growing public concern in face of some of
the practices in the energy industry (oil and gas production, gas
and CO, storage, geothermic operations, Valoroso et al., 2009;
Clarke et al., 2014). Induced seismicity usually generates mod-
erate seismic events of magnitude rarely larger than 3.0
(Ellsworth, 2013; Westaway and Younger, 2014; Walsh and
Zoback, 2015; Weingarten et al., 2015). For most of the
national regulations, reaching magnitude values of the order
of M,, = 3.0 puts operations at risk. Most of the induced earth-
quakes recorded in the world are of M,, < 3 and often much
lower, but this may nevertheless trigger the public concern that
larger events may follow (e.g., Majer et al., 2007). As a conse-
quence, subsoil activities must provide a suitable seismic mon-
itoring plan that involves the installation of an expensive
network of sensors. The use of advanced MEMS low-cost sen-
sors could greatly improve these applications, freeing resources
on one hand and providing better monitoring on the other.
In this study, we tested the performance of a MEMS sensor
prototype designed by the Italian company ADEL st to monitor
small local events. A selection of these sensors that are digital,
multirange, triaxial MEMS accelerometers (named ASX1000)
were installed in seismic zones of northern and central Italy,
to evaluate their performance in recording low-energy events.
We performed an analysis of the detected seismicity
(Mg, < 3.0), comparing the data as recorded by the MEMS
sensors with the nearest available high-quality accelerometers
managed by the Italian National Protection Service (Rete
Accelerometrica Nazionale [RAN]). The results are promising
and open new perspectives for the extensive use of such low-
cost MEMS sensors for the monitoring of local seismicity.

Methodology

The MEMS sensor prototype adopted in this work (Adel
ASX1000) is a triaxial MEMS accelerometer, with an internal
circuit of transduction and digital output. The sensor has three
sensing elements oriented along mutually orthogonal axes. It
operates in high sensitivity mode for an acceleration range of
+2¢ (g = 9.80665 m/s?). The prototype frequency bandwidth
is set to 0-62.5 Hz at 250 Hz sampling. ASX1000 has a micro-SD
memory card that stores the recorded data and three
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Figure 1. Noise floor of the ASX1000 microelectromechanical systems
(MEMS) prototype compared to the most common smartphone MEMS
sensors and high-quality force balance instruments. Dashed black lines
are typical ground-motion amplitudes of earthquakes measured at 10 km
from the epicenter for various magnitudes (from Kong et al., 2016,
modified).

communication channels for the remote control and data trans-
mission (a serial channel RS-422 or RS485, a LAN Ethernet 10/
100 Mbit/s, and an USB 2.0). The MEMS sensor prototype was
calibrated in the laboratory on a shake table with a sweeping
signal characterized by a frequency range between 0 and
100 Hz, a duration of 60 s, and a maximum amplitude of
+0.2 m/s%. The prototype proved to be in very good agreement
with the laser motion reference for the frequency response up to
80 Hz. Noise analysis of the single components detects a power
spectral density (PSD) with a general downward trend between
-80 and —65 dB in the 0.2-10 Hz frequency range, interesting
for earthquake engineering (Fig. 1). Figure 1 compares the
detectable magnitude of seismic events measured at distances
of 10 km, as in Kong et al. (2016), with the obtained PSD from
the horizontal component of the ASX1000 MEMS prototype,
common industrial phone MEMS sensors, and seismological
high-quality stations. Lab tests suggested that ASX1000 has
the potential sensitivity to record local events with magnitude
M, > 2.5 in the 2-10 Hz frequency range, which is the most
critical frequency range of seismological interest.

To test the performance in detecting small seismic events,
15 ASX1000 prototypes were installed at two seismic active
areas of Italy: the inner part of the Umbria Valley (central
Italy, Chiaraluce et al, 2017) and the southern-east Alpine
Front (northern Italy, Galadini et al., 2005). Figure 2 shows
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the locations of the MEMS arrays, the locations of the closest
national strong-motion high-quality sensors (RAN that use
Kinemetrics Episensor ES-T sensors), and the epicenters of the
recorded seismic events analyzed in this study. The MEMS
sensors were installed inside telecommunication infrastruc-
tures at the base of the local server room, and the sensors were
firmly coupled with the ground with screws and plugs. Raw
data were transmitted to a central service in real time through
a LAN connection.

Results

The MEMS sensors were able to detect nine small local earth-
quakes with 2.0 < M < 3.0 between April 2020 and February
2021. The corresponding epicenters are shown in Figure 2. The
location and the local magnitude of the recorded events were
retrieved from the National Seismic Institute earthquakes data-
base (Istituto Nazionale di Geofisica e Vulcanologia [INGV]).
Figure 3 shows the time series signal as recorded by the
ASX1000 MEMS prototypes (horizontal-transverse compo-
nent), the earthquake’s ID name, and the distance between
the sensors and the epicenters.

Even small events are clearly visible, especially for the nearest
epicenters (e.g., Gubbio, Gualdo C., and Gubbio_2 earthquakes
in Fig. 3a,th, respectively). From the recorded waveforms, we
determined the PGA values and the acceleration response spec-
tra (5% damped spectral acceleration [SA]), to be compared
with the recordings of the high-quality stations belonging to
the RAN. The RAN accelerograms can be downloaded from
the Italian Civil Protection website (see Data Availability
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Figure 2. MEMS sensors arrays in (a) northern and (b) central Italy.
Black triangles are the MEMS accelerometers, the white triangles are the
high-quality available stations. The stars represent the epicenters with
M, < 3 discussed in this study. The insets display the Italian Peninsula
with black squares, representing the selected study areas.

Statement). Figure 4 shows a comparison between the horizon-
tal-transverse components recorded by our MEMS stations and
by the high-quality accelerometers for the events having similar
epicentral distances and soil conditions; this comparison avoids,
as much as possible, unreliable comparison due especially to
local effects (e.g., stations installed on hard rock vs. soft sedi-
ments). The considered events were named Gubbio, Cismon,
Claut, and Pietralunga, as recorded respectively by the MEMS
Gubbio, Bassano, Gemona, and the high-quality stations GBSL,
BSG, and VAV (see Fig. 2).

As apparent from Figure 4, MEMS recordings are in very
good agreement with the high-quality stations, both in terms of
PGA and spectral response, especially for the closest events
(consider the Gubbio—GBSL stations comparison in Fig. 4a).

In Table 1, we report the PGA values as recorded by the
ASX1000 MEMS prototypes and by the closest high-quality
RAN seismic stations for the earthquakes considered in
Figure 4 along with the station-event distances, the MEMS-
RAN distances (interstation distances), and the discrepancy
of the PGAs (APGAs = PGAygms — PGARan)-

The PGA values are very similar, especially for the horizon-
tal components, presenting an average discrepancy between
MEMS sensors and high-quality accelerometers of <15%.
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The best match between the two sensors is given by the Gubbio
earthquake recordings in which the high-quality station RAN
and the MEMS sensor have nearly the same location. In this
case discrepancy is ~6%. Higher discrepancy is observed for
the vertical component (Z) of the Gubbio-GBSL stations, pos-
sibly related to installation issues. The ASX1000 MEMS
responds in agreement with high-quality stations even for
remote and small earthquakes, such as the case of the Claut
event (with the epicenter 51 km away from the recording
stations).

Discussion and Conclusions

MEMS sensors are often used to detect strong-motion events.
Our tests show the reliability of MEMS also for low magnitude
(2.0 < My < 3.0) seismicity monitoring. This study investi-
gates the performance of the low-cost ASX1000 MEMS proto-
type accelerometer under small earthquake (M < 3.0)
excitation. Sensors have been initially tested using a calibrated
shake table. Under the controlled sweep excitation, the MEMS
sensor shows a good performance in the frequencies up to
80 Hz, critical for the earthquake engineering aims, and the
self-noise test shows that the PSD is around —80 dB in the
0.2-10 Hz range. Our field results show that the low-cost
ASX1000 MEMS prototypes are suitable to record seismic
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Figure 3. Time series of the seismic events as recorded by the horizontal
component of the ASX1000 MEMS prototype. Each panel shows the
event name, the estimated local magnitude M, and the sensor-event
distance. (a) Gubbio earthquake; (b) Claut earthquake; (c) Monteleone
earthquake; (d) Accumoli earthquake; (e) Cismon earthquake; (f) Gualdo
C. earthquake; (g) Spoleto earthquake; (h) Gubbio_2 earthquake; and
(i) Pietralunga earthquake (see Fig. 2 for locations; and for details, see
Data Availability Statement).

events with a minimum local magnitude of M; = 2.0 and epi-
central distance <20 km or M| ~ 3 at 50 km distance. The
comparison of the PGA and spectral responses inferred from
our MEMS sensors and the nearest high-quality accelerometers
(belonging to the RAN) yields a good match, especially at
smaller epicenter distances and when the interstation distances
(MEMS-RAN) are lower than 2 km.

We note that these sensors are installed in urban telecom-
munication infrastructures. Although they are located in a
noisy environment, not intended for seismic monitoring, they
are still capable of recording small local earthquakes.

The use of low-cost sensors for small or local earthquakes
monitoring will allow the development of dense accelerometric
networks, thus mitigating the spatial sampling issues and pro-
viding highly detailed ground shaking maps, even for small
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events that are of course also very frequent. A well-defined
shaking pattern inferred from small earthquakes can help
identify local site effects that are often overlooked.

On the basis of these results, the ASX1000 MEMS prototype
could be efficiently integrated into existing national seismic
networks (as suggested by D’Alessandro et al., 2019).

