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Abstract

The researchactivities conducted in this thesis contributes, through the application of geophysical
techniques, to the mitigation of seismic risk with the twofold objective of studying the interaction between the
urban subsoil and the overlyuilt heritage and caying out a modal characterisation of a strategic
infrastructure. The former objective was pursued by producing a map of the doulslieusibilre resonance
levels of the Matera urban area, while the latter was achieved by setting up and applying aivenmonat
methodological geophysical approach on the Gravina Bridge.

As part of the first study, | performed 230 singtation ambient seismic noise measurements on the main
lithologies (134) and on the main typology of buildings (96) in reinforced cen¢RC) and unreinforced
load-bearing masonry buildings (URM) of the Matera urban area. The ambient seismic noise recorded on the
soil 12 min time duration and on buildings 14 min time duration was recorded with a compact digital
seismometer and procesagzing a norreference site method, the Horizontadvertical noise spectral ratio
technique, HYNSR. The measurements taken on the ground and buildings allowed the resonance frequencies
and relative amplitudes of the fundamental peaks of the soil andlgheldstic frequency of vibration of the
buildings to be estimated. A deterministic interpolator (Inverse Distance Weight, IDW) was used in GIS
environment to derive the idoequency and isamplitude maps of the urban area by using as variables the
reonance frequencies and amplitudes of the soil HV ratios. A linear perioeight relationship for the
buildings was derived from the experimental results, allowing the fundamental elastic frequency to be
estimated for all buildings in the study area. iAtersection approach between soil and building frequency
bands was used for the first time to derive a map of doublstsadture resonance levels in the linear elastic
domain for the whole urban area. Matera represents an important case study salastithérequency of
vibration for most of the buildings is quite close to that of the foundation soils. In the study area, 21% of the
buildings show a high susceptibility to the effect of doublelswilding resonance, 63% of the buildings could
be chaacterised by a medium level of double resonance, while 16% could exhibit a zero or very low resonance
level. The proposed approach also makes it possible to locate the areas of the city characterised by these
different levels of double resonance. Therefahe first part of the thesis work provided a contribution in
assessing the sdil structure interaction effect (SSI, influence of built structures in modifying the ground
motion during earthquake shaking) between urban soil and all the overlying bsiilditng city of Matera by
characterising all the foundation soils of the urban area and all the overlying buildings.

A geodatabase, the CLARA WebGIS portal (available at this link: https://smaricitésra
clara.imaa.cnr.it/), for storing and sharifgetdata and results collected during my PhD activity has been
implemented with 488 prexisting geological, geotechnical, geophysical data. CLARA WebGIS is the first
useful tool for predicting which and how many buildings could suffer higher damage theedouble soil
building resonance effect and is the first openglatform that shares the results of the doublelsdiiding
resonance from experimental data for an entire urban area. CLARA WebGIS addresses a wide range of end
users (local administrats, engineers, geologists, etc.) as support for the implementation of seismic risk
mitigation strategies in terms of urban planning, seismic retrofit, aneepasiquake crisis management. The
knowledge of the spatial distribution of the site effectsdifimations of the ground motions due to changes
in the shallow geological layers) in terms of amplification effect, the primary characteristics of buildings, and
of soil-building resonance levels estimations, a tpag objective have been achievéjithrough CLARA's
WebGIS every citizen is aware of the characteristics of buildings and foundation soils, so this knowledge
makes each individual citizen more resilient to the effects of a seismic event; (ii) preventing the potential losses
in economic andocial terms; (iii) reducing recovering phase time to facilitate the return of the urban system
to equilibrium preexisting conditions.

A deepening of this first study was made by specialising the linear gezigtt relationship derived from
the experirental results as a function of the construction typology and foundation soil for unreinforced load
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bearing masonry buildings (URM) founded on rigid soil (Gravina calcarenite characterised by flat HVYNSR
curves). This relationship is more representativéi@fcondition of a fixedhase masonry building. Variations

in the dynamic response of masonry buildings due tefeoiidationstructure interaction at urban scale can

be evaluated by simplified analytical approaches based on the traditional cotbatiemscillator model and

on simplified assumptions about the geometry and mechanical properties of the soil and foundations. The
experimental periotheight relationship for URM buildings founded on Gravina calcarenite were integrated in

a simplified analyticalprocedure extended to complex and more realistic stratified soils and irregular
foundation geometry. The modified simplified procedure were applied at an urban scale to predict the
fundamental period of seven masonry buildings studied in the historie céMlatera, for which all soil and
structural data necessary for the analytical model were available. The comparison of the fundamental periods
obtained with the three approaches, traditional, simplifiedlified, and experimental, shown that the adoptio

of the simplifiedmodified approach significantly improved the agreement between the experimental and
analytical periods. This part of the thesis work therefore appears promising to encourage an extended
application of the analytical and experimentahtgques to other historic urban area characterised by similar
characteristics of the built heritage and soil stratification.

In the second study of the thesis, has been implemented anmetittbdological approach that allowed to
estimate the main modal gganeters of the Gravina bridge by analysing short duration ambient noise signals
(less than two hours) recorded by loast and notinvasive sensors and by performing dynamic tests. The
Gravina is an arch bridge located on outcropping limestone in thefciatera and spans 144 m along a
steelconcrete deck suspended by two tubular steel arches. Ambient seismic noise was recorded using two
acquisition configurations on the deck and inside the arch. The noise signal data were processed by applying:
the stadard spectral analysis (FFT), to examine frequencies and energy content distribution, a spectral ratio
method with reference station, the Standard Spectral Ratio (SSR) technique, to check and validate
eigenfrequencies, the Operational Modal Analysis (OM#&gthnique, i.e., the Frequency Domain
Decomposition (FDD) method, to derive eigenfrequencies and mode shapes, and a seismic interferometric
method, the Ambient Noise Deconvolution Interferometry (ANDI), to derive the propagation velocity of
ambient noisén the infrastructure. Six eigenfrequencies have been estimated on the deck. The examination of
the energy content distribution played a key role for the interpretation of the mode shapes. The variation of the
eigenfrequencies of the infrastructure witk geasons as a function of temperature (°C) were monitored: the
frequency variations are less than 5% and the behaviour of the structure do not exhibit degradation since the
Gravina Bridge is a newly constructed road infrastructure. Deconvolution integagohas been applied on
the ambient noise signals recorded on the deck deriving the wave propagation velocity on the infrastructure.
The results presented showed that the ANDI method is sensitive to the distribution of infrastructure stiffness.
The multirmethodological approach used in this part of the thesis is promising for (i) evaluating the behaviour
of standard structure like buildings and critical infrastructure like a bridge at different scales (global and local),
(i) examining variation of eigenéquencies, mode shapes and ambient noise waves propagation velocities as
a result of aging, degradation, and/or occurrence of potential damage, (iii) controlling and validating outcomes
comparing the results obtained from different techniques, (iv) stipgpat an early stage as a quick, fion
invasive, lowcost tool applied without either diverting, blocking the traffic flow, or stopping the infrastructure
service.



Introduction

In this thesis work, geophysical techniques were applied to monitor the urban environment. Specifically,
the soilstructure interaction between the foundation soils and the overlying buildings of the urban area of the
city of Materawerestudied, and the adal characterisation of the Gravina Bridge was performed through a
multi-methodological geophysical approach.

The first chapter is dedicated to the definition of models for characterising the seismic response of the
soil. The discussion attempts to set themodelsfor the qualitative prediction of expected seismic motion at
a site under scalled freefield conditions (in the absence of building) this section, theoretical solutions
related to increasingly complex geotechnical subsurface modelpresented A quick but necessary
discussion of site effects is proposé&de built heritage represents an extremely important element in the urban
areas, therefore models for characterising the structural response of structures and models for af@racterisi
the soitstructure interaction effect are discussed.

The second chaptemresentgyeophysical methador estimaing local seismic amplificatiof the soll
and structural response of buildings in the eldst®ardomain Horizontatto-Vertical Noise RatigHVSR),
and Standard Spectral Ra{ieSR. Among the geophysicéchniquesised to characterise a structuttes
chapter will discuss an Operationl Mddanalysis techniquethe Frequency Domain Decompositjon
introduced byBrincker et al. (2001)). It is auserfriendly technique for the modal identification of outgrily
systems, i.ein the case where the modal parameteed to bestimated without knowing the input exciting
the systenwill be discussedIn addition, | will discuss a seismic interferometry technique, deconvolution
interferomety (e.g, Snieder and Safak, 2006 a mehod based on the comparison of recordings of the same
impulse at different locations providing the propagator between the two locations. This technique is gaining
popularity due to the possibility of deriving the modal parameter propagation velocitgoofled signals,
noise, or earthquakes, in the structures where it is applied

In the third chapter a dudy for the seismiccharacteriation of the urban soils together with the built
environments presented, with holistic visiorto mitigate seismic risk othecity of Matera In the framework
of the CLARA project (CLoud plAtform and smart underground imaging for natural Risk Assessment), funded
by the Italian Ministry of University and Research, the interaction effettveen near surfaceaegy and
all overlying buildingshavebeen evaluated in the city of Matera (Southern It&8] Singlestation seismic
ambient noise measurements performed on the main lytoldgiésand on thenmainbuilding typologieg96)
allowed estimating thtundamental frequency of urban soils and the first vibrational frequency of buildings.
The results and all the collected dakeere digitally archived in CLARA WebGlSavailable at this link:
https://snartcitiesmateraclara.imaa.cnr.ij) CLARA WebGIS is a useful tool to share thain resultslerived
from the intersection ddll geophysical and engineering dat@sentedn this chapter(1) the estimation of
fundamental resonance frequency for all urban soils; (2) the main vibrational frequeneiébdddings in
the urban areaf Materg which have been estimatdtbm the height of each building and using the
experimental periothieght (T-H) relationship derived faheambient vibration measurements int86ldings
of the city, (3) the resonance effect of each building with respect to the relative foundation soil in the linear
elastic domain, evaluated by means of matching thetiral frequencies of the buildirgjock as a whole
with the interpolated frequencies map of the underlying $b# results of this part of the thesis have been
publishedn peerreviewed scientific journglGallipoli et al., 2019; Tragni et al., 2019 2021).

The second study presented in thisd chapter validates a multidisciplinary approgamngineering and
geophysicalapplied to several masonry buildings in the urban centre of M@@a@ et al., 2023. Since
ambient noisemeasurements were performed on both the subsoil and the buikligshe principal
geotechnical characteristics of the foundation soils havededunatedit was possible to compare the period
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values obtained from the simplified analytical procequamposed byPiro et al., 2020with the experimental
ones carried out in this thesis workhe analytically calculated frequencies are in good agreewitmthe
experimental ones.

In_the fourth chapter, the Ambient Noise Deconvolution Interferometry (ANDI) technique and the
Frequency Domain Decomposition (FDD) were used to charsethe mairmodalproperties of the Gravina
Bridge (eigenfrequencies, mode shapes and propagation velocities) using ambient vibration recordings. This
bridge is located in Southern Italgearthe city of Matera and ia 144m longbow-string bridge with an
isolation systenatits base, founded on outcropping calcarenite. The estimation of the main eigenfrequencies
and mode shapes was done &y Operational Mdal Analysis OMA using the FDD method. The
interferometric seismic approach was also applied to evaluate the de@shwalve fields and estimate wave
propagation velocities along the main directions of the §Edgni et al., 2023.
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Chapter 1. Seismic characterisation of the built environment

1.1 Models for characterisingthe seismic response of the soil

Site effects result in both locaimplificationsdue tolitho-stratigraphic and morphological conditioasd

ground instability phenomena (e.gollapse, and sometimes in movement of large masses of soil incompatible
with the stability of structures, liquefaction, active and capable faults, differential soil subsidences, etc.). From
a strictly physical point of view,anzo and Silvestri, 199%efine the site effect (or local seismic response)

as the set of changes in amplitude, duration, and frequency content, that the incoming wave field, that is the
seismic motion related to a bedrock formation fRg. 1.1), undergoes as it passes througloveelying soil

layers to the surface (S). In fact, definthg phenomena of modification of the seismic motion characteristics
only in terms of maximum amplitude changes may not be enough if changes in frequency content are not taken
into account; indeedince the soil acts as a filter, it precisely increases the amplitude of the ground motion at
some frequencies, thus triggering thecatled local seismic amplification, and reducing oradeplifying it

for others, depending on many parameters. Theesxistof unfavourable site and soil conditions that can
stress even very wetlesigned structures to withstand strong earthquakes, now well known in both the
scientific and technical communities, can cause spatial variability in earthimohlaed damage dreffects.

Site effectcan play an important rofer damage to buildings and thus to humans, both because of the local
amplification of seismic actions transmitted by the ground, and because double resonance phenomena can also
occur between the vibratiomodes of the soils and those of the structure, i.e., whenever the oscillation
frequency of a building is very close to the resonance frequency of the foundation soil. The effects of local
geological conditions on building damage were noted as early dstateports during his mission to the
territories affected by the Basilicata earthquake of 18%alét, 1862). Lanzo and Silvestri(1999 pointed

out that the analyses of the effects on soils and buildings produced by the Irpinia earthquake of é8&@Nov

23 (M = 6.9)had anextreme variability of the level of damage in relation to the uneven morphological and
stratigraphic conditions of the subsdiifpa and Vinale, 1983. Following the earthquake of September 19,

1985 (M = 8.1), Mexico City suffetkvery severe damage due to the phenomenon of amplification of seismic
motion due to the peculiar geotechnical characteristics of the soils covering the valley on which the city is
founded, despite the city was located hundreds of kilometres away frozpitemtre Celebi et al., 198Y.

Following the Loma Prieta (San Francisco, California, USA) earthquake of October 17, 1989 (M = 7.1),
numerous examples of the influence of local conditions on seismic motion have errergedmpleSeed

et al., 1991showed that the peak acceleration values recorded at two accelerometer stations, Treasure Island
and Yerba Buena, located at the same distance from the epicentre of the earthquake were completely different.
Specifically, the value recorded at the Treasurentbkstation, whose subsurface consisted of a layer of soft
soils resting on a rocky substrate, was found to be three times the recorded value at the Yerba Buena station
located on an outcrop of the same substrate matedalagh and Shakal(1991) verified that as the intensity

of the earthquake increased, the natural frequencies and maximum amplification factors of the Treasure Island
deposit decreased, further confirming the impact of nonlinear soil response on seismic signal modification.
Furthe destructive events (Friuli 1976, Armenia 1988, Iran 1990, Philippines 1990, Northridge 1994, Kobe
1995, UmbriaMarche 1997, Kocaeli and Duzce, Turkey 1999, Athens 1999, Gujarat 2001, Sumatra 2004,
Kashmir 2005, L'Aquila 2009, Haiti 2010, Central ItalylB&017, Afghanistan 2022), showed that the most
severe damage was observed where particular site effects ocduartled.context of the evaluation and study

of site effects, great advances have been made by the world of reBeaxcét al. (2019 proposed a multi

step procedure for ground motion prediction in Be
prediction equations and instrumental transfer functi®desizzi et al.(2016 presented a procedure to provide
practitioners chargedof seismic microzoning studies of a tool for assessing and quantifying seismic
amplification phenomena induced by the local h#tatigraphic configuration that could be applied in
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developing countries low seismicity areas or where extensive accelaoota¢tibases are lackirfgamingo

et al. (2018 examined the seismic performance of a building damaged by the 26 December 2018 earthquake
in Italy, focusing on the role of soil in the structural respomdascandola et al.(2020 presented a
methodologymtended for seismic microzonation studies and regional probabilistic seismic hazard assessments
that account for site effects, aiming at the selection of accelerometric time histories as input for dynamic
response analyses over vast arédsri et al. (2020) derived a largescale Vs30 map for Italgtarted
integratinga large amount of data from the Italian seismic microzonation dafesedzzi et al.(2021)

proposed the possible use of equivalent homogeneous subsoil models for 1D seismic responsénanalyses
seismic microzonation studieBalcone et al(2021) proposed a methodology to perform seismic site response
analyses at national scale in Italy based orsgigific microzonation dataset and afimensional numerical
approachGjorgjeska et al. (2022) proposed a mukinethod approach for seismic site characterizatiban

and Zulfikar (2022 performed a smakcale parametric study of several @wmensional nonlinear and
equivalentlinear ground response analyses using different mediuricsstiff site profiles from the southern

coast of Izmir city (Anatolia, Turkey) and a high number ofions to produce simulated amplification factors.
Mobarki et al. (2022 investigated the site effects parameters in Algiers city using simulated accelerograms.
Jornet-Monteverde et al. (2022 designed and implemented a wireless recorder system for ftsef
assessments through seismic noise array measurements in Alicante (southeast Spain). Therefore, the purpose
of seismic microzonation studies is to define valid methodologies for the assessment of site effects even at the
urban scale and the type ofvestigations and numerical analyses suitable for defining the values of
engineering parameters for proper earthquakéstant design.