Moreover, the MEMS sensor prototype evaluated in this
study could potentially be adopted for induced seismicity
detection. A dense network with MEMS sensors distributed
in the immediate proximity of industrial activity sites (such
as oil and gas production, geothermic operation, etc.) could
improve low-magnitude seismicity monitoring.

While a promising geophysical tool, the low-cost ASX1000
prototype still suffers from a high level of internal noise, which
is usually considered to limit their use for several seismological
purposes, such as accurate earthquake locations or origin time
estimations. Nevertheless, the fast improvement of sensors
quality combined with decreasing costs suggests that in the
near future MEMS-based motion networks will play a relevant
role in the monitoring of lower-level seismicity, which still con-
veys important seismologic information such as local seismic

response to large, destructive events.
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Figure 4. Acceleration time histories and corresponding normalized
response spectra for both the MEMS stations and the RAN high-quality
stations. For each event, the MEMS signal is shown above (solid line) and
RAN signal below (dashed line). In the spectra plots, solid lines are the
MEMS response and dashed lines are RAN response spectra. Events:
(a) Gubbio, (b) Cismon, (c) Claut, and (d) Pietralunga.

Data and Resources

Data availability statement: The public data used in this
article are available at http://ran.protezionecivile.it and
http://terremoti.ingv.it/. Other data are available upon request
for scientific purposes.

The microelectromechanical systems (MEMS) data support-
ing the conclusions of this article, being property of a private
company, is made available by the authors only upon request
for scientific purposes. The Rete Accelerometrica Nazionale
(RAN) accelerometric data are public and can be downloaded
(http://ran
with
M; > 2.5, and only upon request for smaller My). The event

from the Italian Civil Protection website

.protezionecivile.it, available only for earthquakes

locations and timing are public data and can be downloaded
from the National Institute of Geophysics and Volcanology
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Table 1

Selected Earthquakes for the Comparison between the Microelectromechanical Systems (MEMS) Sensors and Rete

Accelerometrica Nazionale (RAN) High-Quality Stations

Earthquakes ID, Date, Time

(yyyy/mm/dd hh:mm:ss, UTC) M, (m/s?) (m/s?)
GUBBIO, 2020/04/05 14:33:48 (X comp) 2.4 0.0134 0.0143
GUBBIO, 2020/04/05 14:33:48 (Y comp) 2.4 0.0086 0.0119
GUBBIO, 2020/04/05 14:33:48 (Z comp) 2.4 0.0073 0.0110
CLAUT, 2020/04/08 15:10:46 (X comp) 2.9 0.0057 0.0042
CLAUT, 2020/04/08 15:10:46 (Y comp) 2.9 0.0056 0.0047
CLAUT, 2020/04/08 15:10:46 (Z comp) 29 - -

CISMON, 2020/07/29 22:26:34 (X comp) 2.7 0.0041 0.0052
CISMON, 2020/07/29 22:26:34 (Y comp) 2.7 0.0032 0.0034
CISMON, 2020/07/29 22:26:34 (Z comp) 2.7 0.0044 0.0042
PIETRALUNGA, 2021/02/19 23:42:45 (X comp) 2.6 0.0034 0.0037
PIETRALUNGA, 2021/02/19 23:42:45 (Y comp) 2.6 0.0033 0.0030
PIETRALUNGA, 2021/02/19 23:42:45 (Z comp) 2.6 0.0039 0.0024

PGA MEMS PGA RAN

Event-MEMS  Event-RAN Interstation

Distance Distance Distance

(km) (km) (km) APGAs (m/s?)
5.5 5 0.5 -0.0009
5.5 5 0.5 -0.0033
5.5 5 0.5 -0.0037
51 38.1 349 0.0015
51 38.1 34.9 0.0009
51 38.1 34.9 -

20 19.1 2 —-0.0011
20 19.1 2 -0.0002
20 19.1 2 0.0002
11 5 0.5 -0.0003
1" 5 0.5 0.0003
1" 5 05 0.0015

Columns 2—8 show the local magnitude (M ); peak ground acceleration (PGA) recorded by MEMS and RAN sensors; distances between the MEMS sensors and epicenters; distances between RAN stations and
epicenters; interstation (RAN MEMS) distances; APGA that is the difference between the PGAs recorded by MEMS and RAN sensors (PGAyenms — PGARan)-

(INGV) website (http://terremoti.ingv.it/). All websites were last
accessed in February 2021. Supplemental material for this article
includes the complete technical information of the MEMS sen-
sor prototype and the calibration experiment on the shake table.
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The 2020 coronavirus lockdown and
seismic monitoring of anthropic
activities in Northern Italy
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In March/April 2020 the Italian government drastically reduced vehicle traffic and interrupted all non-
essential industrial activities over the entire national territory. Italy thus became the first country in
the world, with the exception of Hubei, to enact lockdown measures as a consequence of the COVID-
19 outbreak and the need to contain it. Italy is also a seismically active area, and as such is monitored
by a dense permanent network of seismic stations. We analyse continuous seismic data from many
stations in northern and central Italy, and quantify the impact of the lockdown on seismic ambient
noise, as a function of time and location. We find that the lockdown reduces ambient noise significantly
in the 1-10 Hz frequency range; because natural sources of seismic noise are not affected by the
lockdown, the seismic signature of anthropic noise can be characterised with unprecedented clarity,
by simply comparing the signal recorded before and after the lockdown. Our results correlate well
with independent evaluations of the impact of the lockdown (e.g., cell phone displacements), and we
submit that ambient-noise seismology is a useful tool to monitor containment measures such as the
coronavirus lockdowns.

On March 9, 2020, the Italian government issued a decree prohibiting movement in public places except for
justifiable work reasons, basic necessities and health emergencies, canceling sporting events and public gath-
erings, closing schools, universities, and recreational facilities on the entire national territory. This followed
smaller-scale lockdowns of eleven municipalities in the North (February 21), soon expanded to the entire region
of Lombardy and fourteen neighbouring provinces (March 8), decided in an attempt to contain a major outbreak
of the COVID-19 pandemic.

On March 22, through another decree, all non-essential industries were closed down throughout the coun-
try; inter-city movement was further restricted, requiring travellers to provide justification and documentation
to authorities on any movement between cities. At the time of completing this manuscript, all these lockdown
measures are still ongoing.

It has been pointed out that containment measures in Belgium (for example) have resulted in a conspicuous
drop in the continuous signal recorded by broadband seismic stations'. This means that all the anthropic activ-
ities interrupted by the lockdown contribute importantly to “the hum of vibrations in the planet’s crust;” it also
means, then, that the lockdown is an opportunity for students of “seismic ambient noise”** to clearly separate its
anthropic vs. natural components, normally intermingled and not easily distinguishable.

Ambient noise, or seismic signal recorded in the absence of earthquakes, is known to largely consist of “micro-
seisms” resulting from the coupling between oceans and the solid earth at frequencies mostly below 1 Hz*. At rel-
atively high frequencies, however, it also includes the so-called “anthropic” or “cultural” noise®~” associated with
human activities at or near the surface of the Earth, namely machinery in power plants and factories, and train
and road traffic. Anthropic noise is thought to include frequencies from 1 to 10 Hz approximately, attenuating
quickly with distance (a few km) and disappearing quickly with increasing depth; its total energy changes daily
(day vs. night), weekly (working days vs. weekends), and with the occurrence of holidays (the Christmas break
is particularly prominent in many countries). Just like the “natural”, low-frequency noise, that provides unique
observations of surface-wave propagation allowing to map the structure of the Earth’s lithosphere®, anthropic
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Padova, Italy. 3Istituto Nazionale di Geofisica e Vulcanologia, via Donato Creti 12, Bologna, Italy. “*Sorbonne
Université, CNRS, INSU, Institut des Sciences de |la Terre de Paris, ISTeP UMR 7193, F-75005, Paris, France. ¥e-mail:
piero.poli@univ-grenoble-alpes.fr
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Figure 1. All data analysed in our study were recorded at the broadband seismic stations marked here by red
triangles and acronyms; all stations are part of the Italian National Seismic Network operated by the Istituto
Nazionale di Geofisica e Vulcanologia. Green and yellow lines denote major highways and railways, respectively.

noise is of interest to geoscientists, as it can be used at relatively small scales, for instance in mapping and moni-
toring efforts**°.

While earlier studies have attempted to characterise high-frequency seismic noise”!1-'4, the current lockdown
of industrial activities and reduction in road and train traffic in Italy is an unprecedented opportunity to dis-
criminate it from ambient noise of natural origin. Italy is a highly industrialized and urbanized country, densely
covered with non-stationary noise sources'?, such as traffic and industry-induced vibration'®. This is particularly
true in its northern regions, which account for 70% of the country’s entire industrial output, and where lockdown
measures have been enacted earlier than everywhere else in Europe. We analyse continuous data from an array of
broadband seismic stations, located in the vicinity of known industrial districts in Lombardy, Emilia-Romagna
and Tuscany (Fig. 1); we identify the spectral signature of the March 2020 lockdown, and take advantage of the
lockdown to quantify and evaluate the spectral signature of anthropic activities. Importantly, measuring the over-
all reduction in seismic energy associated with the lockdown is also a way to quantify its effects; this is relevant to
governmental entities, wishing to monitor the effectiveness of the measures being taken.

Data

We downloaded publicly available, continuous, three-component seismic recordings from a set of permanent
broadband stations, part of the Italian National Seismic Network operated by the Istituto Nazionale di Geofisica
e Vulcanologia'’. All instruments have a flat response at frequencies between ~0.01 and ~10 Hz, or broader;
we remove (“deconvolve”) instrument response from the data prior to our analysis. The locations of stations
employed in most of our study are shown in Fig. 1. Stations were selected based on their proximity to industrial
districts; in particular, MILN is located near the city of Milano, with a particularly high concentration of vehicle
traffic and industrial activities.

Seismic Ambient Noise Before and After the Lockdown

The seismic signature of the containment measures in Italy is apparent from a relatively simple analysis of con-
tinuous recordings at station MILN, located within the city limits of Milano, in a busy area near the University
of Milano campus and the Lambrate train station. We compute spectrograms (Fig. 2) by Fourier-transforming
1-hour-long segments of continuous signal, with a 30-minute overlap between subsequent segments; for each
calendar day, all segments are then averaged, and the squared modulus of the resulting average Fourier transform
is computed: this way, a single “power-spectral density” (PSD) function is obtained, for each station, component
(East-West, North-South, vertical) and calendar day.

Figure 2 shows clearly that the lockdown has a relevant impact on recorded seismic noise over a broad fre-
quency range; its effect disappears at frequencies below 1 Hz, where anthropic noise is weaker. The energy drop
associated with the lockdown is comparable with that occurring every weekend and during the winter break,
both in 2018/19 and 2019/20. Interestingly, loss of energy is gradual over time, starting with the first lockdown
measures on February 21, and increasing with time until a plateau is reached around March 22 (interruption of
non-essential industrial activities). A trend similar to that seen in Fig. 2 has also been found through the analysis
of cell phone displacements'®. This suggests that vehicle traffic, which was significantly reduced (particularly
in and around Milano) already with the February measures, contributes significantly to the entire spectrum of
anthropic noise; there is also episodical evidence from the press that a number of factories were closed based on
the unilateral decision of their owners, before the government-imposed lockdown.

The analysis applied to station MILN is repeated for all seismic stations of Fig. 1, and the results are illustrated
in Figs. 3 and 4.
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Figure 2. Spectrogram of ambient signal recorded on the vertical component of station MILN, December

1* 2019-present (top); the same spectrogram, averaged (red lines) at frequencies from 1 to 5 Hz (middle) and
from 10 to 15 Hz (bottom), compared with results obtained in the same way, from recordings made December
2018-April 2019 at the same station (blue). (The East-West and North-South components show very similar
trends, albeit slightly less pronounced.) The 2018/2019 curve is slightly offset, in order for weekends to be “in
phase” with those of 2019/20. To emphasize relatively-long term (weekly rather than daily) effects, curves are
also smoothed over time (thicker lines). The dates when specific containment measures were first implemented
are marked by a dotted line (lockdowns of eleven municipalities in the North), a dashed line (restriction of
movement and closure of schools in the entire country) and a solid line (interruption of all non-essential
industrial activities).

station EUCT 6 %108 22/02/20,,,(18/93/20 /03/20

Dec/19 Jan/20 Feb
station FIR

Freq. [Hz]

Jan/20 Apr

Feb
station MILN 2/03/20

v

Apr
2/03/20

Freq. [Hz]

Feb
station PCN

Py

Mar Apr
22/02/20 08/03/20 22/03/20
1

I8 ™ B 0 H
Dec/19 Jan/20 Feb Mar Apr Dec/19 Jan/20 Feb Mar Apr

Figure 3. Spectrograms (left) of signal recorded on the vertical components of stations (top to bottom) EUCT,
FIR, MILN, PCN, PRMA. To the right, curves obtained from the same spectra, by averaging over the entire
frequency range of interest (1 to 40 Hz), without (black line) and with (red) smoothing, similar to Fig. 2. The
dates of mentioned governmental decrees are highlighted as in Fig. 2, and so are the typical initial and final days
of winter break.

Lockdown measures apparently impact all stations under consideration, but the character of their effects
changes in various ways with station location. In the case of FIR, located in the city of Florence, the signature of
the winter break is almost negligible, while the February/March lockdown still has a prominent effect; it might be
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Figure 4. The smoothed red curves shown in Fig. 3 are plotted here on a single graph, for comparison; for
each station, the average value of the PSD observed in the time interval of interest is subtracted from the
corresponding curve, prior to plotting, as this can change significantly from station to station, but is not
relevant to our analysis. Each colour corresponds to one station, as specified. Again, the dates of mentioned
governmental decrees are highlighted as in Fig. 2.

possible to interpret this observation through the analysis of anthropic activities usually taking place in the area
(e.g., tourism, which is presumably not reduced by the holiday). The drop is gradual at all stations, with no spe-
cific governmental decree standing out with respect to the others. At station PRMA, a slight increase in ambient
noise occurs after February 21 and before March 9.

The Spectral Signature of “Cultural” Seismic Noise

We next characterise anthropic noise by evaluating variations in the spectra of seismic ambient noise before and
after the implementation of lockdown measures. We compute the ratios of the PSD measured (as described in sec.
3) on Tuesday March 31 2020, to that measured at the same station on Tuesday December 3 2019. We carry out
this calculation separately for each component, and for all stations analysed thus far; the results of this exercise
are shown in Fig. 5. The energy associated with ambient signal is clearly reduced for all stations, at all frequencies
in the range of interest. At each station, PSD ratios change with frequency almost exactly in the same way for all
components. Near 1 Hz, all stations show a more or less rapid decline in the PSD ratio, with ambient noise being
more effectively reduced as frequency grows. This trend continues all the way to 20 Hz at stations EUCT and
PRMA, while other stations show a more complex behaviour. Above 10 Hz station MILN stands out, its PSD ratio
growing quickly with frequency.

Anthropic noise is known to be relevant at frequencies above 1 Hz, and to consist of a range of different excita-
tion mechanisms”>!*?, Natural sources such as rain, wind* and sea/ocean waves are typically characterized by
frequencies below 1 Hz, and are obviously not affected by the lockdown. We infer that, by taking the ratio of noise
spectra before and after the lockdown, an estimate of the spectral character of anthropic noise is obtained, and the
spectra in Fig. 5 can help us estimate the nature of anthropic noise in the region of interest, independent of the
lockdown; the frequencies where the PSD of ambient signal is most reduced by the lockdown are those where, in
normal times, the contribution of anthropic activities to seismic ambient noise is most important. The fact that
most energy loss associated with the lockdown is at frequencies between 1-10 Hz is coherent with what is known
of the typical signature of industrial activity and vehicle traffic?>. Seismic data recorded during the lockdown
might be particularly useful in identifying sources of anthropic noise, which could be employed by geophysicists,
after the lockdown, e.g. to characterise the upper subsoil by cross correlation of ambient signal®>*,

We further analysed the relationship between ambient noise recorded on different components, finding the
“H/V” ratio between the PSDs of horizontal-component and vertical-component signals: first, the PSD of each
component of signal recorded on a given day is averaged in the frequency range 1-10 Hz; then the arithmetical
average of the resulting East-West-component and North-South-component values is taken; finally, the ratio of
the resulting horizontal PSD to the vertical one is computed. The procedure is iterated for each station and for
each day between December 1 and March 31, and the results are shown in Fig. 6.

In general, the value of H/V is related to how seismic energy in the ambient-noise field is distributed in the
form of compressional, shear and surface waves”?>2%; changes in H/V after vs. before the lockdown would reveal
whether the reduction in anthropic noise affects one of these seismic phases/components more or less impor-
tantly than the others; in other words, whether traffic and industry-induced vibration can be associated to one
particular constituent of the seismic field. Figure 6 shows that the lockdown measures have no effect on H/V, and
we infer that, while anthropic noise is reduced significantly by the lockdown (Fig. 5), the relative contributions
of compressional, shear and surface waves remain approximately constant: the noise wave field is stable in the
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Figure 5. Ratio of PSD after vs. before the lockdown, at stations (left to right) EUCT, FIR, MILN, PCN and
PRMA, in the frequency range 1-40 Hz. Different-colour curves indicate different instrument components, i.e.
blue, red and green for the East-West, North-South and vertical components, respectively.
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Figure 6. Ratio of horizontal to vertical PSD, averaged over frequency, shown as a function of time from the
beginning of December 2019 to the end of March 2020. From left to right, ratios obtained at stations EUCT, FIR,
MILN, PCN, PRMA are shown, respectively.

1-10Hz frequency band, and can thus represent a reliable source of information about geological features of the
subsoil” or to monitor the evolution of subsurface velocity'®%.

Geographic Distribution of Anthropic Noise

The Italian territory is densely covered by seismic instruments, and by repeating our analysis on the entire net-
work of available stations we are able to quantify the spatial dependence of anthropic noise reduction. For each
station, for each day, the PSD of signal recorded 6 AM to 8 PM is computed, and averaged over different fre-
quency bands. In practice, we employ the direct Fourier method?, as implemented in the Obspy package?®?’:
this is standard procedure to identify artefacts related to station operation, episodic cultural noise, overall station
quality and level of Earth noise at each site. To emphasize the change in ambient noise with the lockdown, we
plot the difference between the values so obtained on three dates in 2020, and reference values obtained con-
ducting the same calculation on data recorded for five months until the lockdown, and averaging. We include as
Supplementary Material S1 an animated version of Fig. 7, showing the PSD at the same stations, October 7, 2019
through April 1, 2020; through this time-dependent visualization, the drastic effects of the lockdown are further
emphasized.

Our main result, that noise be strongly reduced after the lockdown in the “cultural” frequency range, is con-
firmed by Fig. 7, and extended to most of Northern Italy. Between 1-3 Hz, the lockdown effects are more pro-
nounced in the Lombardy and Veneto regions than in Central Italy and along the Apennine range. The most
important reductions in ambient noise are recorded by stations along the Alpine arc, near Torino, Milano and
Verona, and in the city of Florence.