The ground motion at a siteenerated by a seismic event, is the result of the elastic waves propagation from
the soure, throughbedrockin depth and affected by generally loose soil formations at the surface
(schematically illustrated in Figure 1.1). The variability of seismic motion on the outcropping surface is called
local seismic response phenomenon and is relatie foroperties of the soil deposiBBefore describing any

of the ground response models, it is necessary to define several terms that are commonly used to describe the
ground motion. The motion at the surface of a soil deposit (S) is called the fisme suption; the motion at

the base of the soil deposit, j.the top of the bedrock (R) the bedrock motion, and the motion at a location
where the bedrock is exposed at the ground surfactéApck outcropping motion (Fig. 1.1).

Free surface motion
AN

\\S

Rock
outcropping
motion

Bedrock
motion

Fig. 1.1 (Left) Scheme of seismic wave propagation from a source to a site producingrezl wave propagation near the ground
surface); (right) Nomenclature of the ground response for soil overlying bedrock (Kramer, 1996)

In this section, theoretical solutions related to increasingly complex geotechnical subsurface models are
presented.
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1.1.1 Model of elastic homogeneous layer on rigatirock

The basic scheme is the edienensional problem represented by a homogeneous soil layer of thickness H,
density}, shear wave propagation velockg above a bedrock characterised by an infinite stiffness and
considered as a perfectly reflecting boundditye bedrock is considered excited by a harmonic oscillation
with a shear wave S with frequency f, incident on the bedrock with vertical propagation direction.

In the simplest homogeneous layer model (Figure 1.2), soil with linear elastic constitutivesaiat
between the shear strdgshear modulu§, and shear straim(U= Go) and hard bedrock is assumed. Due to
the wave crossing, the solid soil element that have mass m will be subjected to displacements in the horizontal
directions with an acceldian a that will cause an inertial for€e(Fi= ma), and thus it will induce a distortion
that will generate a change in the stress state along the height dz of the infinitesimal solid element in figure
1.2. Therefore, the dynamic equilibrium equatiomaoftion can be written as:

"1i0=0 1.1

@z + Gz +

Equation (1.1) can be written in expanded form as:

T =0 1.2

where u(z,t) is th@orizontal displacement component.

8,4
U =
! .
[ ‘ u
i Alot+iz) % A <;B B
H ) R
de \\ Fi | \\'\‘
Bellot-kz) \ <1 v
¢ c S0 \\(D'
L lill — \A_x%

\|/

Fig. 1.2 (Left) Linear elastic soil deposit of thicknes®trrigid bedrock; (right) Thin solid elementith height dz, mass m, at
depth zbefore (ABCD)ané& f t er ( A6 B 6 C6 D &-horizomted sheapng andonsaquentisplacenfent uSince a
change in displacement is assumed along the height dz, and consequently adhangbd stress state, a tangential stress equal
to Tacts on the uppelide of the solid thin element, while a different streks (1) acts on the lower side. Total resistance to
shearing is given by the sum of an elastic component.

By combining the congruence equatian< O ) an@® the constitutive equatiqy= Go) following

relationship is obtained:
i 1.3

{zt) = =G

Substituting (1.3) into (1.2) yields the dynamic equilibrium differential equation that describes the
phenomenon of ordimensional wave propagation within the elastic layer and the horizontal vibration motion:

" h —o N 1.4
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For a harmonic stress with angular frequency= 2 f, the solutionu(z,t) can be sought by variables
decomposition in the form:

6amd =naQ 15

wherep(z) is the shape function describing the distribution of displacement amplitudes with depth at each
point, varying with the frequency being equal to the stress frequencyg*aigla harmonigype function
whose harmonic variation over time is expressed in Eulerian notdtierimaginary unit).

The derivatives ofi(z,t)with respect to z are defined:

and with respect to t:

h

=q o ¢

—— =1 Q14
and substituting them in (1.4), we get:

o——Q +" Q na =0 1.6
whose solution is given by:

Na=0Q +06Q 1.7

where k is the wave number definreslk =¥/Vs= 2" f/Vs=2" /o
Substituting (1.7) into (1.5) gives the expression for horizontal displacement:

6ad = 6Q Q +6Q Q 1.8

where A and B are the amplitudes of two waves propagating upward and downward, respectively, within the
layer.
Imposing as a boundary condition the absence of shear stress (eq 1.3) at the surface (z = 0) results in:

(0.t = Go(0,f) = G—L= 0 7.9

The derivation of (1.8) yields:

=N Q iNAR 0Q 1.10

which becomes for z = 0:

14



- ofm T OED 1.11

Substituting (1.11) into (1.9) gives:
oA 60 6 =0 1.12

identically satisfied if A = B.
The transfer functiomd,(¥) betwea surface ¢ = 0) and the basez(= H) of the layer has, in this case,
expressior{Lanzo e Silvestri, 199%

01 = 1.13

¢

=x

where
6md = 0Q +6Q =¢oQ 1.14

andu(z,t)for z = H is given by:

=¢0Q —=¢6Q heNa 1.15

Which represents a stationary wave of amplitdédeos(kzfrom which:

6 a0 = ¢dQ &¢NO 1.16

Substituting (1.14) and (1.15) into (1.13) yields the transfer function as follows:

01 = = = 1.17

where the dimensionless paramdier kH = ¥ H/Vsis the frequency factor. The amplification function is the
modulus of the transfer function:

0] =971 s 907 o 0] = —_ 1.18

whereY O ] and ‘00 are the real and imaginary parts (zero in this case) of the amplification

function, respectively.
The domain of existence of the function] is0 ¢ ({QOs 1.
For® ¢ QO =1 the functiod ] =1 thus draws the minimum value. The ftioae® goes to infinity

when® ¢ Q0 =0, that is, wheltH = " /2. SincekH = 2" fH/Vswe can write:
NOo=——"0=-¢¢ p 1.19
Therefore, the plot of the amplification function (Figure 1.3) shows that it is periodic, always assuming

values greater than or equal to unity, i.e., the amplitude of the displacement at the layer surface is always at
15



least equal to that at the rock fortioa and becomes infinite féf, = koaH = (2n-1)"/2, i.e., at the following
frequency values:

1 —GE p -
Q —c p

n =1H2,1&0

and at periods T
Y= — n =1H2,6 1821

The frequenciess( and f) corresponding to the maxima of the amplification function are called the natural
vibration frequencies of the layer; their number is infinite, as is the number of degrees of freedom of the system,
and they are uniformly distributed because] is pefodic. Similarly, the periodd, are called natural
vibration periods of the layer. Since they are directly proportional to the thickness of the layer and inversely
proportional to the velocity of the shear waves of the soil, they increase with the tsendeformability of
the layer.

A(w)
1
z 3r Sz 7n O -
0 2 2 2 2 2 kH
0 Vg 3nvg Snvs Trvg Irvg @
2H 2H 2H oH 2H

Fig. 1.3 Amplification function related to undamped elastic stratum on rigid bediekmer, 1996

Analysing function (1.15), the distribution of displacements with depth cenpressed in dimensionless
form by relating u(z,t) to the maximum value at the surface (u(0,t) ¥2Ae

g

Introducing Q = a0 — ¢¢ p in(1.15) it appears that each natural frequency is associated with
a modal form W(z2):
Vo4 = —= =HEice p-- N =12 ,1622

=

The mode shapesnlare plotted in Figure 1.4 for the first four vibration modes as a function of the
dimensionless depttiH. Note that when the soil is vibrating in the first mode (i.e., at the natural frequency of
vibration, or fundamental frequency), the displacemenis kize same sign (i.e., are in phase) at every point
in the layer. Conversely, for the higher vibration modes, the ground displacements occur partially in one
direction and partially in the opposite direction.
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Normalized displacement, Un

Z/H e Tt

0.5 B TP

1 Rl

Fig. 1.4 Mode slapes of the first four modes of vibration of a homogeneous elastic hagrea agid bedrock.The dsplacements are
normalisedoy the maximum displacement at the fundamental frequinagnér, 1996

Assuming a homogeneous eladiiear layer overlying an infinitely rigid bedrock, the downward
propagating waves in the soil layer which are a result of the reflection at the soil surface, are completely
reflected at the bedrock. The energy associated with the waves then remains completelyntthpdesier.

Under this hypothesis, the response of a soil layer to harmonic excitation is strongly influenced by the
frequency of the excitation: the frequencies at which the highest amplifications occur depend on the geometry
(thickness) and the physieanechanical characteristics (velocity of the shear wagg®Mhe soil layer.

The most dangerous condition in terms of amplification phenomena occurs when the frequency of harmonic
excitation ) is equal to one of the fundamental frequencies of tyer l&r,). When this condition occurs
(¥=7n), the resonance of the layer sets in, and the amplification factor is theoretically infinite.

1.1.2 Model of elastic homogeneous layer on deformable bedrock

In the deformable substrate hypothesis, wgvepagating downward through the layer are partly reflected
within the layer and partly transmitted to the bedrock below. This form of dissipated energy is called geometric
or radiation dampingRoesset, 1970 In reality, the bedrock is not a perfectlgid medium, so a physically
correct amplification function must account for radiation energy losses.

Considering the model shown in Figure 1.5HeandFr be the amplitudes of a harmonic wave of a given
frequency with a vertical propagation directiontle rock formation propagating upward and downward,
respectively, at both the outcrop (A) and the-sodk interface (R), anets andFs be the amplitudes of the
incident and reflected waves at the soil surface (S). Assuming two local reference systermsotvertical
reference axes, the firs with origin at the soil surface, and the secanl \ith origin at the sotbedrock
interface.

17



Fig. 1.5 Nomenclature for determining the transfer function of a soil layerlying a haspace of elastic rock.

The horizontal displacement of a generic point in the soil and bedrock can be written:

6 ald = 0Q Q +0Q

Q 1.23
6 af =0Q Q +0Q Q 1.24
Sinceks andkg are the wave numbers of the soil and rock formation, respectively:
Q- 1 —
. — 1.25
o — 1 —
w

The boundargondition to be imposed is the absence of shear stress (eq 1.3) at the soil awfararid the
continuity of displacements (1.23 and 1.24) and stresses at tedoilck interface, i.e.:

F(0H)="0 (0)=0—"=9 1.26

6 (HH)=6 (0.9
t(HY)="0 (H)="0—"

1.27

=t (0,) ="Of (0,)="0 —1"

1.28
Substituting (1.23), fors = 0, in (1.26) yields:
0 ="0 1.29
Therefore, thground displacement (eq 1)23as the expression:
6 afd = 0Q Q +0Q Q 1.30
6 d = ¢cO0Q 1.31

Substituting (1.30), and the displacement equations (1.24) 00, into (1.27), yields:

0oQ Q +00Q Q =0Q +70Q 1.32
which is, forzs= H, equal to

18



0 Q Q =0+0 1.33

Introducing the derivation of the displacement equations (1.23 and 1.24)=fdfd and forzz = 0 into eq.
(1.28), gives:

"0 MOoQ Q -®Q Q =0"MoQ -MoQ ) 1.34
andthen:
oMOoQ Q -Q ="0MmQ (0-0O 1.35

which can be rewritten as:

where:

ande is the impedance ratio or admittance.
Introducing (1.37) into (1.36), results in:

(O-0 =e 0 Q -Q 1.38
which can be written as:
"0O=0 -¢0Q -Q 1.39

Substituting (1.39) into (1.33), yields:

0 Q Q = 0+0 i £€0(Q Q) 1. 40
this becomes
¢O =00Q 0Q +€e0Q ‘0Q 1.41
this is:
cO=0Q p * 0Q (1-¢) 1.42

from which we can deduce:

Inserting (1.43) into (1.39), we get:

"0=0 -¢ 1.44
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0= 1.45

"0=0 £ 1.46

The transfer functioia(¥) can be expressed as the ratio of the displacement amplitude at the soil surface
us(0,t) given by (1.31) to the displacement amplitude at thelsmirock interface given by (1.30) far= H:

» _ h _ _ _ p o
o1 = == = = 'Q"ok (O} 1.47

which coincides with (1.17) obtained assuming the propagation of a harmonic wave in an elastic soil layer
over a rigid substrate. Therefore, the transfer functiag(¥) does not depend on the deformation
characteristics of the bedrock.

If, on theother hand, the transfer function is calculated as the ratio between the displacement at the surface
and the displacement at the outcropping bedrock, the boundary condition to be satisfied at the outcropping
bedrock is the absence of shear stress (1iBpdtee surfacezg = 0), i.e:

h

t (0,) ="0Or (0,)="0 =0 1.48

The derivation (1.24) gives:

h

=" MOoQ Q iMoQ Q 1. 49
which introduced in (1.48) faz = 0 is identically satisfied wheBr = Fr.

Therefore, by calculating the ratio between the displacement amplitude at the soil surface and that at the
outcropping bedrock,, we obtain the transfer functidiya(¥):

" _ 0 i - Q _
O 1 Tam To,” 2

2 T ChERO ¢ W @O

= P
WERO * Ol @O 1.50

which takes into account the deformability of the bedrock due to the impedance ratio, and thy€ore,
unlike Hao(¥), cant disregard the assumption of a deformable substrate. Recalling (1.37), the ratio | between
the seismic impedance thfe bedrock)(rVr) and that of the soil {Vs), is givenas:

O - = XY 1.51

The amplification functiomga(r ), which is the modulus of the transfer functlég(y), is defined as:
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= 1.52

Assuming a deformable bedrock, the amplification func#af ¥ depends not only on the mechanical
properties of the soil, but also on those of the bedrock througnpieelance ratio. Figure 1.6 shows the model
of a linearly elastic soil layer over a deformable rock-spHce, in which the amplification functida( ¥as
a function of the frequency factb(=ksH), is given for different values of the dynamic bedrgdkimpedance

ratio I.

Amplification factor

1 L 1

0 /2 b 3m/2 21 Sm/2 3n

0

Frequency factor, F
Fig. 1.6 Amplification functions for different undamped s¢igure redrawn byLanzo and Silvestri, 1999

For comparison, the amplification function for the rigid substrate model (special case of (1.32) kath
is also shown. As foA(¥) (1.18),Aq(¥) is also periodic; the frequenciés(or the periodd,,) at which the
maximum values of the amplification function occur are the same as those of the rigid substrate model and are
expressed by the (1.20) and (1.21). For a given value of thd r#ti® maxima of the amplification function
assume a finite vatuwhich is independent of the frequency:

1.53

5

Since the peak value of the amplification function corresponds exactly to the impedande ttaio
amplification phenomena of the seismic motion are dirguttyportional to the impedance contrast of the
bedrock and that of the overlying soil layer.

1.1.3 Modelof visco-elastic homogeneous layer on rigid bedrock

The amplification functions considered so far have been derived based on the assumptionetdsitiear
behaviour of the solil. In real materials, some of the elastic energy of a propagating wave is always converted
to heat. This conversion is accompanied by a decrease in the amplitude of the wave. Viscous damping is often
used to represent this digation of elastic energy because of its mathematical convenkesrcascoelastic
wave propagation, soils are usually modelled as KaWgigt solids (i.e, materials whose resistance to shear
deformation is the sum of an elastic part and a viscous paytiyeFL.7 illustrates a thin element of a Kelvin

Voigt solid.
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Fig. 1.7 Thin element of a kelvinVoigt solid subjected to horizontal shd&ramer, 1996. The total resistance to shear deformation
is the sum of an elastic cooment (spring) and a viscous component (dashpot).