Summary
We have analysed continuous data from northern Italy, and quantified the effects of the March 2020 coronavirus
lockdown on the seismic ambient noise field. We confirm that this effect is significant, and easily observed in our
data: see in particular Figs. 3 and 4. The Italian government first imposed a reduction of people (and therefore
vehicle) movement, on March 9; we find that this date marks the beginning of a gradual loss in ambient-noise
energy at all frequencies, which we attribute to the reduction of road and railroad traffic in the region of interest.
Depending on the station, the energy curve flattens out, or starts to decline more slowly towards the beginning of
April, despite the more stringent measures imposed at that time (interruption of all non-essential industrial activ-
ities). A similar trend has been found from cell-phone displacement data'®. One implication of our observations is
that seismic data could be useful for governmental institutions to monitor the effectiveness of measures involving
areduction or interruption of human activity in a given area.

It is understood that the lockdown only reduces noise of anthropic origin; it follows that by comparing the
Fourier spectrum of seismic ambient noise before and after the lockdown (Fig. 5), one can attempt to characterise
anthropic noise. We find that, confirming earlier estimates®*!, anthropic noise becomes dominant at frequencies
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Figure 7. Difference between PSD (6 AM-8 PM) on a given day (top to bottom: January 21, March 10 and
March 31: all are Tuesdays), and average PSD calculated for all week days (6 AM-8 PM) from 1-10-2019 to
1-4-2020. The calculation is conducted within three frequency bands (left to right: 5-10 Hz, 3-5Hz and 3-1 Hz).
Values for each station are plotted, through the shown colour code, at the station location.

above ~2 Hz, where most stations show a ~50% reduction in the energy associated with ambient signal. It then
grows with increasing frequency, up to about 20 Hz for most stations. Other than that, the spectrum associated
with each station has a unique nature, and knowledge of anthropic activity occurring in its vicinity is probably
needed for its interpretation. Our results suggest that seismic data recorded during the lockdown will be useful
to identify and characterise specific sources of anthropic noise, which in the future could become useful in local

subsoil mapping and monitoring studies
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Abstract

The average shear-wave velocity of the first 30 metres of subsoil and the depth of the engineering
bedrock are considered the key parameters for simplified seismic site response modelling.
However, a reliable estimate of the site amplification should consider the entire shear-wave
velocity profile from the ground surface down to the engineering bedrock. In deep alluvial basins,
a typical geological context where the soil-bedrock interface may lie below the penetration depth
of most common prospecting methods, only the shallow velocity profile can be defined in detail,
while the deeper structures are commonly extrapolated with linear equations. The choice of a
realistic interpolation between the shallow and deep soil still remains an open issue. We compute
the 1D seismic site response of two sectors of the Venetian Plain (Northern Italy) characterised
by gravelly and sandy deep formations. We model the 1D soil columns using theoretical
non-linear gradients proposed in literature for deep alluvial basins. The numerical modelling
results, in terms of strong motion parameters, show variations in the seismic site response up to
20%. The effect of the velocity gradients is also evaluated comparing the numerical simulations
with real accelerometers recorded by a deep borehole seismometer and a seismic station located
at the top of the borehole. These results demonstrate that the selection of the velocity gradient is
crucial for seismic site characterisation of deep alluvial basins. In particular, the study suggests
which is the most conservative gradient among the ones tested in terms of ground motion hazard
estimation.

Keywords: seismic site response, deep alluvial basins, shear-wave velocity, velocity gradients

1. Introduction most important action controlling the seismic site response
(Martin & Dobry 1994). Seismic site amplification can be
in fact described as the motion modification due to the
soft soil during the wave propagation through the strati-
graphic column, from the basement bedrock upwards to the
ground surface (Langston 2003; Chong & Ni 2009; Rathje
et al. 2010). Several seismic regulations propose different ap-
proaches to evaluate the seismic amplification due to the
soil properties. The soils are often classified into different

categories, based on the average V of the top 30 m of a

The effects of local geology on seismic ground motion have
been widely studied in geotechnical earthquake engineer-
ing to estimate response spectra for building restoration and
construction (Kramer 1996). The shear-wave velocity (V)
is one of the key parameters adopted for site classification
in several seismic regulations (Boore ef al. 1993, Martin &
Dobry 1994). V, profiles estimate the rigidity of the soil
column when excited by seismic shear stress, which is the

© The Author(s) 2022. Published by Oxford University Press on behalf of the Sinopec Geophysical Research Institute. This is an Open Access article distributed under the terms of 1
the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited.
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soil profile (also called V5;) as in the Italian Building Code
(‘Norme tecniche per le costruzioni-NTC’; Ministero delle
Infrastrutture e dei Trasporti 2008); or the Eurocode 8-EC8
(European Committee for Standardisation 2004); and the
National Earthquake Hazard Reduction Program-NEHRP
provisions (Building Seismic Safety Council-BSSC 2003).

The Vg, parameter adopted by the seismic site classifi-
cation considers the first 30 metres of subsoil, which is the
depth of investigation for common geophysical and geotech-
nical analysis, that are logistically and economically often
limited to the first subsoil. Seismic surveys to retrieve Vg
values can be made either in boreholes (down-hole seismic
testing, Cardarelli et al. 2018) or with surface methods as
the multichannel analysis of surface waves (MASW, Park
et al. 2000; Strobbia ef al. 2011) and SH refraction analysis,
(Hunter et al. 2002). Regardless of the method adopted in
common engineering projects, the investigation depth rarely
exceeds the first subsoil, being limited by the logistically
achievable efforts such as: seismic source power, extension of
the survey length due to urban conditions, borehole penetra-
tion etc. Thus, most of the seismic site response studies are
based on the properties of the subsurface soils down to 30
metres (Boore et al. 1993; Martin & Dobry 1994).

The Italian and European seismic codes define the en-
gineering bedrock as the depth at which Vg > 800 m s™*
(soil category A = stiff soil or rock, see EC8). Softer soils,
with Vg < 800 m s™!, are expected to amplify the seismic
action, therefore the correct estimation of the site amplifica-
tion should consider the entire soil profile from the ground
surface down to the engineering bedrock. Nevertheless, in
deep alluvial basins, a clear soft soil-bedrock interface may
not be evident but buried under hundreds of metres of soft
sediments (Gueéguen et al. 2007; Poggi et al. 2012; Faccioli
et al. 2015; Mascandola et al. 2019). In these geological con-
texts, thick and soft sediments are expected to amplify the
seismic ground motion (Kramer 1996). The site classifica-
tions that consider only the Vg, might lack a correct seis-
mic action estimation, leading to inaccurate evaluations of
the ground amplification level (e.g. Borcherdt 1994; Pitilakis
et al. 2006). Several available techniques, such as passive sur-
veys and travel-time seismic tomography allow a deeper soil
characterisation, down to hundreds of metres deep. The pas-
sive methods, based on the recording of ambient vibrations,
use 2D arrays of receivers (e.g. SPAC, Aki 1957; frequency-
wavenumber method, Lacoss et al. 1969), linear arrays
(Re-Mi, Louie 2001; Strobbia et al. 2015) or single station
measurements (HVSR, Nakamura 1989). Passive methods
are powerful and cost effective, but they could suffer from
a non-uniform distribution of noise sources and can be bi-
ased by 2D site effects (Claprood & Asten 2010). Travel-time
tomography use signals from earthquakes or low-frequency
seismic ambient noise to retrieve deep geological structures.
Barbellini et al. (2017) propose that the reference bedrock
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Figure 1. Extrapolation of V profiles with linear gradients suggested by
the Italian Seismic Code (ICMS 2018, modified).

depth of deep alluvial basins could be extrapolated using re-
gional models inferred from travel-time seismic tomography.
However, since tomographic approaches are orientated to
large scale modelling, retrieved models are sufficiently accu-
rate at depth (i.e. at the kilometric scale), but they often do
not present enough resolution for local-scale seismic wave-
form studies, as needed for local hazard assessment and eval-
uation of earthquake scenarios.

As matter of fact, the V§ profile characterising the soil col-
umn may be accurate for the first tens of metres, thanks to lo-
cal geophysical/geotechnical surveys, and at few kilometres
deep if regional tomographic models are available. However,
the velocity structure between the uppermost velocities (e.g.
Vs,,) and the engineering bedrock (Vg > 800 m s™') may be
not accurately defined, especially in deep alluvial basins. The
most adopted ground motion modelling approaches, such as
the 1D seismic site response, need the complete characterisa-
tion of the soil column, atleast until the reference engineering
bedrock depth. For these reasons, several seismic codes pro-
pose simplified approaches to describe the soil column. The
Italian Seismic Code (ICMS 2018), for example, proposes an
extrapolation of V in depth through linear gradients with dif-
ferent slopes (depending on the geological site conditions)
until the depth of the engineering bedrock depth (figure 1).

It is known that the seismic motion can be decomposed
in different sets of waves such as body waves (P, SH, SV) or
surface waves (Rayleigh, Love), and seismic motion amplifi-
cation may be different. However, it is common practice in
earthquake engineering design norms focusing of the effect
of near-surface geology for vertically propagating shear body
waves (see Eurocode 8, European Committee for Standardi-
sation 2004).
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In this study, we perform several 1D seismic site analysis
in the Venetian Plain area (Northern Italy), a large and deep
sedimentary basin (figure 2). In particular, we consider two
different sectors where a detailed set of seismic surveys were
performed to obtain shallow Vg profiles, while the deeper
structures remain un-investigated. To fill the gap between the
shallowand deeper V structures, we adopt general gradients,
proposed for the modelling of several alluvial basins as the
Lower Rhine Basin (Germany; Budny 1984 ), the Grenoble
Basin (France; Guéguen et al. 2007) and the Lucerne Basin
(Switzerland; Poggi et al. 2012). These sites (red stars in
figure 2) are in fact characterised by deep sedimentary cov-
ers, similarly to the Venetian Plain.

To compare modelling and experimental data we analysed
real seismograms coming from a borehole in the Po Plain,
where deep and surface seismic recording stations were avail-
able. 1D seismic site response modelling was compared to the
recording amplifications, testing different gradients.

We aim to assess how the choice of gradient can modify
the seismic site response in deep sedimentary basins, where
no information about the deeper structures is available. A re-
alistic modelling of the ground motion is the key parameter
for ground shaking scenario, used by civil engineers for the
design of earthquake-resistant constructions. Due to the lim-
ited knowledge of the deeper velocity structures, it could be
more appropriate to model the soil column with the gradi-
ent which enables the most conservative results in terms of
ground motion effects. This study demonstrates the impor-
tance of the Vg gradient on ground motion scenarios and the

results are relevant for seismic hazard evaluation in deep sedi-
mentary basins, which host large urban environments around
the world.

2. Study area: the Venetian Plain

Our study area is the Venetian Plain region (Northern
Italy), a large syntectonic alluvial basin actively affected by
earthquake occurrence (figure 2). Together with the Po
Plain, the Venetian Plain represents the foreland of the S-
verging central-southern Alps and the N-NE-verging north-
ern Apennine belt (Doglioni 1993). The effect of the north-
propagating Apennine foredeep started in the late Miocene
affecting the southern sectors of the Venetian Plain and led
to a regional southward tilting recorded up to Venice La-
goon. The thickness of Quaternary formations varies from
2 km in the southern part of the Venice Lagoon, and grad-
ually pinches out eastward (Carminati et al. 2003). The
buried active fronts of Northern Apennines and Southern
Alps are considered seismic sources capable of destructive
earthquakes (Poli et al. 2008). The epicentre distribution of
historical and instrumental earthquakes is shown in figure 2.
Although the seismicity is concentrated along the foothills
area of the Southern Alps and the Northern Apennines, it
is widely recognised that the Venetian Plain is influenced by
strong seismic site effects (Vuan et al. 2011).

The 3D structural models of the Venetian Plain are
principally based on old geophysical information from oil
explorations (Doglioni 1993). They are also based on the
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TRANSALP (TRANSALP Working Group 2002), a deep
seismic reflection measurement collected in the Eastern Alps
(Cassinis 2006).

In this study, we consider two different sectors of the Vene-
tian Plain with different Quaternary sedimentary fillings: the
‘high” (Northern) and ‘low’ (Southern) plain, where several
shallow Vg measurements were performed (figure 2). The
high plain or pre-Alpine zone, here called ZONE 1, has a flu-
vial and glacial origin and is principally composed of gravel
(Carraro et al. 2015). The low plain, hereafter ZONE 2, ex-
tends from the gravel deposits transition to the Adriatic coast;
the subsoil is composed mainly of silt and clay layers with in-
tercalations of sandy layers (Carraro et al. 2015).

3. Method

In this work, we simulate the 1D seismic site response of two
sectors of the Venetian Plain: the ZONE 1, representing the
pre-Alpine sector of the alluvial plain characterised by coarse
deposits; the ZONE 2, representing the alluvial plain sector
with sandy-clay formations (figure 2). We analyse different
sedimentary deposits with a wide granulometry range, which
cover an important breadth of different soil types.

In seismic engineering practice, the deep alluvial basin en-
vironments are usually represented with 1D geometry of hor-
izontal layering, allowing 1D seismic analysis. With STRATA
software (Kottke & Rathje 2009), it is possible to perform
stochastic seismic site response analysis with the equivalent-
linear approach (Kramer 1996), assuming horizontal soil
layer boundaries with an infinite lateral extension and ver-
tically propagating horizontally polarised shear waves (SH
waves).

In particular, STRATA code needs: (i) input motions (ac-
celeration time histories); and (ii) soil properties down to the
engineering bedrock: the V; profiles, shear-modulus (G) and
damping ratio (D) non-linear curves (Schnabel et al. 1972;
Idriss & Sun 1992; Boaga et al. 2012, 2013), and total unit
weight.

In section 4 we illustrate numerical simulations based on
the effects of the different type of gradients on 1D seismic
analysis. In section S we compare the results of a 1D seismic
site response with different gradients and real data collected
in the Casaglia site (figure 2). In this site, a borehole equipped
with two broadband seismometers (a deep and a surface sta-
tions) was available (Pesaresi et al. 2014).

4. Numerical simulations
4.1. Input motions

The seismic site response analysis requires the definition of
seismic input terms of acceleration time series. The wave-
forms can be previously recorded accelerograms belong-
ing to a seismic database, such as the European Strong

Motion Database. We select a target response spectrum con-
sidering the local probabilistic seismic hazard analysis of the
Veneto Region (Northern Italy). We adopt an average ex-
pected acceleration of 0.13 g with 10% of probability of non-
exceedance in 50 years for a return period of 475 years (Ital-
ian Seismic Hazard Map, Gruppo di Mappa di Pericolosita
Sismica [GdL MPS] 2004) (figure 3a). We use the Rexel pro-
gram (Iervolino et al. 2009) to select a set of one-component
real accelerograms. The research criteria consist of an upper
and lower tolerance, with respect to the target spectrum, of
30 and 10%, respectively, in a time range between 0.15 and
2 seconds. Three accelerograms are finally selected for our
simulation (figure 3b).

4.2. Definition of V profiles

‘We model the soil columns combining a detailed shallow V¢
profile (down to 30 m) obtained through geophysical surveys
and Vy gradients proposed in literature to model deeper lay-
ers in alluvial basins. These gradients are adopted when no in-
formation is available and an extrapolation until the bedrock
depth is required.

4.2.1. Shallow Vi profiles. To characterise the two sites of
the Venetian Plain (ZONE 1 and ZONE 2), some geophysi-
cal testing campaigns were carried out, including 31 MASW
and 36 Re.Mi. surveys. In figure 2 the blue squares repre-
sent the locations of the geophysical measurements. The re-
sulting 67 V profiles, down to 30 m, are plotted in figure 4.
From the plot, it is possible to clearly distinguish between
the higher V formations in ZONE 1, characterised by coarse
sediments, and the lower Vg in ZONE 2 where sand forma-
tions are prevalent. The different granulometric distribution
of the two study sectors are also confirmed by a deep explo-
ration boreholes log, close to the geophysical measurement
locations (red diamonds in figure 2), available on the VIDEPI
website (videpi.com). The average V; profiles for the ZONE
1 and the ZONE 2, marked by red lines in figure 4, match with
the velocity structure proposed in the Eurocode 8 (European
Comnmittee for Standardisation 2004) for gravelly and sandy
soils, respectively. The averaged Vj profiles enable construc-
tion of the first 30 m of the 1D soil columns representatives
of the two sectors of the Venetian Plain.

4.2.2. Deep Vs profiles. We model the deeper layers (below
30 m until the engineering bedrock) of the 1D soil columns
with Vg gradients found in literature. The velocity gradients
used in this study are meant to be used for generic deep al-
luvial basins, characterised by an average sedimentary cover
that, in terms of seismic velocity, is similar to the shallow
geological formations of the Venetian Plain. Seven different
gradients are selected that we will refer to as: EXP (Expo-
nential); PAR (Parabolic); SQR (square root trend); LIN
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Figure 3. (a) Seismic hazard map of Veneto region, Italy (Italian Seismic Hazard Map, Gruppo di Mappa di Pericolosita Sismica (GdL MPS) 2004,
modified). (b) The three-real selected accelerograms used as input motion in our stochastic 1D seismic site response simulations.

(linear); GEN1 and GEN2, (Generics) and HYP, (Hyper-
bolic). The adopted gradients can be subdivided in two cat-
egories. Gradients that do not include the bedrock depth pa-
rameter to model the V; profile (EXP, PAR, SQR) fall into
the first category. These gradients make it possible to define
the engineering bedrock at different depths, depending on
the selected gradient shape. Gradients that include the a pri-
ori information of the bedrock depth (LIN, GEN1, GEN2,
HYP) belong to the second category.

Considering the geological context of the Venetian Plain,
there is no evidence in the literature of the bedrock depth
in ZONE 1, while the ZONE 2 was recently investigated
by Mascandola et al. (2019), who mapped the engineering
bedrock of the Po Plain that represents the southern propa-
gation of the Venetian Plain (figure 2). On the basis of the
available information, we can model the soil columns of the
ZONE 1 with gradients belonging to the first category, while
the ZONE 2 is modelled with gradients belonging to the sec-
ond category, fixing the engineering bedrock at 400 m deep
(Mascandola et al. 2019).

The theoretical gradients used in this study are described
next. In equation (1), the v, parameter represents the Vj at
the ground surface (z=0).