The stresstrain relationship for a Kelvin Voigt solid under shear, which is the constitutive equation of a
viscoelastic material, can be expressed as follows:
=0+ = "O|*+—;—F0 1.54

Where G is the shear modul@s: j V&, U= (. is the shear stress= O us/th® shear straim,( =o/ @'t
is the shear strain velocity, adds the viscosity of the material. Thus, the shear stress is the sum of an elastic
part which is proportional to strain and a viscous part which is proportional to strain rate. AiKebigt
soil can be represented by a stack of infinitesimal elemétie dype shown schematically in figure 1.7. for
vertically propagating Stvaves Introducing the shear straim O lnto@he constitutive equation for a thin
element of a Kelvin Voigt solid shear yields:

T @ ="0r g +- Ghd = O—+ —— 1.55
Substituting (1.55) into (1.3), we obtain the dynamic equilibrium differential equation governing the

phenomenon of ordimensional vertically propagating Sklaves within the viscelastic layer and describing
the horizonthvibrational motion:

g ‘o 1.56

I
Qo

S
Q

and introducing them into (1.56), the ordinary differential equation is obtained:
" N =0——0Q +-"g—0Q 1.57
which can be rewritten into the following form
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—G+-"Q+" na=0 1.58

Applying the definition of the damping factBr (Lanzo and Silvestri, 1999 to the visceelastic medium, it
can be shown that for a harmonic stress cycle with frequenitye following relation holds:

0= — 1.59

By introducing the complex shear modu(ss, the complex wave numbkt, and the complex shear wave
velocity Vg*:

e 1.60
G

G" =G +iwn =G +2GDi = G(1 + 2iD)
Vs

NP
the dynamic equilibrium equation is written as:

"G

+" fa=0 1.61
whose solution is given by:
Na=0Q +6Q 1. 62
and thus, the horizontal displaceméndfo can be written as:
60M =0Q Q +6Q Q 1.63

Based on similar considerations as in the model of a homogeneous elastic layer over a rigid Kesaneek (

1996, the expression of the complex transfer funchipt(¥) is evaluated as the ratio between the amnnghdit

of the displacement at the surface of the soil layer and that at the interface between soil and bedrock (or at the
outcropping bedrock assumed to be rigid):

01 = — = : 1.64

Where the complex frequency factor = k*H. The complex shear wave velocify*, can be written for low
values of the damping factdd (k<< 1) as:

Ve = 2= 962 Qiiipy=o p QO 1.65
and thus, the complex wave number as:
* = __ 1 Nz — v~
k* = i dq(l iD)="Qp Q0 1. 66

Therefore, the transfer function has the expression:

O 7 = 1.67

and the amplification function is again obtained as the modulds+Qf ):

0°1 = 1.68
S S
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which, using the ruleoé & Qs AT @ OE ldEand recalling that "o o if x <<< 1
becomes:

0°1 = = = 1.0

The trend of the amplification functioA*(¥) with the frequency factoF is shown in Figure 1.8 for
different values of the damping factor

For D = 0 (nointernal soil damping), the plot of the amplification function is as shown in Figure 1.3
characterised by infinite maximum values; @r> 0, the function is not periodic and has finite maximum
values since the denominator is always greater than zero.

50
; — 7
T K

<, wWr 1 s D=5%
s | -~ D=10%
E 30 b
g i 1
2 20}
3
S 10
£
< £ - N

0 AN,

0 /2 T 31/2 21 Sn/2 3n

Frequency factor, F
Fig. 1.8 Amplification funtion of damped linear elastic layer on rigid bedrdtlnzo and Silvestri, 1999

The natural frequencies at which the amplification function reaches its maximum values are the same as
for the previous models and can therefore be expressed by (1.20). The corresponding maximum amplification
factors obtained by cancelling the derivatifg169) decrease with the ordeof the vibration mode in the
form:

0 _ n = H 2,é 1.70

=x

The resonance peaks decrease with increasing frequencyRFactod the more so the higheris. This
effect is also wellllustrated by the shape functions in Figure 1.9. At the first natural frequency {tadlexb
fundamental frequency of the site), setting 1 in (1.70), it gives:

0’ — 1.71

5¢

Thus, for a homogeneous layer with linear vistastic behaviour over a rigid bedrock, the maximum value

of the amplification at the fundamental frequency depends only on and is inversely proportional to the soil
damping. The influence of internal dampjplgenomena on the amplification function then becomes more and
more significant as f increases. At high valuesDofseismic motion attenuation phenomena, rather than
amplification may occur at high frequencies.
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Fig. 1.9 Mode shapefor standing waves at fundamental (n = 1), second (n =2) and third (n = 3) natural frequencies for a soil layer
with D = 5 % overlying rigid bedrock. Displacements amrmalisedby maximum displacement at the funeéatal frequencylL.anzo

and Silvestri, 199%

1.1.4 Model of visceelastic homogeneous layer on deformable bedrock

The model of a soil layer with viseglastic behaviour on a deformable bedrock represents the generalisation

of all the models described above.
The transfer functiof | ), calculated as the ratio between the displacement amplitude at the soil surface

and that at the outcropping bedroélr the visceelastic homogeneous layer on deformable bedrock model,
has the expressiohdnzo and Silvestri, 199%:

g1 = = 1.72

with the complex dynamienpedance ratio:

0= == 1.73

which is independent aof .
The complex amplification function, the modulus of the transfer function, is a function of both the

geometric damping related¢oand the viscous (or mechanical) damping relat&j smd cannot be expressed
here in simple form; thereforsimply the expession of the peak values at natural frequencies is giegzg

and Silvestri, 1999:

0 F —— n = W, 2, ¢é 174
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Relationship (1.74) shows that the peak values of the amplification fungiigmr) at the natural
frequencies of the layer depend exclusively on the impedance ratid the viscous damping factor The
maximum value obtained at the fundamental frequency for n = 1 is:

o° = — 1.75

and is plotted irFigure 1.10 as a function of the impedance rhtir different values of the damping
factorD.

ForD = 0,i.e., in the absence of mechanical soil damping, the amplification function reduces to (1.52),
whereby the maximum peak amplification is equal ®ithpedance ratib

For a fixed value ob > 0, the maximum amplification increases as the dynamic impedance ratio | increases
(i.e., as the admittancedecreases). Similarly, for the same dynamic impedancelrakiere is a decrease of
the amplificaton peak a® increases.
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Fig. 1.10Influence of dynamic impedance ratio | on maximum amplification factor relative to fundamental frequency in the case of a
viscoelastic homogeneous layever a deformable substratéénzo and Silvestri, 1999

The impedance ratibhas a similar effect othe maximum amplification factor as the visoechanical
damping of the soil. Therefore, it is possible to define an effective damping Eaetdnich is the sum of the
terms:

O =D+0 =D+ — 1.76

The first termD represents the internal visaoechanical damping of the soil, while the second t®Brm
depends on the impedance contrast between soil and bedrock and represents the damping associated with
radiation energy loss.

The expression of the anifidation peak with respect to the first fundamental frequency can thus be
expressed in the more compact form as:

0 Pre — 1.77

Which corresponds to the equation (1.71).
Also for this model, the values of the fundamemfitafiuencies and periods are always provided by (1.20) and
(1.21). Thus, the maximum value of the amplification function occurs at the fundamental frelquency
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Q=1-= — 1.7

VY=—= — 1.79

Expressions (1.77), (1.79), and (1.80), despite their simplicity, are particularly significant from an application
point of view. Indeed, by assimilating a subsoil to an equivalent homogeneousLllapep (and Silvestri,

1999, the expressions provide a first direct indication of the frequency ranges in which a significant site
amplification effect can be expected, as wellhesdaxpected amplification factors.

1.1.5 Heterogeneity of the terrain

The dependence of the stiffness @ the soil at very small strain on the state variables (mean effective
stress] =B , ¥o, plasticity index, degree of overconsolidatign(= p&/p9) can be expressed with semi
empirical relations in the form/{ggiani and Atkinson, 1995:

Q=9 — Y 1.8

whereA, m, andn are dimensionless soil parameters, gnis a reference pressure (equal to 1kPa for
simplicity). Therefore, the shear modul@sof a soil is proportional to a power of the mean effective stress,
which is generally less than unity. Thus, even in the simple case of a subsoil with homogendogs, litre
transverse stiffness varies proportionally with depth and so does the shear wave velocityfo@iosed
analytical solutions exist in the literature that describe the local seismic response of a subsoil characterised by
a continuous variation ohegar stiffness (and hendg) with depth.

Ambraseys, 195%reated the case of a constant densiéynd a modulu§(z) varying linearly with depth
according to the expression:

—=0 +—q O —+ 0 —) 1.81

whereH is the thickness of the soil layer and K is a parameter that controls the variaGgm}ok = 1
meansG (or Vs) constant with z, while if 0 € < 1 thenG(z) varies linearly with zGo and Gy, Vo and V4
denote the shear moduli aneh@ves velocity at the surface and bedrock, respectively.

Idriss and Seed, 196&ndDobry et al. 1971analysed the case of a horizontal deposit with constant density
}, but with an increase in shear modulus with depth that varies with a power law:

—= - 1.8

where the exponent n can vary between 0 and 2. This model is closer to the constitutive relationship of the
soil but has the disadvantage that the stiffness at the surface is infinitesimal or equal to zero.
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To resolve this inconsistencazetas (1982)ynd Vinale and Simonelli (1983)studied the case of a
homogeneous soil layer with constant densignd modulus G that varies with depth according to the law:

Oa =0p | — b wp | - 1. 83

Denoted by H the thickness of the horizontal soil layer, and®@gthe stiffness at the surfadéand m are
parameters that express the degree of heterogeneity, the combination of which can adequately interpret the
average stiffness trend for soft allalvsoils, provided that the variation of the subsoil physicathanical
properties with depth is sufficiently regular. The parametexpresses the heterogeneity ratio and indicates
the deviation from the ideal situation with a constant stiffness yer0). In this model, the shear wave
velocity increases with depth z.

Assuming a linear variation of shear wave velocity with depik (), (1.84) becomes:

—=p | t —  p | 1.4

and the coefficient)expresses the heterogeneity ratig\Vo.
In the model studied b$azetas (1982)the analytical solution of the equations of motion for m = 1 allows
the derivation of the roots of Sn of the equation of motion:

Ya@Ep | +0O1 oocl¥E=n 1.85

and derive the modal shapdsand the natural periods for each mode. In fact, givaar z/H, yields:
Y = —i Q&0 e—— 1.8

V= ——— n = kb, 21,8

Figure 1.11 shows some of the results of the study in terms of the modeldhapte first four vibration
modes, expressed for different values of the heterogeneityMdlify; for comparison, the mode shapes for
the homogeneous subsoil model, coreesfing toVi/Vo = 1 (U= 0), are also shown. Figure 1.11 shows how
the effect of heterogeneity leads to a significant change in mode shapes compared to the homogeneous subsoil
case. As the heterogeneity ratio increases, the amplitude of the displacentieatsrode shapes decreases
more and more significantly with depth, and the maximum values are concentrated in the shallowest zone of
the deposit.
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Fig. 1.11Mode shapes relative to the m = 1 case of linear variation of shear wave velocity with depth for increasing {hllies of
mode shapes vary as the heterogeneity fddtaries. In (a) the case of visebastic homogeneous layer model on rigid bedrodk wi
Vs (or G) constant with depth z and thus/Vb = 1 (Vs = cost; U= 0) is plotted. The variation dficorresponds to the introduction of
an increasingly significant variation with z of the (@nd thus of the shear modulus G(z)) from\()Vo = 10, to (c)Vn/Vo = 20, up
to (d) Vi/Vo = 50. Therefore, allincreases, the maximum displacement amplitudes are concentrated at the surface and decrease very
rapidly with depth z.(Vinale and Simonelli, 1988

Relating the values df, expressed by (183 to the corresponding perio@é of the homogeneous layer with

a velocity equal to the average velocity of the heterogeneous soil deposit (Figure 1.12), we see that the
heterogeneity reducel with respect to the correspondingy. In contrast, for the higher modes there are
values of'Y/'Y that are always greater than 1 and increase Wit¥. Thus, the natural periods of the layer

are always larger than those for ttmmogeneous case, the larger the heterogeneity ratio is.

By coupling the general solution of the equation of motion in the frequency domaim), wiith the
boundary conditions, it is possible to obtain the transfer funkl{en as ratio between the disgementi(0,¥)
of the free surface of the soil deposit and the displacement at the(blase The solution ofcazetas (1982)
expresses the transfer function. Considering a constant damping D with depth, in the general form the transfer
functionH() yields:

o1 = 1.88
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Fig. 1.12 Natural period form = 1 as a variation of the heterogeneity ratigW (Vinale and Simonelli, 1988 As the heterogeneity

factor increases, i.e. as the variation of the shear modulus G (or shear wave propagation velocity VS) increases witt depth z
observed that the ratio between the natural period Tn calculated with (1.88) and the"peréhative to the case constant With z

(or G) decreases for the first vibration mode (n = 1), and increases for the subsequent modes (n=2,3,4); this implies that th
fundamental frequency increases and the subsequent natural frequencies decrease, cohguigialy the amplification function.

In (1.89), the frequency dependence is expressed by the dimensionless complex pgrameter

A= - — - — 1.89

In Figure 1.13, the amplitud®(F) of the amplification function obtained from the modulus of eq. (1.89) is
plotted with continuous line for a deposit withe 0.5 V4 = 1.5V,), for two damping valued) = 5%,D =
10%).

To show the influence of the degree of heterogeneity (representbe iparametet), the figurel.13also
shows the first peaks of the amplification functions for different values @ = O corresponding to a
homogeneous deposti;= 2 andU= 10). As the degree of heterogenditincreases, the plot shows both an
increase in the first fundamental frequency (tlee decrease in peridd discussed earlier) and an increase in
the amplification factor.
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Fig. 1. 13 Amplification function A for a layewith linearly increasing velocity and constant hysteretic damping, 5 percent or 10
percent Gazetas, 1982 In the plot, each line type refers to a different heterogeneity fittfith the same heterogeneity factbr

the amplitudes of the amplificatidanction decrease as the damping factor D increases. On the contrary, fixed, for example, a value
of damping factor D = 5%, as the heterogeneity fadidncreases, i.e. as the variation of the shear modulus G (or shear wave
propagation velocity §j with depth z increases, an increase in the amplitude of the peaks relative to the first natural frequency (or
fundamental frequency) is observed. This is a direct consequence of the concentration of energy and thus displacesefasat the
(Fig. 1.11), whichresults in larger peaks.

The effect of the soil decomposition heterogeneity on the amplification function A is effectively illustrated
by the example in Figure 1.1#ken from the analysis of the response of soft clays in Mexico City (1985
Mexico City earthquakd,anzo and Silvesri, 1999). The amplification function related to the heterogeneous
soil model, with shear wave velocities characterised by a parabolic distribution with increasing depth (~20 m/s
at the surface; ~100 m/s at the base of the deposit), is compared wibrteaponding to the homogeneous
subsoil model, with constant average shear wave veldeity75 m/s throughout the layefhe comparison
confirms what was expected from the theoretical function, namely that the effect of soil heterogeneity on the
amplification function caused the fundamental frequencies of the deposit to move closer together and the
amplification peaks to increase compared to the homogeneous subsoil model. The two factors combined mean
that simplifying a subsoil (or layer) with stiffneggoperties that increase with depth to an equivalent
homogeneous soil layer result in a significant underestimation of the potential amplification effects of the
seismic motion.
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— Vg =21-104 m/s

6

Amplification, A
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Frequency, f (Hz)
Fig. 1. 14 Comparison oimplification functions for the assumption of homogeneous and a heterogeneous subsoil for Mexico City
(Lanzo and Silvestri, 1999
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1.1.6 Effect of the nodinearity of soil behaviour

The behaviour of soil is nelinear and dissipative even at very snagformation. This is evident from the
trend of the experimental-Gand Do curves of shear stiffness decrease and damping increase with increasing
values of shear deformation induced in the soil element. An important step in obtaining a more relidble mode
of the soil layer affected by seismic wave propagation is to move away from the assumption of a linear
constitutive relationship or at most a linear vistastic relationship, as assumed in previous cases. Recent
research, carried out taking advantafaroextensive instrumental network, has made it possible to study the
effects of nodinear behaviour on the seismic response of the site. The influence of tiegasity of the
soil behaviour on peak acceleration is qualitatively illustrated in Figafe The plot refers to a homogeneous
soil layer on an horizontal bedrock, and subjected to seismic motion characterised by increasing values of peak
acceleration at the bedrockaa. The same figure shows the distributions of the maximum shear déforma
Inax (Figure 1.15 a), the shear modufagFigure 1.15 b), the damping factor(Figure 1.15 c), and of peak
acceleratioramaxWithin the soil layer as a function of depth (Figure 1.15 d), when the peak acceleration at the
bedrockamax  varies.

Whenthe latter increases, due to the #dimear behaviour of the soil, the maximum shear deformation
increases and consequently the shear modulus decreases, and the mobilised damping factor increases. For lov
energy levels of the considered earthquake, tlag& peceleration increases along the layer profile from the
bedrock to the soil surface (curves 1 and 2 in Figure 1.15 d). This is because, the reduction of the stiffness
properties of the soil due to the nlimear behaviour reduces the transmission ofitiigquencies, while the
increase of the damping factor reduces the peak amplification of the displacement amplitudes.