EXP: Exponential gradient defined as:

Vi(z) =Vo(1+2)5 (1)

where x is an exponential coefficient controlling the de-
pendence of velocity with the depth z (0 < x < 1). This
equation holds for granular media only. Saturation level, fluid
pressure and cementation can affect the exponent x (Al-
barello et al. 2011). This is the most common form of the V;
gradients, used to model tectonic basins such as Lower Rhine
Basin (Germany) (Budny 1984). In particular, to better de-
fine the parameter x for ZONE 1, we use the value found by
Budny (1984) for coarse sedimentary cover, equal to 0.285
(yellow curve in figure Sa)

PAR: Parabolic gradient defined as:
V(z) =V, 0, (2)

where o, represents the total vertical overburden stress
(considering a constant value of the soil unit weight) and p
is a model parameter, generally varying between 0.1 and 0.3
(Andreotti et al. 2018). Equation (2) allows the modelling
of a parabolic profile of Vg and is proposed for sedimentary
basins by Santamarina ef al. (2001). To link this curve to the
shallow profile we set &, =20 kN/m?, which is the total unit
weight adopted for the 1D soil columns analysed in this study.
The p parameter is set to 0.15 (reference value as suggested
by Andreotti et al. 2018; red curve in figure Sa).

SQR: Vy as a function of the square root of the depth, in the
equation:

‘/S(Z) = VO ta Z (3)
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Figure 4. The 67 Vj profiles inferred from geophysical measurements in ZONE 1 (yellow) and ZONE 2 (blue). The red lines represent the mean Vj
profiles for the two zones, representative of the shallow part (0-30 m) of the soil columns.

where a is a constant (Guéguen et al. 2007). This gradi-
ent is considered as a polynomial variation with depth. This
equation represents a benchmark basin velocity model in-
ferred from borehole data in Grenoble Basin (France), an
Alpine basin with a maximum depth of more than 1 km. Itis
characterised by a Quaternary infill of coarse glacial deposits,
which in terms of velocity is similar to the sedimentary cover
of the high Venetian Plain. In our model, we set a equal to
19, which is a reference value taken from Guéguen et al. 2007
(purple curve in figure Sa).

LIN: Linear gradient, defined as
V(z) =mz+q. (4)

This is the easiest interpolation between the shallow subsoil
(Vg i) and bedrock (Vg . = 800 m s™!). This simplified
approach is currently suggested by the Italian Seismic Code
(2018) (figure 1). We obtain the linear coefficients with a
simple interpolation between the average shear-wave veloc-
ity at 30 m deep (Vg ;. =350 ms™') and the bedrock veloc-
ity at 400 m deep. This results in a slope of m = 1.21 and an
intercept of g = 313.51 m s™* (dashed red line in figure Sb).

GENI: The velocity gradient proposed by Régnier et al.
(2016)

z— 2z, \"
Vs(z) = Vs min + (Vs max Vs min) <Z _ ZO ) . (5)
2 0

This gradient is used to model simple soil conditions, where
Vs increase regularly with depth. Vg . and Vi are the ex-
pected minimum and maximum shear-wave velocities, z,, is
the depth of the shallower low velocity layer and z, is the
bedrock depth. The parameter a is an exponent set equal to
0.25, a reference value taken from Régnier et al. (2016). In
our model, z, is equal to 30 m, z, is equal to 400 m; V.- and
Vi max are equal to 350 and 800 m s™!, respectively (dashed
yellow curve in figure Sb).

GEN2: Generic Vg gradient

This relationship was proposed by Poggi et al. (2012)
for aseismic characterisation of the Alpine environment in
Lucerne Basin (Switzerland). The gradient equation is

z0— z

V@) = (Vemae = Vo) [ = @77 |+ Vi (6)

This equation, similar to GEN 1, adopts curvature coefhi-
cients, a and b, which in our model are set to 2.3 and 81.7, so
that the basement is reached at 400 m depth (dashed purple
curve in figure Sb).

HYP: Hyperbolic profile
This gradient represents the second Gibson model (Gibson
1967). The proposed gradient equation is

V() = Voy | ?)
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Figure 5. Velocity models adopted for 1D seismic site response for (a) ZONE 1 (case with unknown bedrock depth) and (b) ZONE 2 (case with

bedrock depth z, = 400 m).

where z, is the bedrock depth (in our case v, = 350 m s™*

and z, =400 m) (dashed green curve in figure Sb).

4.3. Stochastic 1D seismic analysis

The entire 1D soil columns with discretised layers are defined
to compute the seismic site analysis. We analyse the differ-
ent velocity profiles shown in figure Sa,b. The shallow layers
correspond to the average V profiles as indicated in figure 4,
while the deeper layers are obtained by discretising the Vg
gradient curves with 10-m thick intervals.

The non-linear soil properties are generally represented
with a shear-modulus reduction (G/G,,,, Vs shear strain)
and damping ratio (D Vj shear strain) curves. In our case, the
subsoil is modelled using the modulus reduction and damp-
ing curves as proposed by Idriss (1991) for gravel with a to-
tal unit weight of 20 kN/m? for the soil column of ZONE
1 (solid curves in figure 6a,b). The soil profile characteris-
ing the ZONE 2 is modelled with the non-linear curves as
proposed by Seed et al. (1986) for sandy silt with a total unit
weight of 19 kN/ m? (dashed curves in figure 6a,b).

Once the stratigraphic models are defined, a stochastic
analysis via Monte Carlo simulation is performed to consider
the local variability. The method consists of an iterative calcu-
lation of a deterministic model defined with a set of random
realisations. The input parameters are randomly generated
on the basis of previously defined probability distributions.

In this way, it is possible to simulate the sampling process of
areal population to consider the uncertainty of the measure-
ments. In our study, we randomize only the shallow V profile
in the first 30 m, considering the standard deviation inferred
from the statistical distribution of the 67 V profiles obtained
by in situ measurements (figure 4).

The variability of the shallow soil profiles adopted for
the stochastic analysis is displayed in figure 7 parts a,b,
which illustrate 100 V profiles randomly generated. Dur-
ing the simulations, the set of accelerograms described pre-
viously (shown in figure 3b) are used as the inputs at the
bottom of each soil column. Thus, we perform 300 Monte
Carlo simulations for each soil column (100 realisations for
each of the three acceleration time histories), for a total of
2100 simulations.

4.4. Results

The results, derived from the stochastic 1D seismic site re-
sponse analysis through Monte Carlo simulations, are pre-
sented in terms of surface acceleration response spectra (with
a damping ratio, &, of 5%), peak ground accelerations (PGA)
and Housner Spectrum Intensity (Housner 1952). This last
parameter is defined as

5,(8) = / " Sv(& T)dT. )

.1
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The time integral considers the area under the pseudo-
velocity response spectra S, over the period range T between
0.1 and 2.5 s, with a damping ratio (¢) of $%. This is an im-
portant parameter (expressed in cm), commonly adopted to
evaluate the seismic input energy and buildings damage ca-
pacity (Housner 1952).

STRATA software generates different outputs such as
the acceleration time histories and the response spec-

tra. The PGA and Housner Intensity are calculated a
posteriori.

The resulting spectral acceleration curves for ZONES 1
and 2 are shown in figure 8 parts a and b, respectively. They
are computed as the mean of all Monte Carlo simulations.
Each curve is normalised to the common initial value of spec-
tral acceleration, which is equal to 0.1 g. The response spec-
tra obtained from the simulation of the velocity gradients of
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ZONES 1 and 2 show significant amplifications in the pe-
riod range of engineering interest, with high amplifications at
low periods. The peak value of spectral acceleration increases
gradually from 0.64 g to 1.3 g for ZONE 1 and from 0.25 g to
0.48 g for ZONE 2.

It is possible to observe the same relative differences in
PGA values (figure 9). In particular, the values of PGA span
from 0.51 g to 0.68 g for ZONE 1 (figure 9a), and between
0.36 gand 0.45 g for ZONE 2 (figure 9b).

Figure 9 shows the Housner Spectrum Intensity values in-
ferred from the spectra for each velocity gradient adopted in
this study. The Housner Spectrum Intensities range between

1.1and 1.3 cm for ZONE 1 (figure 9c), and between 0.74 and
0.93 cm for ZONE 2 (figure 9d).

S. Comparison with real accelerograms

In this section, we compare the results of 1D seismic site re-
sponse and real data collected in Casaglia site where a bore-
hole was available (see location in figure 2). The borehole
is located in Po alluvial plain (the geological context called
‘ZONE 2’ in this study). The borehole reaches the Quater-
nary basement at 132 m deep. The sedimentary coverage is
represented by Holocenic alluvial deposits, varying from clay

220z Aeniged £z uo 1senb Aq 2£611.G9/L/1/6L/8101ie/eb]/woo dno-olwepeoe)/:sdiy woli pspeojumoq



Journal of Geophysics and Engineering (2022) 19, 1-13

Cascone et al.

Velocity (m/s)

100 200 300 400 500 600 700 800
0 T T T T T T T

MEAN PROFILE (ZONE 2)
LIN GRADIENT
GEN2 GRADIENT

20 -

Depth (m)

80

100 [

(a)

140 | 1 1 1 1

900

~  x10%
o~ T T
w
€ 1FPeA353 g-0o FERB1
&
20 S WIWW
@
g
@ _
() _
g ! i .
30 40 50 60 70 80

Relative time (s)
%10

PGA: 1.02 5

T T T

0GO010 |

-

¢)
30 40 50 60 70 80
Relative time (s)

Acceleration (m/s?)

—~ x10°
R ' 06 [ :
% [ pGA: 634 ¢ o] |
=
£ o} :
©
o
[ I
g-1|(d) . ! | |
<

30 40 50 60 70 80

Relative time (s)
%1078
1+ PGA: 9.72 0 [ GEN2 GRADIENT | -

Acceleration (m/s®)

30 40 50 60 70 80
Relative time (s)
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station located at the top of the borehole (OG010); (d) simulated accelerogram inferred from a linear gradient LIN and (e) simulated accelerogram

inferred from an exponential gradient GEN2.

to coarse loose sand poorly compacted. The site can be classi-
fied as soft soil, according to cross-hole and down-hole mea-
surements by Pesaresi et al. (2014).

On the basis of this specific stratigraphic information until
132 m deep, we model the 1D shear-wave velocity structure.
The first 30 m are modelled with the mean Vg profile that
characterise ZONE 2 (figure 4). The engineering bedrock
depth is assumed to be at 132 m, as suggested by the strati-
graphiclog, so the deeper velocity structures are extrapolated
with LIN and GEN2 gradients (equations (4) and (6)). The
Vs profiles adopted for seismic site response are shown in
figure 10a.

The borehole was equipped with two broadband seis-
mometers, one at the surface (OGO010, a Lennartz velocime-
ter) and the other at a depth of 135 m, within the Quater-
nary basement (FERB, a Guralp CMG-3TB seismometer).
The available recorded waveforms refer to an aseismic event
that occurred on 12 February 2013, with M; = 3.8 and an
epicentral distance of 170 km (Pesaresi et al. 2014). The
east-component waveforms (expressed in m s™') are con-
verted in accelerograms and are shown in figure 10b and ¢,
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with their corresponding PGAs. It is worth noticing that the
PGA recorded by the borehole station is smaller than the one
recorded by the surface station, due to the soft layer amplifi-
cation of motion.

To compare different Vs gradients, the waveform recorded
by the borehole station was used as input motion for the
1D seismic site response computed with STRATA soft-
ware. Figure 10c and d show the simulated accelerograms
for the LIN and GEN2 gradients. The computed PGAs
are also displayed. As expected, the linear gradient LIN
(as suggested by the norms) underestimates the amplifi-
cation effects, with a variation of the amplification effects
of 43%. On the contrary, the synthetic accelerogram com-
puted with the non-linear gradient GEN2 is characterised
by a PGA value similar to the real ones recorded at the
surface.

6. Discussions and conclusion

In this study, we compute the 1D seismic site response of
two sectors of the Venetian Plain, where deep V profiles are
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unknown, adopting several shear-wave velocity gradients
found in literature. Our study demonstrates how the choice
of the velocity gradient curves has a significant impact on
the seismic site response in terms of PGAs, Spectral Accel-
erations and Housner Intensities. These three parameters are
fundamental for strong ground motion prediction and they
are the most adopted in engineering aseismic design. We con-
sider two sectors of the Venetian Plain: ZONE 1 with gravel
formations and an unknown bedrock depth and ZONE 2
with sandy-clay formations and a known bedrock depth.

In ZONE 1, where the bedrock depth is unknown, the
choice of the velocity gradient determines the engineering
bedrock depth, ranging between 60 and 180 m (figure Sa).
In this case, the different results depend mainly on the vari-
able thickness of the soft sedimentary layer, which is excited
by the seismic input during the simulation. In particular, it
is possible to observe a decrease in the amplification effects
with the increase of the bedrock depth. The results related to
the EXP gradient (equation (1)) present the highest ampli-
fications, being in these terms the most conservative for the
prediction of the seismic action (figures 8a and 9a,c).

In ZONE 2, where the bedrock depth is known, the soft
soil column has a constant thickness of 400 m, but the shape
of the velocity profiles between the 30 m and the engineer-
ing bedrock is significantly different (figure Sb). In this case,
the stochastic simulation based on the use of different veloc-
ity gradients shows differences up to 20%. The smaller site
response is associated to the LIN and HYP gradients (equa-
tions (4) and (7)), characterised by lower values of V, e.g.
softer soils (figures 8b and 9b,d). The softer sites are able to
accumulate larger strains and experience more damping. In
particular, considering the case of a thick soil column, the
damping is much more pronounced; thus, in this condition,
the attenuation phenomena become dominant (Boaga et al.
2015).

Keeping a conservative approach for seismic design, it ap-
pears more appropriate to model the soil column with GEN1
or GEN2 gradients (equations (5) and (6)), which allow us
to obtain the highest values of PGA, Spectral Acceleration
and Housner Spectrum Intensity.

We evaluate the effect of the V gradient choice also con-
sidering real seismic data recorded at 135 m deep and at the
surface in a borehole located in the Po Plain. In this way, we
investigate the site amplification of the sedimentary columns
between the down-hole and surface station, modelled with
different types of gradients. The linear gradient method (as
suggested by several seismic design norms) here again under-
estimates the seismic site amplification, while the non-linear
gradient GEN2 reliably estimates the site amplification ef-
fect (figure 10a,d,e). This experimental study case confirms
the importance of choosing an appropriate gradient in allu-
vial plains for an estimation of seismic effects. However, the
only available accelerograms for the 1D seismic site response
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analysis of Casaglia site are characterised by small accelera-
tion values, thus it could be difficult to establish the real im-
plication for a structural aseismic design.

To avoid estimation errors induced by an arbitrary choice
of the velocity gradient, the regional deep basin structure
should be determined through deep geophysical investiga-
tions (e.g. seismic reflection surveys, passive surface wave
techniques, etc.). When these seismic surveys are not logis-
tically possible, it seems more appropriate to model the soil
column with the Vg gradient which allows obtaining the most
conservative approach, i.e. stronger seismic ground motion.
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SEISMIC SITE RESPONSE ANALYSIS WITH DIFFERENT VELOCITY GRADIENTS

V. Cascone, J. Boaga
Dipartimento di Geoscienze, Universita di Padova, Italia

The distribution of shear-wave velocities in depth is a key parameter to evaluate amplification
effects in region characterized by a shallow subsurface structure with soft sediments overlying
much stiffer layers. The study demonstrates that the type of velocity gradient is crucial for
seismic site characterization.

In alluvial basins (or valleys), layers can cause resonance of vertically traveling shear-waves
at specific frequencies.

Site response analysis of a one-dimensional soil column 1s usually computed using linear
wave propagation with strain-dependent dynamic soil properties. This is commonly referred
to as the equivalent-linear analysis method, computes by computer program such as SHAKE
(Schnabel e7 al., 1972) or STRATA (Kottke and Rathje, 2008). These programs compute the
response of vertically propagating, horizontally polarized shear waves propagated through a
site with horizontal layers. In this contest, the soil profile consist of discrete layers that vary
in thickness. Each layer 1s characterized by mass density, shear-wave velocity and non-linear
properties.

The upper 30 meters of the subsoil, very important for strong motion related studies, have
always a well defined velocity structure. However when the engineering bedrock (Vs=800m/s)
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reaches depths greater than 30 meters the velocity structures are extrapolated, commonly with
linear gradients.

The choice of a linear gradient represents a simplified approach. and is the most common
case treated in literature. A most realistic choice could be represented by velocity gradients
which follow an exponential function. (Kaufman, 1953).

One of the base equations used to obtain the distribution of shear-wave velocity (vs) in depth
(z) 1s given by the following expression:

vs(z2)=v (1+2)* (D

Where:

- v, - surface shear-wave velocity

- x: dependence of velocity in depth. x € ]0,1[, which holds for each z=0

This equation holds for granular media only, i.e., for media such as sands. In real cases,
saturation level, fluid pressure and cementation (besides variations in form of sedimentation or
exhumation) can significantly affect the exponent, which control the dependence of Vs on the
depth.

It is possible to find a consistent number of velocity gradients in literature, which follow the
equation (1).

In this study we collect the

Velocity(m/s) velocity gradients obtained for
200 400 600 800 1000 1200 different alluvial basin such as the
e e Lower Rhine Basin (Germany)
— Boore & Joyner (1997) (Budny, 1984; Hinzen et al., 2002;
e cletE (2002) Ibs-Von Seht, 1996; Parolai ef al.,

e Budny (1984) - 50 . .
Ibs-Von Seht (1396) 2002) or other region characterized
i fee chiet) by widespread sedimentary cover

(Boore et al., 2003).

100 For the upper 30 meters of the
subsoil we consider a mean shear-
wave profile composed by seven

1 150 layers with typical properties
~ of a sand deposit. Below the 30
£ meters we consider different type

200 § of exponential gradients found in

literature and the linear gradient.
The linear gradient is built assuming
250 a seismic bedrock reaching a depth
of 370 m (Fig.1).

We perform simulations for each
300 type of gradient using STRATA
program, performing site response
analysis in the frequency domain
- 350 using time domain input option (the
, , accelerogram of Friuli Earthquake,
Fig.1 - Velocity Gradients which follow the linear and exponential 6/5/1996, Mw: 6.5). In Fig2 are
functions. shown the acceleration spectra

obtained for each velocity gradient
in Fig.1. We want to focus our attention on two points: first of all, there are differences for the
maximum values for spectral acceleration. Moreover, the different bedrock depths (given by the
threshold of 800 m/s) influence the spectral response.

In general, the type of velocity gradient is of paramount importance for ground response
analysis and, consequently, for seismic hazard assessment.
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The characterization of seismic site response represents one of the most important issues of seismic hazard assessment and risk mitigation planning. Characterizing the site
conditions involves the measurement of several soil properties such as the shear-wave velocity (Vs), density and damping properties as a function of depth. Therefore, most
of the site-effect studies in earthquake ground motions are based on the properties of the upper 30 meters and the anti-seismic building codes propose in most cases a
simplified analysis based on shear wave velocity of the shallow subsoil. From a seismological perspective, the upper 30 meters would almost never represent more than 1%
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In this work we try to investigate the generic case of deep alluvial basins. We consider the shallow subsoil as characterized by several in-situ tests in northern Italy. We
extrapolate the deeper soil structure considering different literature velocity gradients obtained for deep basins in different geological contests: tectonic basins (Lower
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study demonstrates how relevant can be the role of velocity gradient choice for the ground response scenario. Starting from the same shallower Vs structures, the
computed seismic motion at surface can present variation in the order of 50% varying the velocity gradients in depth. The results are of relevant interest for the analysis of
seismic hazard in the deep alluvial basins environments, which host the main urban areas around the world.
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(A) INTRODUCTION

The distribution of shear-wave velocities in depth is a key
parameter to evaluate amplification effects.