.Ylnil.\(z) G(Z) D(Z) amax(z)

Amax,r Amax,r Amax,r Amax,r

1

Amax, r

Fig. 1.15Variation of maximum tangential strain profiles (a), shear modulus (b), and damping factgraiedl maximuracceleration
(d) in soil as maximum acceleration on roGkaarincreasesl(anzo and Silvestri, 1999

Thus, in terms of the amplification factor (evaluated as the ratio between the peak acceleration at the soil
surface and the peak acceleration at the rock), théimearity effect results in a decrease of the amplification
factor as the level of acceléi@n at the rock increaseSeed et al(19769, on the basis of statistical processing
of numerous accelerometric recordings of seismic events, proposed the plot in Figure 1.16a; the average curves
of peak acceleration at the surface versus peak actateadthe bedrock are illustrated. Average curves are
shown for three categories of deposits: stiff soils (consistent clays, thickened aadhdgravels), deep
cohesionless soils (H>75 m), and soft to medium stiff clays and sands. When peak accesdugisoon rock
are less than about 0.1 g, all soils amplify seismic motion. As peak acceleration on rock increases above 0.1 g,
maximum values at the surface decreases, with the decrease being greater for soft soils than for consistent
soils. For peak actaration values on rock greater than 0.2 g, average curves are obtained by extrapolating the
available experimental data.

32



Idriss (1990) updated the empirical relationship between peak acceleration on rock and the surface,
restricted to soft, cohesive sdiéposits. The relationship shown in Figure 1.16b was based on accelerometric
recordings from the Mexico City (1985) and Loma Prieta (1989) earthquakes for peak acceleratioonvalues
rock less than 0.2g; for valugseater than 0.2 g, the results ofirerical analyses of the local response were
used because of the lack of empiric data. Comparison of the average curves for the more deformable deposits
in Figures 1.16a,b shows the dramatic change that the empirical evaluation of the local seismictegponse
surface of soft, cohesive soils has undergone in less than a decade: not only because the observed amplificatior
factors are much larger, but also because of the much wider range of values (upait@edogak acceleration
on rock in which sesitive amplification phenomena can occur.
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Fig. 1.16 Variation of maximum acceleration on surface with maximum acceleration on rock for (a) on rock and other local site
conditions Geed et al., 197§aand (b) sofitohesive soilsldriss, 199Q. In both plots the dotted line corresponds to the absence of
amplification or deamplification (a./a..(rock) = 1).As the input acceleration increases, there is a shift from amplification-to de
amplification effects. Thisfett is less pronounced for more consistent soils that amplify/deamplify less than the soft soils .

Figure 1.17 illustrates the influence of the Aimearity of the soil behaviour on the amplification function
of the clay deposits in Figure 1.15 (Mexico City subsoil). The plot of the amplification functions is related to
the increasing energies of trefarence seismic motion, to which correspond increasingly higher values of the
shear deformation induced in the soil, and therefore varying stiffnesses and damping corresponding to the
dependence of G and D onHowever, this variation changes in redagtas a function of frequency, i.e. at
high frequencies the reduction in frequency and amplitude is more pronounced than the variation at low
frequenciessince highfrequency waves attenuate much faster tharfleguency waves
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Fig. 1. 17 Influence of nodinear soil behaviour on the amplification functiooafizo and Silvestri, 1999 As the magnitude M of a
seismic event increases, both the maximum acceleratigraad the strain leved increase; this leadsota reduction in the shear
modulus G and an increase in the damping factor D, which result in a reduction of both the natural frequencies and ¢heir peak
Therefore, the effect of ndimearity completely changes the amplification function.

33



As the amountfomobilised deformation increases, the influence of thelmaarity of the soil behaviour
leads to an attenuation of the amplification peak, which is inversely proportional to the damping. At the same
time, the amplification peak shifts to lower frequiesqhigher periods), which is due to the reduction of the
shear modulus (and thus the increase of the impedance contrast). The figure also shows that at high energy
levels of the reference earthquake on rock (carvé.1%), the notlinearity effect tends to cause attenuation
phenomena at high frequencies.

It can be seen that the amplification function depends on the combination of stratigraphic characteristics of
the subsoil, amplitudes, and frequency content ofs#igmic motion, and the occurrence of the-lioear
behaviour of the soil. Given the same expected earthquake and the same stratigraphic characteristics of the
site, the local seismic resporisestrongly influenced by the susceptibility of the soildigh or low linear
behaviourHowever, the outcome of Figure 1.1A/aid for the model of notinearity considered that very
often was not confirmed by real dakdoreover only in a few case# has been observed that for very strong
earthquakes, someis types can show damplification effects due to ndimearity effects for example,
according tdkokusho and Ishizawa (2021)isoil nonlinearity during strong earthquakes has only a marginal
effect even in soft soil sites on the amplification betweefasarand outcrop base except for ultimate soil
liquefaction failure while strong nonlinearity clearly appears in the vertical aamplification between
surface and downhole base

1.1.7 Effects of basins geometry

Several studies in the 1986ighlighted the importance of the presence of alluvial valleys and sedimentary
basins in the estimation of site response. The significant amplification phenomena that can occur on the surface
of alluvial deposits in a valley can cause the duration anditaiglof the seismic motion to be increased
compared to what is predicted by the -@limensional theory relating to the propagation of shear waves in
vertical direction Bard and Bouchon, 1985 Wirgin e Bard et al., 1996. The understanding of these
phenomena haseen of primary importance for seismic risk studies of large urban areas (Mexico City, Los
Angeles, Osaka, Tokyo) located right at alluvial valleys and in the analysis of the seismic vulnerability of the
existing building stock there. In the case of Adeposit, which can be assigned to a-dimensional scheme,
it has already been observedd. Lanzo and Silvestri, 1990that the main causes of the amplification of the
motion are both the phenomenon of trapping S waves inside the dépasitréd by the impedance contrast
between the soil and the bedrock) and the resonance phenomenon determined by the proximity of the
frequencies of motion of the bedrock with the natural vibration frequencies of the soil deposit.

In the case of an alluviahlley, in addition to the factors mentioned above, two other phenomena must be
considered that induce edge effects related to thelimensional geometry of the problem.

The first effect is the focusing of the seismic waves in areas close to the ¢ddgealfey as a result of the
constructive interference between the reflected and refracted wave fields (Figure 1.18). This phenomenon
explains the damage that occurred in several seismic events along strips of land at the edge of alluvial valleys
(Pitark a et al., 199%. The second effect results from the incidence of seismic waves on ti®moontal
bedrocksoil interface at the edge of the valley, leading to the generation of surface waves with a horizontal
propagation directionAki and Larner, 1970). In this case, with a high sdiledrock impedance contrast, the
generated surface waves remain confined to the valley and are reflected multiple times at the edges. The range
of displacements that are generated by surface waves is limited only by istérdaimping. Typically, these
surface waves have a relatively low propagation velocity (<1000 m/s) and periods between 0.5s and 5s (i.e.,
frequencies between 0.2 and 2 Hz). Howeverdigtenctivefeature of these waves is their long duration, which
is generally several tens of seconds.
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The previously described edge effects are illustrated in figure 1.18, where the cross section of an alluvial
valley is represented, subject tav@ves incident at the edge of the alluvial basin. Qualitative seismograms of
the horizontal component, which are recorded at two different locations, on the rock and on the soil, are
indicated. The seismogram related to the alluvial deposit clearly shows the arrival of surface waves generated
by the conversion of the incidentv@ves.

Therefore, the use of the classical-olimensional scheme, which does not take into account the generation
of surface waves, may lead to a significant underestimation of the amplitude and duration of the seismic
motion, especially for periods longénan 0.5 s l(anzo and Silvestri, 1999. This can have important
implications from an engineering perspective particularly with respect to the seismic vulnerability of bridges,
dams, higkrise buildings, and other structures characterised by high natui@dgef vibration.

In deep alluvial valleys, phenomena of interaction between volume and surface waves are much more
complex than those of shallow valleys. Furthermore, the excited waves can produce significant differential
motions causing a spatial vauility in the seismic respons8drd, 1999.

Surface wave

X7

Alluvial
deposits

Fig. 1.18 Schematic representation of the generation of surface wave by edge effects at theardfevidl basin Lanzo and
Silvestri, 1999

In recent decades, there has been considerable progress in the atludyabt’alley amplification phenomena,

both from an experimental and modelling perspective.

Experimental observations of recent loand highintensity earthquakes, derived from seis network

records or, to a lesser extent, local arrays, have made it possible to highlight the geometric factors influencing
the variation of the local seismic response at different stations located alongeauntisas of a valley (e.g.
Jongmans and Canpillo, 1993 and to verify the presence of lepgriod surface waves generated at the
edges (e.gFrankel, 1994. Numerical studies have examined an extremely wide range of situations varying
in relation to the geometric configuration of the valley, theetgf incident wave, the angle of incidence, and

the schematisation (2D or 3D) adopted in the model. An extensive review of the most commonly used
modelling methods and the main results obtained can be fouxid {1988) andBard (1994)

As an examplerigure 1.19 shows a comparison between the results of some 1D and 2D numerical simulations
of simplified geometric models of alluvial valleys subject to SH incident waaxsl @nd Gariel, 1986. The

deposit models present two sediméiteéd valleys A andB, with geometric characteristics expressed as a
function of the H/L shape factor, where H is the maximum thickness of the deposit at the centre and L is the
half-width of the valley. The numerical analyses refer to the shallow valley case (charatighibd 0.25),

with a shape factor H/L = 0.1, and the deep valley case (characterised by H/L > 0.25) with a shape factor H/L
= 0.4. The numerical analyses performed are of three types: djroaasional with linear variation of shear

wave velocity withdepth @D, Vs, increasing); (b) twalimensional with constant value of shear wave velocity

(2D, constanVs); (c) two-dimensional with linear variation of shear wave velocity with depth (2D, increasing
Vs). In each of the cases examined, the damping fattbe alluvial soil is 2.5%.
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The modelling results are presented, for several stations located along the vallesgctioss in terms of the
amplification factor variation with the dimensionless frequency f, i.e. the frequency f normalised with respect
to the first resonance frequengydf the onedimensional model relative to the centre of the valley V44+).

Figure 1.19a shows the results for the surface valley case model A (H/L = 0.1). The 1D model provides results
thatsatisfactorily approximate those of the 2D model at the centre of the valley (station 8). Moving from the
centre of the valley towards the edge, the difference in response between the 1D model and the 2D model
becomes more and more sensitive (stationsd 4gn Near the edge of the valley (station 2), where the
interference phenomena between incident vertical waves and surface diffracted waves are marked, the local
response of 2D model is broadband while the 1D model is characterised by an isolated maximum.
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Fig. 119 Numerical modelling and analysis of the amplification produce@apghallowvalley A model(H/L = 0.1)and(b) deep
valley model B (H/L = 0.4) (Modified fronLanzo and Silvestri, 1999
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Figure 1.19b shows theesults for the deep valley case model B (H/L = 0.4). The 2D model provides a
significantly different response to that of the 1D model at all stations. The main difference is the oscillatory
nature of the 2D model response, evidenced by the presencéeoémtifpeaks in the amplification function.

With regard to the magnitude of amplification, the 2D model underestimates amplification phenomena
compared to the 1D model in proximity of the valley edge (station 2); on the contrary, as the distance from the
edge increases (stations 4 and 6) toward the centre of the valley (station 8), the 2D model overestimates
amplification phenomena at higher frequencies compared to the 1D model.

It follows from the above considerations that deep alluvial valleys are ob@sadt by significantly more
complex interaction phenomena between body and surface waves than shallow valleys. The reliability of 1D
modelling is also limited at the valley centre for high values of shape factor; for such geometries it is
appropriate, ifot indispensable, to use 2D analysiar(zo and Silvestri, 1999. In both cases, however, it

must be emphasised that the marked difference in response between the different locations can lead to
differential ground movements with relevant implications floe antiseismic design of structures with
considerable linear development, such as dams. A more detailed analysis of the problem is dHfaretdsy

and Dakoulas (1992)

Other examples documenting complex 2D effects in alluvial valleys are providédoirareas near
Thessaloniki (Greece) in the EUROSEISTEST experimental Isite:/(euroseis.civil.auth.yrdescribed by

Pitilakis et al. (1999, and in a study conducted Byndi et al. (2009 in the Gubbio basin (Umbria, Central

Italy). The EUROSEISTEST experimental site was deployed in a valley near Thessaloniki in the epicentral
area of the strong 1978 Ms = 6.4 earthquake.

In a first study coducted at the EUROSEISTEST experimental $taptakis et al. (2000 reported the
transverse direction recordings for each station of an example dfieldiegvent (Kozani earthquake Mw=6.5,
R=100km) that is part of the database of ground motions reddndsurface and dowmole accelerographs.

For each trace, the authors also report synthetic 1D SH wave models to enhance discrepancies between the 1C
model and recorded motion. TherefdRaptakis et al.(2000 first pointed out that the 1D model is ireapliate

to accurately simulate the recorded motion, especially in the central part of the valley. The reasons for these
discrepancies have been discussed in detail in many stidiptakis et al., 2000 ChavezGarcia et al.,

200Q Makra et al., 2001 Pitilakis et al., 200). Furthermore, the authors in the frequency domain, through

the transfer functions of the- PS5 and Surface WavesSW-waveg that make up the signal recorded both at

the surface and in the dovinole in the centre of the val}, observed that up to 2Hz the amplitudes of the SW
waves are greater than the amplitudes of thea® window. ThusRaptakis et al. (2000 emphasised that

this trend shows that the surface waves influence the entire volume of the subsurface, athleasritral

part of the valley, and all three components. Since surface waves were neither observed at the reference site
located on outcropping gneiss basement nor at the edges of the Ralitgkis et al. (2000 concluded that

the observed strong sade wave traces are locally generated on the lateral geological discontinuities of the
valley, which is a graben. FurthermoRgptakis et al.(2000 pointed out that since the observed maxima in

the Swave and surfaceiave parts appear at the same fregyef®.7 Hz), it implies that both upward
propagating Svaves and locally generated surface waves contribute to the spectral amplification of the
fundamental pealMakra et al. (2001) on the same site conducted a 2D numerical analysis, clearly indicating
that the higher amplitudes of motion are not related to vertically propagating SH waves, since the synthetic
seismograms calculated in their study are dominated by locally generated Love waves that converge towards
the centre of the valley, resulting in largmplitudes and a consequent increase in duration. These phenomena
are not observed outside the central part of the valley. Therdfalea et al. (2001) through numerical
analysis of synthetic ground motions verified the same phenomenon observed enadiyrbyRaptakis et

al. (2000, i.e. the existence and importance of surface waves, which are generated locally at the valley edges
and propagate towards the centre of the valley.

In a 2nd case study conducted in the city of ThessaloRegptakis et d. (20048 showed the examined
complex effect of the lateral variations on ground motion studied on a 2D cross section that joins the coastline
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and the boundary between sediments and bedrock on which the city lies. The authors used three simultaneous
recordings of aMw= 4.8 event occurred on 1993 December 16th recorded by broadband seismometers along
whose coordinate the cresection had been drawn. From the experimental transfer functions calculated for
the two stations located on the coastline and in the centhee afrosssection respectivelyRaptakis et al.

(20043 inferred that the amplification of the fundamental peak of the transverse component is greater than the
radial one and moreover shifted to lower frequencies, guessing that it is a strong indidditoappearance

of diffracted Love waves and their pronounced role in the recorded ground mdtigtisermore, the authors

point out that the greater amplification of the vertical component at the station furthest from the edges is an
indication that Rgleigh waves are also generated at the edges and influence the vertical component. Thus,
Raptakis et al. (200439 found the same phenomenon observed at Euroseistest, i.e. that locally generated
surface waves at the valley edges induce additional amplificédi the propagation of 1D volume waves,
particularly at the 1D fundamental frequenBaptakis et al. (20040 performed numerical analyses at the
same site and found that 2D analyses using a finite difference or finite element model simulated the actual
recordings much better, while the 1D model in their study proved to be rather inadequate to accurately describe
the complicated pattern of site effects at the station furthest from the edges, which is dominated by the presence
of surface waves generatedattral geological discontinuities, i.e. at the valley edges.

In another study conducted in the Gubbio basin (Umbria, Central IBihdi et al. (2009 analysed in both
time and frequency domains t he r ec oobsdriedIlgyswobtntar 1 40
arrays installed along the longitudinal and perpendicular axis of the basin to determine the spatial variation of
local site effects in the basin. The authors point out that the time series recorded in the Gubbio plain are
charactesed by locally generated waves affecting both horizontal and vertical components, which cause a
significant increase in both the duration and amplitude of ground motion compared to a nearby Rickisite.

et al. (2009 concluded that the spectral ampl#tions detected in the Gubbio basin are determined by a
combination of 1D effects and lateral propagation, which cause a large amplification of the horizontal and
vertical components of the motion over a wide frequency range that reaches maximum \takiestitre of

the valley, thus highlighting the contribution of 2D/3D effects in the Gubbio Plain respondgirsilieet al.
(2011)highlighted how2Di 3D effects play an important role in determining the aitglification effects in

Norciag they performedime-frequency analysien a station located inside the basin simgyhigh spectral
amplitudes aftethe Swave phasdinot observed on a station located on the bedrock, suggtstipgesence

of locally generated wave traim<Di Giulio et al. (2020)studiedthe heterogeneous distributiontbe H/V

curves innearby pointshowing as it isn indication ofthe spatial variability of seismiground motionsn

Norcia basin

1.1.8 Effects of topography

Local effects attributable to thefluence of topography have been observed several times during the past
two decades in numerous seismic eve@sli(et al., 1988;Faccioli, 1991; Finn, 1991;ChavezGarcia et
al., 1996; 1997,LeBrun et al., 1999; Jibson, 1987. Observation of the lotian of damage suggests that the
influence of surface geometry is strongest at the top of a r€ledélpi, 1987 Kawase and Aki, 1990. The
relevance of such phenomena in seismic events is documented, for example in Italy, by the extent of damage
observedt thetop of reliefs in the 1976 Friuli earthquak®rémbati et al, 1980, the 1980 Irpinia earthquake
(Siro, 1982 Rippa and Vinale, 1983, the 2009 L'Aquila earthquak&4llipoli et al., 2013, and the 2016
Central Italy earthquakd’¢imofiore et al., 202Q Grelle et al., 2021 Sextos et al., 2018

From the application point of view, the change in the characteristics of seismic motion due to the surface
geometry of the soil affects not only the assessment of seismic risk of the built environmengpbut a
infrastructures such as road and river embankments, and dams made of loose materials, in topographically
rugged areasDavis and West, 1973 Celebi, 1991 Vessia et al., 2013, 20}6. ATopography
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significant effects on seismic waves when theidant wavelengths are comparable to the size of the
topographic features and t heBdore,AYyr aphic sl opes a

The physical phenomenon of amplification of motion at the top of a topographic relief is attributed to the
focusing ofseismic waves near the crest of the relief due to reflection from the free surface (Figure 1.20) and
to the interaction between the incident and diffracted wave fiBlasi( 1982).

- | | |
Fig. 1.20Mechanism of focusingeismic waves at the top of a relie&fizo and Silvestri, 1999 L: semilength; H: height of the
topographic irregularity.

A first approximate quantitative assessment of the topographic effects can be made using a simple
topographic irregularity represted by an undefined wedge, assuming an elastic, homogeneous, and isotropic
medium (e.g. Aki, 1988, Faccioli, 199). The wedge is subjected to incident-B#ves that propagate
vertically and move parallel to the longitudinal axis of the weégure 1.21a).

For this geometric scheme and with the assigned boundary conditions, afatos@ahalytical solution is
available GanchezSesma, 1985, 1990n which the motion parameters are expressed as a function of the
angle at the wedge vertex=d (0 <dO e horizontal soil surface corresponds to the dasé.
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Fig. 1.21 (a) Characterisatiorof a simple topographic irregularity: notation for a triangular wedge excited by vertical SH waves
with orthogonal displacements with respect to the plane; (b) variation of the amplification factor as a function of thethegle
vertex of the triangulawedge SanchezSesma, 1990

The amplification factoA, calculated as the ratio between the amplitudéthe displacement along the
longitudinal axis at the vertex of the triangle, and the amplitude of the incident wages

0=—=-=— 1.9

Figure 1.20b shows the variation of the amplification factor as a function of theattgten be observed

that even for relatively gentle topographies (etigd 120 A, corresponding to a
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characteristic of many earth structures), amplification factors of three times the amplitude of the incident SH
waves can occur at the surface.

Thus, according to this simple model, the amplification of B&Ves associated with a topographic
irregularity depends only on the geometric shape and is not affected by other factors.

Numerical model and experimental studiBand e Tucker, 1985 Jibson, 1987 Pedersen et al., 1994
ChavezGarcia et al., 1997 showv that topographyelated effects of seismic motion amplification must be
considered in the seismic design of structures near the crest and sides of a natural or artificial slope.

The following is a summary of the most reliable evidence on the influetgpatfraphy on seismic motion,
taken from the main experimental and theoretical studies in the literatureS@iget al., 1988 Bard, 1994
Faccioli, 1991 Finn and Liam, 199)):

f
f

at the top of a topographic irregularity, seismic moticaniplified compared to that at the base;

the amplification at the top of a topographic irregularity is due to its geometrical characteristics,
since focusing phenomena occur when the incident wavelewgjtomparable to the setgingth

L of the base of #irregularity (Figure 1.20);

the entity of the amplification phenomena is correlated with the shape of the topographic
irregularity: the larger the shape factor H/L (H: height; L: skmgth of the topographic
irregularity), the stronger the amplificatiat the top;

along the flanks of a topographic irregularity, the interaction between incident and diffracted
waves leads to rapid changes in motion, amplitude, and frequency content; this generates a
complex field of displacements with alternating amgéifion and attenuation phenomena that can
result in pronounced differential motions;

there is qualitative agreement between the results of thditmensional numerical modelling and

the experimental observations regarding the amplification of ground mmatighe top of a
topographic irregularity and the complex phenomena of amplification and attenuation that occur
along the flanks;

However, there is no quantitative agreement between the modelling results and the experimental
observations: Irgeneral, the measured amplification ratios are much larger than the theoretical
values due to the sum of stratigraphic and topographic effects.
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1.2Models for characterising the structural response of structures

In the context of the dynamics stfuctures, the motion and state of stress of a mechestioatural system
that evolves over time is studied. In this paragraph is presented an approach that will lead to the formulation
of mechanical models of the "deterministic" type and will thereflmras attention on dynamic systems with
known features and subjected to variable conditions prescribed as a function of time. Starting from the
structural problem, and in agreement with the principles of physics, the analyses are carried out in
mathematial terms by schematizing the empirical reality by means of discrete models formulated
appropriately.

The fundamental distinction between the behaviour of a dynamically loaded system compared to a static
one can be described heuristically by mearte@example schematized in Fig. 1.22. Therefore, let's imagine
studying the structural response of a slender tower, represented for simplicity as a vertical shelf fixed to the
soil and subjected to a constant static IBads shown in the figure on thdtleor variable over timé(t) as
shown in right. In the first case the displacement fige) varies as a function of the height z and the
deformation of the cantilever, as well as the internal actions, depend only on the value of the applied force
andare naturally assumed to be constant. If, on the other hand, there isR(fpvesying over time, then the
displacementa(z,t)also vary as a function of time t, and consequently there will be dynamic effects generated
by the velocity fieldsi(z,t)and acceleratiofi(z,t)

P P(1)
u(zt) |4/
(zt) : { (z1)
u(zt) _/I'n(:.l)

|
\‘Il{u " !’[l J

u(z)

Fig. 1.22 Statically and dynamically loaded tower scheme

These velocity and acceleration fields result in additional force fields. In the case in question, for example,
the velocity field is usually associated with a distribution of viscous fd&¢z$ opposite to the movement of
the structure, while the acceleration field is associated with a corresponding distribution of inertiafotres
opposite to the variation of the motion itself. Furthermore, in terms of energy balance, in additiondrkthe
W of the external force P(t) applied at the top, and in addition to the energy V linked to the elastic deformation
of the cantilever, it will be necessary to take into account both the work dissipated for the viscous effects W
and kinematic energy The total workWr is therefore Wr=Wp+V+WcC+T.

To formulate a model that allows to obtain a good approximation of the dynamic behaviour of a structure
it is necessatry, first of all, to represent realistically both its elastic and inertial charactéristlosthis, two
types of modelling are generally adopted: lumped parameter model, and a distributed parameter model. In both
cases, the models adopted are always a compromise between the accuracy of the itagiodiscription
and the adoption of tHewest possible number of degrees of freedom. The dissipative effects linked to viscous
or internal friction actions are instead usually modelled in a second phase, by means of generalised parameters
subsequently defined as a function of the inertialelastic parameters.
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1.2.1 Lumped parameter model

A building like the one in figure 1.23 (left) can be represented by adeadng structure consisting of two
superimposed frames in reinforced concrete, therefore a very simple scheme, but effectiite fromt of
view of the description of the global dynamic behavior, can be that the doubleyge2ahown on the right.
In this scheme the mass of the building is concentrated in the two rigid beams with massgsumile all
the flexural deformabily is attributed to the columns considered axially rigid. In this way the scheme is
reduced to a model with two degrees of freedom, which can be given for example by the displagénents u
Uz (t) of the beams with respect to the ground.

u(t) =

i % 77

L
Fig. 1.23 Schematic shedaype model with 2nass concentrated in rigid beams, and flexibly deformable and axially rigid column

1.2.2 Distributed parameter model

A different but equally significant situation is represented in figure 1.24 and concerns the case of a slender
structure, such as a reinforced concrete chimney, or a tower, subjected to a seismic stress. The effect of the
ground movement is schematizedaaselative movement between the reference system of axes (u, z) fixed
with the soil and the absolute reference system of axes (r, s). In the case of a ground motion with a purely
horizontal component, the history of the ground motion is given by s(te wiglcorresponding accelerogram

is defined by (t). It should be noted that the forces of inef§{a, t) that stress the structure are distributed

along the height and result from the combination between the acceléi@tijpwvariable with the height z of

each point of the structure with respect to the ground, and of the soil acceligiaioonstant along the height

z) with respect to the absolute reference system. In this specific case, modelling with a single texhcentra
mass is not appropriate as neither the equivalent mass parameter m* nor the corresponding height h* are
immediately definable. On the other hand, it is more appropriate to proceed in a different way, starting from
the consideration that the seismicdas overall quite similar to a uniformly distributed load, especially in the

most intense phase of the stress, that is when thé ¢Brim higher and more prevalent with respect to relative
accelerations. The resulting displacement field will haverdtthat is sufficiently well approximated by the

shape functioni(z) corresponding to the elastic line indicated in figure 1.24. It is therefore convenient to
separate the variables and assume that the kinematics of the system is described by a dispéddeiven

by the simple functionu(t) = d(t)d(z). The variable](t) then constitutes the generalised displacement of the
system, which is therefore modelled as a single degree of freedom system having distributed mass and stiffness.
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Fig. 1.24 Schematic of concentrated mass model and SDOF idealisation of uniform flexural cantilever column
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Once the mechanical model that schematizes the structure to be studied has been defined, it is necessary tc
formulate tle system of equations of motion. These equations can be obtained directly by explaining the
equilibrium conditions by means of the Principle of d'Alembert which states that a system of forces applied to

a mechanical system is always in equilibrium, proditeat the forces of inertia are also introduced into the
account. Indeed, this principle is the extension of the concept of equilibrium valid in statics to the dynamic
field. In other words, in the dynamic field, a mechanical system will move with aatieter that produce

inertial effects such as to compensate exactly for the imbalance that would occur in the purely static field.

1.2.3 SDoF model

Figure 1.25 illustrates a single degree of freedom gyparmodel, consisting of mass m constrained to the
soil by means of two flexible columns.

u(r)

h

S5

mg mg

}

ClH - o
p() ty | = D

mg mg

ERRRANNANNNNNNNNANY

Friction-free surface
Fig. 1.25(top) Basic SDOF dynamic syste@idugh and Penzien, 2003(bottom) Mas$ springi damper systenChopra, 199%

The horizontal forces in this problem are the horizontal elastidopol forcefy, which corresponds to the
internal shear action of the two columns due to the displacement at ti{g;ttge viscous force-fproportional
to the velocityo(t); the traverse inertia forck, proportional to the absolute acceleratidro + i 0, in
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agreement with Newton's law. The equilibrium equation for the forces in the horizontal direction of the beam
therefore results:

Qo Qo Qo0 =0 1.91

whose terms are given by:

No=-mBoO o]
06 =-co 0

Qo ="Wo=2—00

having indicated m as the total mass of the beam, ¢ as the viscous damping coefficieas dnel elastic
constantproportional to the total transverse stiffness of the two columns. Finally, the equation of motion of
this singledegreeof-freedom model, SDoF, is given by:

460 @O QOO =-ai o 1.92

This equation of motion has been obtained dixectly imposing equilibrium; however, it must be
considered that this procedure is in fact easy only in the case of elementary systems that can be described by
means of models with a very limited number of degrees of freedom.

Considering the equation ofotion (1.2) for the singledegreeof-freedom model subject to seismic stress
at the base yields:

46 w Q&-ai 0kno 1.93

1.2.3.1 Free vibrations

The differential equation (1.94) can be solved from the associated homogeqaatisn, which governs
the system in the case of free, unforced oscillations:

a6 w Q&0 1. 94

The particular solution can be in the form:
00 =CQ 1.95

with UandC constants belonging to the field of complex numbers.
Substituting (1.95) and its derivations:

00 =| CQ
00 = CQ

into (1.94) yields:
a| ® QCcQ =0 1.96
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Dividing the latter equation b|y|C<i51 finally results:

| ¢, 111 =0 1.97
where
171 = Qa is called the natural pulsation of the
oscillator
1T ,=—= —— is called the damping factor

The roots of (1.97) belong to the field of complex numbers.

In particular| 5 1 , , p). Depending on the value di, p, and thus of , four systems can
be derived:

, = 0 UNDAMPED FREE VIBRATIONS MODEL
, =1CRITICALLY - DAMPEIMODEL
, <1UNDERCRITICALLY - DAMPEMODEL

, > 10VERCRITICALLY-DAMPEMODEL

1.2.3.2 Undamped free vibrations modei=£ 0)

In the simplest case of an undamped oscillator, i.e 00, (1.9) becomes:

| 1 =0 1.98
from which| = 7Qis directly derived. The general solution of the homogeneous equatiif) (4.
therefore given by:
60=0Q +00Q 1.99
Using Euler relations:
1.100

thus, showing the real and imaginary parts of the constamts1 6 + 00 , la (1.107) can be written in the
form:

60 A0 o0 oéio Qo A0 o0 ofgio Qoo 1.101
which simplifying becomes:
00 A0 A0 @&i0 o0 o0 i Do

NQod o0 i o A6 A0 i Qo 1.102
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A solution in the real field can be obtained if the second term is null, therefore:
a0 a0 1.103
o0 o0 1.104

i.e. the two constants C1 and C2 must be conjugated. At this point, the general solution can be rewritten in one
of the two following equivalent forms:

60 O®&io O0i DO 1.105
00 " 0 — 1.106
where” =16 6 ,—=A OA 876 . The value of the integration constaAtandB can be derived from

the initial conditions on displacememtrn o} 6 and velocity6o T =3 6i "REO 1 6D Ei=6 =
1 6 obtaining:

0O O 0 — 1.107
Thesolution then becomes:

60 06 QEio —i PO 1.108

The oscillator then moves in simple harmonic motion (Figure)1.25

Fig. 1.26 Free vibration of a system without dampif@jqugh and Penzien, 2003

In addition to the pulsatiomn, which is also called tharcular frequencycertain quantities associated
with the characteristics of motion can be defined:

1 Frequency defined as the number of cycles completed in the unit of time and measured in Hz;

1 The periodT, the inverse of frequency, defined as the time taken to complete an entire cycle and
measured in seconds.

The relationships between the different quantities are as follows:

Y o-=— 1.109
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1.2.3.3 Critically - damped modebB(= 1)

The model withrc = 2ym =2fQa= & , ovveros= 1, results in a single solution:
| | =-¥ ,¥NA 1.110

The valued is called the critical damping of the system and in this case the general solution of (1.94) is
given by the following combination:

60=(6 609Q 1.111

SinceQ is areal term, the two constaftsandC; are also, and can be derived directly from knowledge
of the system's initial conditiong0) = W’=C;, 6 T =0 = ¥CQ +CQ = -¥Ci+ Co=-vU’+C;
obtaining:

60=[6p 106 690 1.112

As can be seen from Figure 1.26, which represents the motion for positive vaifie®of, in the case of
critical damping with initial values of concordant sign there are no oscillations around the initial position and
furthermore the system tends agtotically to assume a null displacemerﬁg:écﬁ 0 = 0. The critical

damping value; is the smallest for which the motion assumes this character.

v(r)

-1

Fig. 1.27 Freevibration response of critically damped syst@itough and Penzien, 2003