The shallow subsoil, very important for strong motion related
studies, has often a well defined velocity structure, inferred from
different geophysical surveys. However when the engineering
bedrock (Vs=800mvs) reaches high depths, the velocity structures

(B)METHOD

In this study we collect the velocity gradients obtained for different
alluvial basins (see references in Figure 1). All of these authors follow
the base equations used to obtain the distribution of shear-wave
velocity (vs) in depth (z):

= +Z)x
are extrapolated, commonly with linear gradients. Vet
The choice of a linear gradient represents a simplified approach, . VB SRR vk
and is the most common case treated in literature. A more realistic - x: dependence of velocity in depth. x & 10,1[, which holds for each z20
choice could be represented by velocity gradients which follow
exponential functions. (Kaufman, 1953). We perform simulations for each type of gradients (including the linear
one) using STRATA program, performing site response analysis in the
The type of velocity gradient is crucial for seismic site frequency domain using time domain input option (the accelerogram of
characterization. Friuli Earthquake, 6/5/1976, Mw: 6.5).
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Seismic monitoring with low-cost MEMS sensor arrays in Italy
Introduction

MEMS (Micro-electro-mechanical Systems) devices are highly enabling technology with a huge
commercial potential. MEMS accelerometers have dimensions on the order of microns and are made
directly on a silicon substrate. In the 90’s, MEMS sensors revolutionized the automotive airbag system
and are today widely used in smartphones, game controllers and so on. Thanks to the great commercial
success, the research and development of MEMS technology actively continues all over the world.
(D’Alessandro et al., 2014, Lawrence et al., 2014). Moreover, thanks to their versatility, these
accelerometers are used in a wide field of science, including the seismological one (Boaga et al., 2019,
D’Alessandro et al., 2019).

The recent technological development in the field of MEMS sensors can greatly reduce the per-stations
costs (two order of magnitude lower than the typical broad-band seismic stations) (Cochran et al., 2012).
An efficient seismic wavefield recording is achieved if a seismic network has sufficient sensors dynamic
range, frequency response and spatial resolution (Evans et al., 2005). The first two aspects can be
tackled by the installation of modern seismographs with very large dynamic range (> 120 dB) and
broadband response (107* to 10> Hz). Although the higher resolution of modern broad-band and force-
balanced seismic stations, the spatial sampling is limited by the number of sensors installed. The high
costs associated with the construction and installation of traditional seismic stations don’t allow the
realization of dense seismic networks.

Thanks to their low cost and small size, MEMS accelerometers could allow to build seismic network
constituted by high density of observation points, improving the spatial sampling of wavefield
recording. Moreover, these sensors can be easily installed in urban centers and they could provide
immediate alert and post-earthquake information, summarized in maps of ground motion parameters
(e.g. shake maps).

Recently, moderate to strong earthquakes were collected worldwide by MEMS sensors arrays
(D’ Alessandro et al, 2014). The sensitivity and dynamic range of these sensors are such as to allow the
recording of earthquake of moderate-to-strong magnitude events even at distances of several tens of
kilometers (Evans et al., 2005). However, the potential of such technology is far to be fully explored.
This study aims to investigate the performance of new prototypes of MEMS sensor, a multirange tri-
axial accelerometer, with high sensitivity and high digital resolution. Moreover, we introduce two
seismic networks based on MEMS technology installed in Italy.

Method

The MEMS sensors prototypes, used in this work, integrate a three-axis digital accelerometer. They
have a sampling rate of 250 Hz; a dynamic range of +4g and a noise density of 25 pg/\Hz.

The continuous recordings are stored in a SD Memory up to 64Gbyte which is reset every 4 months.
The available storage formats are miniSeed, binary 24-bit and csv.

The MEMS sensor prototype was tested in laboratory under excitation of sweeping waves for a
calibration with a shake table (Figure 1a), with a frequency range between 0 and 100 Hz and a maximum
and minimum amplitude of = 0.2 m/s?. The calibration is made with a laser sensor which allows accurate
measures in a range of 400 mm and a resolution of = 2.54 nm. The MEMS sensor prototype results in
very good agreement with the laser motion reference of the shake table (Figure 1b). We made a self-
noise test by placing the MEMS sensor in a laboratory far from noise sources, and recording for 30
minutes. The Power Spectrum Density of the continuous recording ranges between -80 dB and -60 dB
in the frequency band of 0.1 — 10 Hz. These results suggest that the MEMS sensor prototype analyzed
in this study is capable of recording local events with magnitude > 2.5 in the frequency range of 1-10
Hz (Hong, 2016)
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Figure 1: a) Shake Table apparatus with the co-mounted laser and the MEMS sensor prototype
analysed in this study. b) Comparison of the sweeping wave recordings by MEMS and laser (red and
black signal respectively)

Two MEMS sensors distributed arrays were installed in 2019 and cover two seismically active zones
in Italy, characterized by a notable seismic risk (Figure 2). The first selected area, shown in the left
panel of Figure 1, is the southern Alps front (Northern Italy). This pede-mountain area has been hit by
strong historical and instrumental earthquakes, associated with the south-verging thrust faults (Rovida
etal., 2011). The second MEMS sensors’ array was installed in Central Italy (Right Panel in Figure 2)
The main seismic events are associated to the faulting in the Umbria-Marche Apennines, affected by
intense Plio-Quaternary extensional deformations. This sector was stuck by several seismic sequences
in the last decades, such as the Gubbio-Colfiorito (1997-1998), and Amatrice-Visso-Norcia (2016)
seismic sequences (Michele et al., 2016).
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Figure 2: a) Maps of the MEMS sensors’ array in Northern Italy and b) in Central Italy (red diamonds).
The broad-band stations belonging to the RAN network are indicated with green diamonds. The
recorded seismic events are displayed with different symbols on the basis of their seismic energy (Pink
stars: My < 2.0, small sized yellow stars: 2.0 < M <3.0, high sized yellow stars M > 3.0).

The MEMS sensors are located inside telecommunication buildings and are fixed to the ground with
screw and plugs. The continuous recorded waveforms can be downloaded and processed in real-time.
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It is worth notice that several MEMS sensors are located close to broad-band seismic stations belonging
to the National Accelerometric Network (RAN — Rete Accelerometrica Nazionale) managed by the
Italian Civil Protection authorities (green diamonds in Figure 2).

In a period between January 2020 and March 2021 the MEMS sensors’ arrays were able to record 20
local seismic events, with a 1.7 < M, < 4.0. Their epicentres are plotted in Figure 2 (Pink stars: Mg, <
2.0, small sized yellow stars: 2.0 < M; <3.0, high sized yellow stars My > 3.0). The enucleations depths
of the recorded seismic events range between 7 and 11 km.

For earthquakes with My > 2.5 it is possible to download under request the seismic data collected by
RAN accelerometric network. Thus, a comparison of the ground motion parameters (PGA and Spectral
Acceleration) obtained from MEMS sensors and the high-quality stations of the RAN is made. In Figure
3 we show an example of the comparison between RAN and MEMS sensors’ data (blue and magenta
curves, respectively). For this example, we consider a seismic event, occurred on 28th January 2020,
ML= 3.3. Its epicenter is indicated in Figure 2 with a red circle (event-MEMS sensor distance equal to
56 km). The comparison was made considering the three components of the sensors.

The time series show comparable values of PGAs, and the shape of the normalized Spectral
accelerations are very similar.
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Figure 3: Comparison of the strong motion parameters (PGA and Spectral Acceleration) inferred from
MEMS senor and broad-band stations (magenta and blue curves, respectively). The considered seismic
event is indicated in Figure 2, within the red circle.

Conclusions

In this study we evaluate the suitability of a new prototype of low-cost MEMS sensor to detect
seismicity. The sensor shows a good performance on a calibration experiment on a shake table
apparatus.

The two arrays of MEMS accelerometers installed in Northern and Central Italy were able to record
local seismic events. In particular, these sensors were able to record small magnitude seismic events,
lower than a local magnitude of 2.0. We demonstrate in fact that this new MEMS sensor prototype can
reach efficient performance for the detection of local seismicity with My > 1.7 at epicentral distances
lower than 10 km. These sensors are able to record also earthquakes with a My of 3.0 at epicentral
distances in the order of 30 km.

The fundamental strong motion parameters (PGA and Spectral Acceleration) inferred from the
accelerograms recorded by MEMS sensors, are comparable with the ones inferred from the broad-band
seismic stations (the seismic data of the RAN network can be downloaded only for seismic events with
M. > 2.5). These parameters represent practical indexes to describe, at a particular site, the degree of
shaking. They are critical also for seismic design of engineering structures. Thus, a denser seismic
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network built with low-cost MEMS sensors (also installed on the urban centers), can improve the
seismic wavefield recording. Moreover, it could provide immediate alert and post-earthquake
information. In possible future developments, these MEMS stations will be located inside strategic and
sensitive buildings (i.e. characterized by high vulnerability and exposure) such as schools, hospitals,
public buildings and places of worship. The impact of a strong earthquake on an urban center can be
considerably reduced by an emergency management center, through timely and targeted actions.

We remark that networks based on MEMS sensors cannot substitute the information broad-band
seismometers, especially for weaker events. On the other hand, considering the quick industrial
development of MEMS technology, in the next future these sensors could integrate the existing strong-
motion networks.
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