1.2.3.4 Undercritically - damped modes-& 1)

In the somewhat more realistic model corresponding to ezaomdamping value but below the critical
value, i.e. the scalled subcritical model, the motion will have an intermediate character between those just
described. It should be borne in mind tima¢arthquake engineering problems one typically assam¢g.02
- 0.05]. Eqg. (1.97) admits as a solution:

| r=v%[3 , p] 1.113

Forc < ¢, i.e.3< 1 the sukroot term in (1.113) assumes a negative value and it is therefore convenient to
write the solution to eq1.97) in the form:
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| | =-3% 1T, 1 =3y 0 p , =-37% I 1.114

where¥p N A
T =¥ p , 1.115

Substituting the values &f » into (1.95) yields the two particular integrals:
6.0 =Q 1.116
c0=0 1.117

that through Euler's formulas

Y r wmi s 1.118
Q we+ QI Q¢
Can be rewritten in the form:
6,0 Q1000 QTR L 110
6.0 Q1 OQEigd QITR '
and combined linearly:
%0 90 Q.1 0§ i
ébcéo .16 1.120
_u_c"ﬂ Q [ "N&o

The general solution of the equation of motion is obtained as a linear combination of the above and, in
analogy to the case of the oscillator with zero damping, can be written in trigonometric form:

60=10 6 &egli 0 6 i Ve O 1.121
Initial conditions noted = 0andd =0, developing in the

60 m O O

P00 T 06 ,1Q 6 0&i 0 1 Q 81 MEO
r L1Q 61 REO T Q8 QDo
o 1Q 6 GEi o 81 Reo 1.122
v Q 1 0 REO 1 O weéli o
Vs , 16 1 0
w , 16 1 0
introducing the constants =6 and6 = into (1.121) the solution becomes:
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00 O WEN o i Q¢ 0 Q 1.123

Alternatively, this response can be written in the form:

60 "WEN o —0Q 1.124
in which
” 0 T-[ -
1.125
— b &E

The character of the motion is therefore oscillatory, with pefipd 2" /¥p, longer than the corresponding
period of the undamped oscillator, while the amplitude of the oscillations decreases exponentially as a function
of the damping coefficier# as shown in Figure 1.27.

v(t)
A

Fig. 1.28 Freevibration response of undercriticallgdamped systenC{ough and Penzien, 2003

1.2.3.5 Overcritically - damped systensX 1)

Although it is very unusual under normal conditions to have overcritically- damped structural systems, they
do sometimes occur as mechanical systems; therefore, it is useful to carry out the response analysis of an
overcritically - damped system to makéstpresentation complete. In this case hagikgc/cr > 1, indicating

withl 71 p, it is convenient to write the roots of the eq. €1 i@ the form:

s 1 1 . p= ,1 o 1. 126
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Substituting the two values pfgiven by (1.1B) into (1.%) leads to two particular integrals:

o Q.1 Qro
o Q- 1@o

0p

: 1.1
0]

q

Considering the following linear combinations of the two particular integrals, sshewohyperbolic
functions, we obtain:

—— Q0 QfQ 0o
1.128
— Q iMoo
The general integral is obtained as a linear combination of the above:
60 Q S6OER 061 WO 1. 129

in which the real constant8 andd can be evaluated using the initial conditionst ando Tt . It is easily
shown from the form of (120) that the response of an overcritically - damped systaimitar to the motion

of a critically - damped system (Figure 9).2however, the asymptotic return to the zdigplacement position
is slower depending upon the amount of damping.

Critically - Damped &=

vercritically - Damped &=2

u(t) f u(0)

- Undercritically - Damped ¢=0.1

Fig. 129 Freevibration response of overcriticaHlggamped systeifChopra, 199%

1.2.3.6 Forced vibrationgmodel with unit impulse forcing

The equation of motion of a singtkegreeof-freedom system in the absence of damping and subject to-a time
varying initial perturbation is:

a6 0 Qoo =00 1.130
The equation of motion of the forced oscillator is a seamder differential equation with constant

coefficients, linear but not homogeneous. The particular solution can be consideresuagtpesition of the

solution of the associated homogeneous equation and a particular integral, which depends on the specific form
of the forcer and is therefore assumed to be in the form:

600 =0,,0+0,0 1.131
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In the case of the application of unit impulsive foiGethe solution of (1.13 is given by the sum of the
solution of the associated homogeneous &).28d the solution of the particular integoal 0 :

00 O G&gio 60i o — 1. 12
From the initial conditions (t = 0) the integration const@nts 0 result

, oot e 113
om0, 10iQEO] Owéiont 06 ™

Therefore, introducing (1.8} into (1.12) the final form of the equation ofhotion in the case of impulsive
forcing is given by:

00 —QEi0 — —p GEio 1.13%
The ratio betweet 0 and the particular integral 6  — is called dynamic load factor
DLF=——=p ®§£]ia This function, the trend of which is shown in figur&Q.gives an idea of how

much the effects are amplified/worsened in the dynamic case compared to the stabitEases 2 when

the trigonometric function isosyt = -1; therefore, if a constant fards applied impulsively to a linear elastic
system, the displacement, and therefore the deformations, and oscillations, periodically are twice as great as
those that the same force would produce if applied statically.

DLF DLF=U(t)/Ust

2,5

1,5

0,5

Fig. 130 Dynamic Load Factor

1.2.3.7 Response to harmonic loading of undamped system

Assume that the system of figure 1.25 is subjected to a harmonically varying(thad sine-wave form
having an amplitudpo and circular frequencg asshown by the equation of motion:

G606 @o Qoo =ni Qo 1. 135

Before considering this viscously damped case, it is good to examine the behavior of an undamped system as
controlled by
doo Qoo =ni Qo 1.13%
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The general solution must also include the particular solution which depends upon the form of dynamic
loading. In this case of harmonic loading, it is reasonable to assume that the corresponding motion is harmonic
and in phase with the loading; thus, the patér solution is:

0 0 =0i Q¢o 1.137
in which the amplitud€ is to be evaluated. Substituting the derivative of (7)13

myt AT ngD
m # O Ejo

O O

o
o]
in (1.13%) gives:

0i Qe0 1 Oi Q&= —i "Qeo 1.138
Dividing through byi "Q&dwhich is nonzero in general) and bynd noting thak/m=] , one obtains:
01 =— 1.139

from which:

0= — = = — 1. 140

The general solution of (1.5Bis now obtained by combining the complementary and particular solutions and
making use of (1.10); thus, one obtains

60=00€&i0r61 REO+F ———i Q&0 1.141

For the system starting from rest, i1l§(Q) = 6(0) = 0, it is easily shown thate 6:

- 6om o, Tt O T

om0, ] 0 QO] Obéli O

W Ny P ra . Ny p 1. 12
t—cwéiomt 6 —F——

Vg Pz S

in which case the response(@f14l) becomes

600=——— 1| 0Qe0 —i Q&oO 1.1483

Equation (1.18) has been plotted fay / ¥ 0.2,u(0)= 0, andd =] hnj "Qas the solid line in figure 31
TheO E Tderm in this equation is the particular solution of (Z)1@nd is shown by the dashed line. Equation
(1.143) and fig. 1.3 show thatu(t) contains two distinct vibration components: (1) & 1d¢erm, giving an
oscillation at the forcing or excitingdquency; and (2) th® E ToA 11 Gdterms, giving an oscillation at the
natural frequency of the system. The first of these iddtmed vibrationor steadystate vibration for it is
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present because of the applied force no matter what the initiakiomisdiThe latter is theansient vibration

which depends on the initial displacement and velocity. The difference between the solid and dashed lines is
the transient component, where it is seen to continue forever. This is only an academic pointthecause
damping inevitably present in real systems makes the free vibration decay with time. It is for this reason that
this component is callediansient vibration

The factor in brackets in (1.3)%thas been plotted in figure 2.8gainst j7 , the ratio of forcing frequency
to the natural frequency. Theformationor displacementresponse factolf gives the ratio of the amplitude
6 of the vibratory deformation to the static deformation  =1) j ‘Qdue to the forcq .

y, Amplitude, p,
Yy

/
7

/

’ \/

Period, T = 2n/w

2 7 Total response
Steady-state response

N\ I/ N
\

(b)

u(t) ! (uy),
Sy

[

0 0.5 1 1.5
e T

Fig. 1.31(a) Harmonic force; (b) response of undamped system to harmonic fgnce= 0.2, u(0) =0, and ™ 1 nj Y Chopra,
1995

Figure 1.2, which shows theY plotted as a function of the frequency rati¢] , permits several
observations. If j7 i s s mal | (i .e., t h & id amly dightly lager thanll andithg v ar
amplitude of the vibratory deformation is essentially the same as the static deformatjon. ¥ ¢ (i.e.,
is higher han] 1), 'Y < 1 and the deformation amplitude is less than the static deformationj]As
increases beyonic, 'Y become smaller and approaches zero jas Hy, implying that the vibratory
def ormation due to a f#fr agdijdlsylose®d §.6], nigcbseftoo)r'Ycis i s v
many times larger than 1, implying that the deformation amplitude is much larger than the static deformation.
The resonant frequency is defined as the forcing frequency at Whishmaximum.
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Deformation response factor Ry = u, / (is)o

Frequency ratio @/ @,

Fig. 132 Deformation response factor for an undamped system excited by harmoniCfoogea, 199%

This result is plotted in figure 133which shows that the time taken to complete one cycle of vibratio¥s is

(or natural periogl

u(®) / (ug),

/T,

Fig. 133 Response of undamped system to sinusoidal force of frequengy; 6 T = 6 1 = 0 (Chopra, 199%

The deformation amplitude grows indefinitely, but it becomes infinite only after an in finitely long time. This
is an academic result and should be jteted appropriately for structures. As the deformation continues to
increase, at some point in time the system would fail if it were brittle. On the other hand, the system would
yield if it is ductile, its stiffness would decrease, and its "natural frezyfevould no longer be equal to the
forcing frequency, and figure BB3vould no longer be valid.

1.2.3.8 Harmonic vibration with viscous damping

Including viscous damping the differential equation governing the response of SDoF systems to harmonic

force is(1.13%) whose complete solution is:
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60=[6 0]+[6 0]=[Q (B&ei 0 8i e 0]+[8i Deo+O0Ei § 1. 144

where6 0 and6 0O represent the complementary (the transient response) and the particular (the steady

state response) solutions respectively of the differential equatiorb(1.13
The constantd, B, G andD can be determined by standard procedures:

0=0T 1.145
8= —- —j—j 1. 146
6= ——— j J_ 1. 147
0= —— ) J_ 1.148
Equation 1.14 is plotted in figure 18for j7 = 0. 2, 3 = 0 06(0)5] njitie)total= 0,
response is shown by the solid line and the steathte response by the dashed line. The difference between
the two is the transient response, which decays exponentially with time at a ratdicdgms j7 , and 3.

After a while, essentially the forced response remains, and we thereforestedidystate responsd-igure
1.34 show that the largest deformation peak may occur before the system has reached steady state.

2 7 / Total response
- Steady-state response

s \ \/
-1 1

2

0 0.5 1 1.5 2
11T
Fig. 134 Response of damped system to harmonic forge;= 0. 2, ug0) =0, add u@5=] r']nj "((Chopra, 1995

Forl = (1.147)givesC=0andD=- 06 ¢, ; moreover, for zero initial conditions, the constahts

andBin (1.14) can determinedA= 6 1¢, andB= 6 I¢ , . With these solutions fok, B, G
andD, (1.14) becomes:

00=——1[Q (O&i 6 ——i PEO- Q&I 1.149
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This result is plotted in figure 153or a system witts-= 0.05. The damping lowers each peak and limits
the response to the bounded valué = 6 | ¢ u The deformation varies with time as a codinmgction,
with its amplitude increasing with time according to the envelope function shown by dashed lines. The
amplitude of the steadys t at e def or mati on of a system to a harn
steady state is attained is strongifluenced by damping.

20 ~
Envelope cunes Steady-state amplitude
10 1728
. —
& / \ / \ / \ / \ / \
I 0
s ‘*\L\Z VAVAVAVAVAY \
-10
-20 -
0 2 4 6 8 10
T,

Fig.135Response of damped system with =%;&=0.=08hdpra,139% nusoi dal

The important influence of the damping ratio on the amplitude is sdiguie 1.3, where the (149) is
plotted for three damping ratias= 0.01, 0.05, and 0.1.

u(ty [ (ug),

-30 -
0 2 4 6 8 10
t! T,

Fig. 136 Response of three systeness = 0. 01, - siflusoidal farcedf frequehcy=1 ;6 =06 =0 (Chopra,1995

A plot of the amplitude of a response guantity against the excitation frequency is cabediency-
response curvesSuch a plot for deformatiamis given by figure 1.3 whereinD =Y is plotted as a function
of b=q / for afew values of all the curves are below tlde= 0 curve in figure 1.31. Damping redudes
and hence the deformation amplitude at all excitation frequencies. The magnitude of this reduction is strongly
dependent on the excitation frequency.
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Fig. 137 Variation of dynamic magnification factor with damping and freque@byugh and Penzien, 2003

1.2.3.9 Vibrations with norperiodic forcing (UnitlmpulseResponse)

Consider the case in which an oscillator with subcritical damping is, initially, at rest and is then subjected
to an impulsive stress starting at titree U with intensity equal té(t) and of very short duratiomg@& T). It
follows from Newton's law tht the increase in momentum of the system corresponds to the impulse
provided by the acting forces:

o6t ot 6t = MO WO Q¢ Qo 1.150

Since the system is at rest until the instanat] if the duration of the impulse tends to be infinite, i.e. for
oW 0¥ @&tthe end of it the final conditions of the motion are:

6t t=m 1.151
6 t t==0 1.152

At the end of the impulse, for subsequent instantgJ+ (), the motion of the system will be governed by
(1.1283). Therefore, the system remains at rest artil+ opUand thereatfter it will have a motion of a damped
oscillatory character beginning at the instamst U+ cp vith null displacement and velocity given by the
condition (1.12):

6 0= i1 o Tt Q 1.153

In the case of a system on which a timaeying forcef(t) acts, it is possible to evaluate the response of an
elasticlinear system by treatintft) as a succession of pulses of duratibif the forcing is a sufficiently
regular function, then the respse of the system to the single impulse will be given by eq.3)l.4b6d taking
into account the linearity of the system, the overall response in an interval (0,t) is given by the combination of
the responses to all the elementary stress impulsesgiiat¢gral::
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6o=—,_Z Cti T o t Q Qf 1.154

is the Duhamel integral which, for generic forcings, is generally solved numerically. In the case where the
system is subjected to a seismic type forcing, represented by an acceldragrahen its response is given
by:
6o= — i ti™Mm o t Q Qft 1.155

1.2.3.109pectral response values

In many earthquake engineering applications, one is essentially interested in knowing the maximum values of
a few more significant quantities. In practice, therefore, one does not require knowledge and analysis of the
response for all values of the timeiablet, as is obtained, for example, by solving the Duhamel integral. Is
therefore indicated witls, called pseudo spectral velocity, the scalar representing the maximum of the
absolute value of the following integral function, which derives from the Duhamel integral, simplified taking
into account that for the limited damping values typical in the faélcivil constructions one can assume that

¥ = ¥p:

V=dawg (€T 0 TG Qo 1. 156

The scala&,, called the spectral displacement, then indicates the absolute maximum of the relative
displacement, given by tHellowing ratio:

Y =— 1.157

This expression implies that the scalar spectral pseatieity S, can be taken to be a reasonable
approximation of the system's peak velocity, imagining that this peak is reached with a pulsation close to its
own. Finally, the scald® = ¥ Svcalled pseudspectral acceleration is also defined in a similar way.

In geneal, for a given seismic excitationo , one determines the valugs S, S for different pairs of values

of the eigenperiod and the damping factor § by referring to the responses of the corresponding linear
singledegreeof-freedom systems. Theowesponding diagrams, known as displacement, velocity, and
acceleration response spectra, are then represented as a function of the oscillators' eigenperiod.
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1.3Models for characterisingthe soilstructure interaction effect

The dynamic response of a building during an earthquake can be influenced by the interaction with the soill,
which can lead to an increase or decrease in the seismic demand due to the combination of structure and
foundation soil characteristicd/Mfylonakis and Gazetas 2000Kausel 2010. Indeed, on one hand the free
field motions are referred to as the condition in which ground motions are not influenced by the presence of
structures, while when the response of theiaflilences the motion of the structure, and the response of the
structure influences the motion of the soil we speak ofstnicture interaction.

An extremely high stiffness solid rock subjected to an earthquake constrains its motion to be very close to
the freefield motion. Structure founded on this kind of rock is considered to be liiasd structure.

On the other hand, the same structure woefghond differently if supported on a soft soil deposit. The
soil-structure interaction can be related to two main causes: first, the motion of the base of the structure deviates
from the free field motion due to the inability of the foundation to confivem field motion deformations;
second, the dynamic response of the structure itself would induce deformation of the supporting soil.

Neglecting or not the segitructure interaction effect on the dynamic response of structures and foundation
systems depals on the details of the problem at hand and must be evaluated onrbg-case basisVolf
(1985)

The seismic assessment of building structures, generally, is conducted by adopting a system that is a
combination of a rigid foundation element on a rigase, the soalled fixedbase (FB) capacity models
instead of soifoundationstructure (SFS) in which the compliance (i.e., deformability or total flexibility) of
both the foundation elements and the soil is considered.

Considering the case of the sim8DoF system mounted on a rigid, massleshdped foundation (Figure
1.38a) representing a structure characterized by its mass, m, stiffness, k, and damping coefficient, ¢ supported
on an elastic soil deposit, if the material supporting the foundatiogid, the natural frequency of the resulting
fixed-base system would depend only on the mass and stiffness of the structureythat Q& , and the
hysteretic damping ratio would be= 1j ¢’Q(Wolf, 1985).

If the supporting material isompliant, however, the foundation can translate and rotate. The stiffness and
damping characteristics of the compliant goilndation system can be represented by the translational and
rotational springs and dashpots shown in Figur&hl.3he foundatiordashpots represent two sources of
damping: material damping caused by inelastic behavior of the soil supporting the foundation, and radiation
damping that occurs as dynamic forces in the structure cause the foundation to deform the soil, producing
stresswaves that travel away from the foundation. The amount of material damping will depend on the level
of strain induced in the soil; if the strains are high, material damping can be substantial, but if they are low,
the material damping may be negligible cbmtrast, radiation damping is a purely geometric effect that exists
at low as well as high strain amplitudes. For typical foundations, radiation damping is often much greater than
material damping.

Fig. 1.38 Schematic illustration of deflections caused by force applied to: (a)-fized structure; and (b) structure with vertical,
horizontal, and rotational flexibility at its basBlEHRP, 2013
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Soil structure interaction is caused by two phenomena: théitpath the foundation to match the free
field deformation (kinematic interaction) and the effect of the dynamic response of the stiowchatation
system on the movement of the supporting soil (inertial interaction).

Kinematic interaction will occur tvenever the stiffness of the foundation system impedes development of
the freefield motions (Figure 19. Kinematic interaction can induce modes of deformation (e.g., rocking and
torsion) that are not present in a ffeed motion. The seismic motionansmitted from the foundation to the
structure is modified from Free Field Motion (FFM) into Foundation Input Motion (FIM) because of the
relative soiffoundation stiffness and the foundation embedmigisapee and Murray 1977 Kramer, 1996;

Kim and Stewart 2003 Conti et al., 2017.

@ ' " (b) " ' ) (d) ()

Fig. 139 Kinematic interaction with fre@ield motions indicated by dashed lines: (a) flexural stiffness of surface foundation prevents
it from following vertical component of fréeld displacerant; (b) rigidity of block foundation prevents it from following horizontal
component of fre@eld displacement; (c) axial stiffness of surface foundation prevents immediately underlying soil from deforming
incoherently; (d) Excitation of rocking vibratig in an embedded foundation by vertically propagatingges: at certain frequencies,

the wavelength is such that unbalanced overturning moments cause rocking, even thougi¢he fine&on is purely translational;

(e) at other frequencies (and waseegth), rocking may be suppresggdamer, 1996

The effect of the mass of the structfioendation system in terms of dynamic response on the movement
of the supporting soil is called inertial interaction; if the supporting soil is compliarfgrttess transmitted to
it by the foundation will produce foundation movement that would not occur in alfixeel structure. So, if
the soil is compliance to the structure motion it produces the modification of the period and damping of the
whole system, &écting the structural response in terms of displacements and/or accelerations, as well as
inducing additional energy dissipation by means of wave radiation and hysteresis@azetbs 1983Wolf
1985 Mylonakis et al., 2006 Givens et al., 201p

Consider the responses of fixbdse (FB) and sefbundationstructure (SFS) systems subjected to
horizontal ground motion (Figuredl). The lateral displacement on top of ##® modelis associated only to
the structural deformatioruds), being FFMk FIM, and oscillation energy is not transmitted through the
foundation to the underlying soil. The total horizontal displacement of the SFS model can be expressed as the
sum ofusy, W (displacement for swaying, with the assumption of rigid soil), atfcbuking oscillations of the
base, with the assumption of rigid structure).

Ugtr | L Uy Tuﬂ/ustr
} . }
Mg, ‘
g 0
= kslv = k
i.slr “: S
FIM| FEM ;.
N7 (@) e, (b)
Fixed-base system
Soil-Foundation-Structure
system

Fig. 140 Comparison between seismic responses of FB (a) and SFS (b) sy&tenes &l, 2020
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Since the lowise URM buildings are the mostcurrent class of structurés the Italian historical built
heritagethe focus will be on this construction typolodye foundation stiffness of existing masonry buildings
is often comparable to that of the soil, thus kinematic interaction can becteegWith this in mind, the
fundamental frequency decreases frigr{FB system value) t&* (SFS value); the structural damping ratio
reduces from  to,” , while the damping ratio of the sddundation system is the surh=, +, +
Figure 1.40 depicts the variation in pseudospectral acceleration in the first mode versus period in both linear
and log scales. For lovise URM buidings, the pseudspectral acceleration for a flexibbase structuréy,,
or the intensity of the seismic action transmitted to the base of the SFS, is usually expected to be increased by
SSI.

'F, B, = Flexible-base period, damping ratio

T | T IIIII'II] I T TTTrTT
T, B, = Fixed-base period, damping ratio
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3 PR v base shear
N ~. _ T f ....................................
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@ | fi| :base shear .
8 : . L
—_—a
s # ‘
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m
(7))
: | I 1 ‘ 1 1 llJIIlI 1 1 IPIJIJ 1 1 (AN
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Fig. 141 lllustration of inertial SSI effects on spectral acceleration (base shear) associated with period lengthening and change in
damping NEHRP, 2012.

However, if the foundation is both embedded and stiffer with respect to the soil, the kinematic interaction
cannot be neglected, since the FIM differs significantly from the FFM; the foundation can be considered as a
filter of the signal transmitted to the structuRir¢ et al., 2020.

In order to account for SSI effects in seismic performance assessmentmhess refined models of soil
and structure have been proposed in the literature. Follovalegsos and MeeK1974) if the subsoil is softer
than the structure, the fundamental frequency of thestmitture system decreases and part ok#ismic
energy is radiated through the subsoil, so flexural displacement and structural damping are reduced. These
authors define a replace the SDoF model with a modified fixeadse replacement oscillator (RGrigure
1.42), a fixedbase SDOF system wittquivalent massn*, and lateral stiffnesk*, properly calibrated to
achieve the same dynamic behaviour of a comphase SDOF systemith frequencyf* and damping ratio
3 "of the soili structure system given by:

—= 1.158

= —, — == = 1. 159
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y(t) u(t)

Fig. 142 Replacement oscillator and its static deflectivieletsos and Meek, 1974
In Figure 1.8, f*/f0 anda*ar e pl ot t ed &/gvalues, setated) respeativelyt td shiwtre 1),
squat b/r = 2) and slenderh(r = 5) structuresr(= is the radius of the foundation). Given the structure
properties if, %) and theh/r ratio, as the soil deformability increaségseduces, so thenfluence of SSI
increases, causing a reduction in the fundament al
radiation damping, which has a significant impact on short structures and negligible effects on slender
structures.
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Fig. 143 Natural frequency and damping factor for SDF oscillatdeletsos and Meek, 1974

Wolf (1985)also highlighted the important effect of ssftucture interaction in reducing the natural frequency
of the equivalent system witlespect to that of the fixédbase structure. The natural frequency)(and the
equivalent hysteretic damping ratio ] of the equivalent model can be expressed\&sdf( 1985):

1 =—/— 1.160

] :_a p . +_, +_, 1161

The reduction of the natural frequency of the-suilicture system to a value lower than that of the structure
under fixedbase conditions as the stiffness raitig( "Q w) increases is shown in figure 4at For the fixed
base conditioni{= 0), the natural frequency of the equivalent system is equal to theldassl natural
frequency. Another, important effect of setructure interaction is to increase the effective damping ratio of
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the equivalent systn to a value greater than that of the structure itself (Figudb)l.Bor the fixeebase
condition, the damping ratio of the equivalent system is equal to the structural damping ratio, but as the
stiffness ratio increases, the effects of radiation aflddamping become more apparent. At high stiffness
ratios, structural damping represents only a small part of the total damping of the system. Each curve refers to
different value of the massratio(=a j " @ ; a is characteristic length of the foundatipis the mass density).
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Fig. 144 Effect of stiffness ratio and mass ratio on (a) natural frequency(@ndamping ratioofsois t r uct ur e sy st ems
0.33, 3 = 0.WpnlEHB8H5 g = 0.05) (

The effects oboil-structure interaction on displacements are illustrated in Figubevihrehis the height
of a straightforward structural model of a singtery building frameu represents the amplitude of the relative
displacement of the mass referred to thevimgp frame of reference attached to the rigid base and which is
equal to the structuralistortion uo is the amplitude of the horizontal displacement of the base relative to the
free field motion, andf is the rotationIn this case, the effects of the ssiitucture interaction were both to
reduce the maximum structural distortioRax, and to increase the overall displacenant up + hd)max (with
respect to the free field) by an amount that increases with incgessffness ratid [ Thus soitstructure
interaction tends to reduce the demands on the structure, but because the foundation can translate and rotate
increase the overall displacement. These effects can be important for tall, slender structureselyor c
spaced structures that may be subjectgabtmdingwhen relative displacements become large.
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Fig. 145 Response of equivalent setfucture system to artificial time history: (a) maximum structural distortion; (b) maximum
displacement of mass relative to free fialdo(f, 1985

A more recent solution for the evaluation of the frequency reduction (peldadation) is that proposed
by Maravas et al. (2014) which is based on the complidmise SDOF. In that study, an exact analytical
solution was proposed. The difference between the formulatidviaogivas et al. (2014)and that proposed
by Veletsos and Mek (1974)consists in the equation used to derive the exact solution for radiation damping.
Specifically,Maravas et al. (2014)ntroduce complexalued and frequenegependent impedances, and
obtaining the following expression:

=Y 1.162

where:

- 3y andsy are energy loss coefficients that are similar to viscous damping ratios

and equal to the ratio between the imaginary and two times the real parts of the impedance functions;

- 3y IS the structural damping;

- ¥u, ¥ag and¥o are the uncoupled circular natural frequencies of the system, respectively under swaying
oscillation of the base, rocking oscillation and oscillation of the fba@sk structure;

- Sis a factor defined by (16H) and it is used to calculate the fundamental frequdhcgs follows:

¥ 1.27

Q= 1.28

The formulations proposed above consider a shallow, circular, rigid foundation resting on a homogenous
linear or viscoelastic/hysteretic halpace and permits to introduce the hysteretic dangimanto (1.159)
and (1.52).

64



Chapter 2: Geophysical techniques for the characterisation of the
urban environment

A site characterisation can be conducted through empirical approaches that can refer to spectral ratios of
seismic event signals (weak and strong motion) or ambierg neierdings called microtremoi3uring my
PhD work activity, two main experimental configurations were used: a reference site technique, i.e., the
Standard Spectral Ratio method (SSR) to analyse seismic noise andedenence site method with single
station configuration to record and analyse seismic noise, i.e., the Horizontal to Vertical Noise Spectral Ratio
technique (HVNSR)In this chapter, only empirical methods with a reference station (Standard Spectral Ratio,
SSR) and without eeference station (Horizonttd-Vertical Spectral Ratio, HVSR) will be described for site
characterisation through the determination of spectral ratios of seismic noise data.

2.1Seismic noise

The Earth's surface is subject to continumarllations in the seismic frequency range (€100 Hz). These
oscillations are called microseisms or microtremors or seismic noise, they are characterised by modest
amplitudes (generally betweef“and 1¢ mm) and are imperceptible to humans. Ingtugly of earthquakes,
microtremors represent a source of noise that can mask the signal of distant seismic sources.

Although studies of seismic noise have been carried out since thEdfhadntury Ferrari et al., 2000,
it was not until the 1950s that instruments capable of recording and analysing seismic noise became available.
Some scientists, suchldanai et al. (1954) Aki (1957) andAkamatsu (1961) pointed out that microtremors
contained valuable information alt soil characteristics and site response to a seismic event. However,
although techniques for collecting and analysing microtremor data have advanced over time, several open
guestions about the nature of seismic noise persist.

Research on the sourcesnoicrotremors shows that they are partly related to human activity itelgstry,

traffic, etc.) and partly related to natural phenomena, (gheg.flow of water in a river, rain, wind, pressure
variations, ocean waves, etc.); therefore, due to the hunmapooent, microtremors are not a purely natural
phenomenon. Since human activity and natural phenomena vary in time and space, microtremors take on
extremely complex, irregularand unrepeatable forms. However, when microtremors are measured
simultaneously pvarious stations located at different points on the earth's surface, signals containing coherent
waves (i.e.waves that have the same phase both in time and space domain) are revealed, i.e. microtremors
that present a superposition of waves travellingdifierent directions.Toks0s and Lacoss(1968)
demonstrated through data collected by a large aperture seismic antenna (LASA) that microtremors are the
superposition of volume and surface waves.

2.1.1 Origin and nature of noise

The research carried out over the ye&sténberg, 1958 Asten, 1978 Asten and Henstridge, 1984
Bonnefoy-Claudet et al., 2004 while emphasising the existence of many types of noise sources, show how
they can be classified into two types: natural and anthropic. Table 2.1 summarises the results of the studies of
Gutenberg (1958) Asten (1978) andAsten and Henstridge (1984})hat state how different noise sources
affect different frequencies (oceanic effects and lsgde weather conditions < 0.5 Hz, effect of wind and
local weather conditions 1 Hz, human activity, i.evehicular traffic and industrial activities for frequencies
> 0.5 Hz).
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Gutenberg Asten
(1958) (1978-1984)

Waves striking the coast 0.05-0.1Hz | 0.05-1.2Hz

Moonson/ large scale meteorological
perturbations

0.1-025Hz | 0.16-0.5Hz

Cyclones over the ocean 03-1Hz 05-3 Hz
Local meteorological conditions 14-5Hz
Volcanic tremor 2-10Hz

Urban 1-100Hz 1.4-30Hz

Tab. 2.1 Seismic noise sources at different frequencies accordi@gitenberg (1958)Asten (1978)Asten andHenstridge(1984)
studies.

In summary, the following can be deduced from the aforementioned studies:

- noise below 0.5 Hz is mainly due to natural sources, is generally stable, has high coherarmagbsed
of the superposition of waves that have the smallest phase differenbedimé and space domains) and is
essentially composed of surface waves;

- noise in the 0.5 1 Hz frequency range is generated by both anthropogenic and natural sources
(meteorological conditions); the noise is less stable and consists of a variabieguerof surface waves;

- noise characterised by frequencies above 1 Hz is produced by human activity; since anthropogenic sources
exhibit great variability, the noise is very unstable both in amplitude and in the ratio between surface and body
waves.

The abovementioned authors agree to set a frequency limit of 1 Hz to dividérémmency noise due to
natural causes (microseisms) from higiguency noise due to anthropogenic factors (microtremors).

In recent decades, research has beenedawut to understand the nature of noise. Several studies
summarised in the SESAME project (repd/P08, 2004, identified three useful ratios to characterise the
nature of noise:

- ratio between the energy of body waves and surface waves;

- ratio betweerthe energy of Rayleigh waves and Love waves;

- ratio between the energy of the fundamental Rayleigh mode and the higher modes.

Douze (1964, 1967arried out studies on the relationship between the energy of body waves and surface
waves by measuring theagnitude of noise in deep wells and comparing the theoretical and experimental
relationship between deep and surface noise with the following conclusions

- at 0.5 Hz, although not clearly, the noise seems to be given by the superposttivavas and Rayigh
waves(third modé;

- the noise at 1 Hz is given by the superposition of P waves and gtawlaves (first mode);

- noise at 2 Hz is the result of superposition-efd/es and Rayleigh waves (third moHdat (1998)showed
that for eaclrequency there is a number M of oscillation modes that can be finite or infinite depending on the
dependence of the properties of the medium and the frequency of excitation with depth z).

Li et al. (1984)compared the experimentally determined progagatelocity of seismic waves with the
theoretical wave velocity in a known ground; the authors concluded that for frequencies above 1 Hz the noise
is superposition of body waves and Rayleigh waves (higher modes).

Horike (1985) pointed out that in the range 0.8.9 Hz the noise is Rayleigh waves, while for frequencies
compre between 0.9 and 3 Hz the noise is given by the superposition of various modes of Rayleigh waves.

Subsequent studies Byamanaka (1994)in the Kanto Plain(Japan) showed that microseisms with
frequencies between 0-1 Hz consist of Rayleigh waves.
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Bormann and Wielandt (2013)carried out studies in boreholes that provided insight into the contribution
of surface waves in seismic noise: Figure 2.2 shovexpanential decrease in noise amplitude with depth.

In addition,Bormann and Wielandt (2013)points out that the noise at 300 m depth, compared to that at
the surface (Figure 2.3), is reduced by:

- 10 dB for frequencies of 0.5 Hz;

- 20 dB for frequenciesf 1 Hz;

- 35 dB for frequencies of 10 Hz .

The findings ofBormann and Wielandt, 2013are in agreement with the nature of surface waves for
microtremors.

Surface
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Fig. 2.1 Recording of shofperiod seismic noise (left) and signals (right) at the surface and at different depth levels of a borehole
seismic array. Note the significantly larger Pn amplitude closer to the surface. It is due to the surface amplificatiamieffecay
reach a factor of two for vertical incident waves. (Figueedrawnfrom Bormann and Wielandt, 2013

Thus, it appears that at low frequencies (<1 Hz), the noise consists essentially of Rayleigh waves in the
fundamental mode; although therenist complete agreement, it appears that at frequencies above 1 Hz, the
noise is characterised by the superpositioneBiRes and Svaves with the various modes of Rayleigh waves.
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Fig. 2.2 Velocity power density spectra as aibed for noise records at the surface (top) and at 300 m depth in a borehole (below)
near Gorleben, Germanyigure redrawnfrom Bormann and Wielandt, 2013

Another useful element for studying the nature of seismic noise is the ratio between Rayleigivean
waves energy. Although several studies have been carried out over the last 30 years to determine this ratio, the
results have not been unambiguous (Table 2.2). In all cases, the authors assumed that the noise is composec
mainly by surface waves; thariability of the result is due to the methodology adopted in analysing the data.
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Ohmachi et al. (1998)simulated the noise through the equations deriveddrkrider (1964)for a simple

subsoil model (one layer above a hgthce). The value of the obtained ratio between Rayleigh and Love
waves ranges between 10% to 90%, with an average value equal to 30%, and is strongly influenced by the soll
stress conditions.

s % Rayleigh | % Love
Jrequericy waves waves
Chouet et al., 1998 >2Hz 30% > 50%
Arai and Tokimatsu, 1998 1-12Hz 30% 70%
Yamamoto, 1998 3-10Hz <50% > 50%
Cornou, 1998 <1Hz 60% 40%

Tab. 2.2 Results of the proportion between Rayleigh waves and Love waves according to different @hthaes €t al., 1998Arai
and Tokimatsu, 1998Yamamoto, 2000Cornou, 2002

Chouet et al. (1998) studied the tremors of the Stromboli volcano. The obtained results attribute a
percentage of 30% to Rayleigh waves and 70% to Love waves; the ratio, however, refers to tremors induced
by volcanic activity rather than to microtremors; therefore, it doésppear legitimate to assume that the
tremors of the Stromboli volcano are a good approximation of microtremors.

Arai and Tokimatsu (1998) carried out noise analysis at four different locations in Japan. The results
obtained with two different methods aregood agreement (Figure 2.4).

Yamamoto (2000) applied the method previously used Bfouet et al. (1998) to estimate the ratio
between Rayleigh and Love wave enegmamoto (2000)acquired seismograms at three different locations
in the city of Moriola (Japan). UnlikeChouet, et al., 1998 Yamamoto (2000) determined the ratio of
Rayleigh and Love waves as a function of frequency. The results obtainedriamoto (2000)are similar
to those ofArai and Tokimatsu (1998) so the authors concluded that apgimately 30% of the noise at
urban sites (noise frequency > 1 Hz) is composed of Rayleigh waves. Different results were obtained by
Cornou (2002) using the higkresolution MUSIC analysisSchmidt, 198). The percentage of energy
attributed byCornou (2002)to Rayleigh waves is 60%; however, it should be noted that the frequency range
studied is 0.2 1 Hz.
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Fig. 2. 3 Rayleigh- to -Love wave amplitude ratios in horizontal motions estimated from microtremor arrayFigtagre-drawn
from Arai and Tokimatsu, 1998

On the basis of the above, the scientific community's difficulties in establishing the precise nature of noise
(body waves or surface waves?, Rayleigh waves or Love waves?) are evident, and it therefore appears complex
to determine the relationship betwedte energy of the fundamental Rayleigh mode and the higher modes.
Few works on this subject exist in the literaturekimatsu (1997)showed the possible existence of higher
modes in Rayleigh wave$okimatsu (1997)calculated the noise in synthetic foby solving the equations
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of Rayleigh wave displacements for three stratified soil models then determining the corresponding dispersion
curves (Figure 2.5). As can be seen from Figure 2.5, there is correspondence between the theoretical data from
the fundarental mode (or mode 0) and those obtained in the simulation only in casddr, asubsoil profile

in which the Swave velocity increases regularly with depth. In the cassvhere the Svave velocity profile

varies irregularly, the higher modes amgportant for higher frequencies. Therefore, the mechanical and
geological characteristics of the subsoil play a key role in exciting the upper modes of Rayleigh waves within
the surface wave component of seismic noise.
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Fig. 2. 4 (a) Velocity dispersion curves calculated on the basis of (b) velocity profiles useokioyatsu, 1997 The calculated
dispersion curves (dotted line) are compared with the theoretical dispersion curves of the upper Ragiesaif wavesHigure re
drawnfrom Tokimatsu, 199y

Tokimatsu (1997) through a quantitative estimate of the ratio between the energy of the fundamental
Rayleigh mode and the higher modes, concludes as follow:

- the existence of the higher modes of Rayh waves in seismic noise is possible;

- the subsoil profile, in particular thev&ave velocity profile with depth, plays an important role in the
excitation of the higher modes.

2.1.2 Noise as a stationary process in time and space

Seismic mise varies both spatially and temporally. Figure 2.6 shows the results of a stBdyebson
(1993} it is observed that the spectra of noise acceleration from 75 locations scattered over the Earth's surface
have similar but not identical trends.

A pheromenon is stationary over time if there are no systematic changes in mean value and variance.
Okada (2003) showed that noise varies in intensity over time. Figure 2.7 shows noise recordings made in
Sapporo (Japan) at three different times of the daygithitee spatial directions. It can be seen that the noise
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shows complex variations, but the degree of complexity does not vary throughout the entimsiribtee
recording. The large variation in signal amplitude over the entire day is evident.

Okada (2003 analysed the variation of microtremors at 10 different stations arranged as in Figure 2.8 near
Obihiro (Japanjor one day. The overall shape of the spectra is essentially the same; they differ in frequencies
greater than 1.5 Hz at different locaticawsd times. The variation in time of the recordings is due to the
temporal variation of the sources. The variation of the spectra at different stations, for frequencies greater than
1 Hz, is linked to the nostationarity of the microtremors on this sc&lenversely, stationarity of the process
can be observed for frequencies below 1 Hz. In conclusion, in light of the studies of the various authors
mentioned, and as will be further clarified in the next section, the phenomenon can be considered stationary
for time intervals of the order of a few hours. This is an essential prerequisite for representing the noise; since
in this work the recordings of seismic noise signals are just over an hour in duration, it will be assumed, as a
first approximation, thatie process is stationary in time and space.
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2.1.3 Microtremor spectrum

The waves contained in seismic noise are generated by sources of random intensity just as random is their
distribution in both the space and time domains; moreover, they travel in mediums with extremely variable
geological conditions. Consequently, the noise has a very complex form and cannot be described by simple
mathematical equations; the amplitude of theaoennot be predicte8eismic mwise is therefore stochastic,

i.e. the amplitude of the signal is indeterminate and unrepeatable. Even though the statistical approach entails
some difficulties, some author¥gnglom, 1962 Priestley, 1981 Sunahara, 1981) believe that the use of
statistical operators reduces the difficulty of the problem.

The amplitude of the noise can be viewed as a random variable and a probability density function associated
with it. Nogoshi and lgarashi(1970) showed that the fregncy distribution of the noise amplitude is
asymptotic to a normal distribution as the sample size increBakaji (1998)studied the stability of noise
over time by determining the frequency distribution of the noise amplitude, considered as a rariaioa, v
and its correlation function (Figures 2.9 and 2.10).

In Figures 2.9 and 2.10, it is clearly demonstrated that the mean, vadadaautocorrelation function of
the amplitude of the microtremors are constant femlfute sampling intervals antdt the microtremors
satisfy the properties of a stationary stochastic progéssstationarity of the signal was studiedRarolai
and Galiana- Merino (2006)emphasised that signal stationarity can be achieved with one hour of recording
Furthermore,tie frequency distribution of the amplitude of microtremors can deviate strongly from that of a
normal distribution when noise due to a transient impulse, f&gson walking, moving car) interferes with
the data during acquisition. Therefore, microtremors can be analysed in terms of the theory of stochastic
processes Yaglom, 1962 Priestley, 1981 Sunahara, 198) and their spectral representation can be
deternined.
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2.2Empirical methods for site characterization

Various methods may be used for site effect evaluation (experirenpatical, empirical, serempirical,
theoretical, and hybrid methods) for a moralepth discussion of which sé@tilakis, 2004. In this chapter,
some methods belonging to the expentaé- empirical category are discussed. The set of experimental
methods for the assessment of site effects can generally be divided into two rrzategiabies depending on
or notthey need a reference site, with respect to which the particular effetteasites are estimated (see,
e.g, Parolai, 2012.

The reference site method consists in comparing
be beli eved Badl, 1899, throdgh speadtral mtios) taking the name Stah&pectral Ratio
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(SSR). The assumptions of this technique are that the reference site, that is represented by a station located or
outcropping bedrock, is free of any site effect, and the source information and the path effect are the same for
this pair ofrecords at two closely located sites; thus, the site response can be reliably estimated through the
spectral ratios. This technique was proposed firsBogcherdt (1970) and is still widely usedAndrews
(1986)generalised this technigue extending taige data sets recorded on local/regional networks, separating

the contribution of the path, the source, and the site effects through the resolution of a large inverse problem,
from which the name of the method, igeneralised inversion technique (GIFpr more details sdearolali,

2012

Since also rock sites might have their own response, appropriate reference sites are not always available
(Steidl et al., 1998%. In addition, as discussed @hapter 1, since rock sites often are located on hills,
topagraphic effects need to be taken in account as well. For this reason, different methods that are not
depending on reference sites have been developed. One of them is the Horizontal to Vertical Spectral Ratio
(HVSR). The singlestation method, developed sithe early 1970Npgoshi and Igarashi, 1970, 1979 1lis
now known as the Horizontal to Vertical Spectral Ratio method (HVSR or H/V ratio mettakBmura
(1989)developed this method further as a tool for the estimation of the site response of Sandesthis
reason the HVSR is also known as Nakamura's method. OrigiNelkamura (1989)proposed to use the
spectral ratio between the horizontal and the vertical components of ambient noise recordings. Over the past
30 years, the simplicity and inesqpsiveness of the H/V method have triggered its widespreadeatgadlo
et al. 200Q Parolai et al., 2001 D'Amico et al., 2004 2008. Dravinski et al. 1996evaluated the reliability
of HVNR spectra for different incident waves in deep basins demonstrating that Nakamura's Technique
predicts well the fundamental resonant frequency of deep sedimentary Baging et al, 1998ndicated the
peak horizontal grouhvelocity on surface with microtremors by the integration value of H/V, and proposed
a method to estimate the regional distribution of the peak horizontal ground velocity in Kyoto city during 1995
Kobe earthquakeylalagnini et al. 1996used explosion, etliquake, and ambient noise recordings in order to
evaluate site functions in a Pliocene sedinfiietd valley using all spectral techniqu&shavezGarcia et al.

1996 applied spectral technigues to evaluate not oflly dffects but also topographic effscBatoh et al.
2001gave a comprehensive analysis and comparison of the results obtained with various spectral techniques;
many authors assessed site effect by computing a Fourier spectral ratio of the horizontal components over the
vertical component cdmbient noise measurements providing resonance frequency maps for large urban areas
(Parolai et al., 2001b(Cologne, Germany)Yuval et al., 2001(Caracas, Venezueldpicozzi et al., 2008
(Istanbul, Turkey)Bonnefoy-Claudet et al., 2009 Pilz et al., 20® and 2010(Santiago de Chile, Chile),

Parolai et al., 2010hBishkek, Kyrgyzstan)Cadet et al, 201XBarcelona, Spain). MoreovéVSR method

have been used for the purpose of assessing the site effects of poorly consolidated covers, in seismic
microzondion studies and following emergencies caused by seismic ev@aligOli et al., 2002, 2011

Paolucci et al., 201k

HVSR method was first applied to the S wave portion of earthquake recordings (EH¥rbg and
ChavezGarcia (1994)who found very god agreement between the spectral ratio with reference site and
HVSR for three different cities in Mexico: Oaxaca, Oax., Acapulco, Gro., and Mexico City.

In the scientific community there is extended bibliography on comparative results on the applaadbility
reliability of SSR and HVSR, which represent the most common experimental methods for the estimation of
site amplification due to local soil conditions.

Numerous authors compared site responses obtained with both methods, referencerafetemoe ite
techniques (e.gField and Jacob, 1995Bonilla et al., 1997 Riepl et al., 1998 Triantafyllidis et al., 1999,

Parolai et al., 2000; 2001a; 20048Bindi et al, 2009 showing that SSR and HVSR applied on theeve

portion earthquake data usually provide site responses with similar shapes. AccoRhnglag 2012both

methods consistently estimate the fundamental resonance frequency of a site, although there is an
underestimation of the amplification factor compared to $F&Rtakis et al. (1998, 200Qusing a large and

high quality earthquake data from EUROSEISTEST experimental site in Thessaloniki, proved that the
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significant differences between the amplitudethatresonance frequency estimated by using SSR and HVSR
methods are related to the significant amplification of the vertical component due to diffracted Rayleigh waves
at the lateral discontinuities of the already mentior@&thpter 1) valley near Thessahiki in the epicentral

area of the strong 1978 Ms = 6.4 earthquake.

2.2.1 Standard Spectral Ratio method (SSR)

Several authord(tilakis, 2004 Parolai, 20129 have confirmed that the Standard Spectral Ratio method,
SSR, belonging to the reference site techmigategory, is the most popular and widely used method for
seismic site characterisation. This method is defined as the direct spectral ratio of the same component of the
same earthquake recorded at two nearby stations,-siteodnd a roclsite. The twdhorizontal components
can be analysed separately or combined (Figk®2. Al f the reference site
spectr al ratios constitut eBard, 1994 [ThisadeHnique, énsadiuceddy e
Borcherdt (1970), is the best known for determining the site function. Since the source information is the
same for both recordings, when the two sites are close together, the path effect is also considered the same.
Therefore, the ratio of the Fouriamplitude spectra only expresses the effect of the local ground conditions
at the specific site.
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Nevertheless, in theory this method is only applicable to cases where data are derived from dense local
arrays with at least one station on outcropping rigid bedrock defined as the reference station. According to
Pitilakis, 2004, for the application of tli technique in the case of a surface reference station it is advisable to
follow some basic conditions:

(i) at both soil site and reference site simultaneous recordings should be available;

(ii) no siteeffects, neither stratigraphic nor topographic must be present at the reference site;

(iif) with the aim to consider the effect of the propagating path of the seismic energy equivalent for the
both the sites, the distance between thesitsland the rference site should be smaller than the epicentral
distance.

Since condition (iii) is often not possible or valiteidl et al., 1996urged that a careful examination of
the reference site is mandatory for the correct estimation of amplification in segliynsites.

Borcherdt, 1970indicated that between the source (input) i(t) and the recorded seismogram s(t), the major
effects that can be visualised odt),the geadogyatmecgding m ar
site [hy(t)] and therecording instruments [f)]. According Borcherdt, since each effect, to a first
approximation, for most seismograms can be treated as a linear system, it is defined by a unit impulse response;
therefore, considering the final seismogram s(t) as the daiowo (2) between the source and each effect
yields:

i 0o=02z0Q06z0Q0602Q 0O 2.1
In terms of Fourier transforms the previous eq. Can be expressed as:
Y'Q="0Q0 Q0 Q0 "Q 2.2
Indicating with §(f) and S$(f) the Fourier transforms of two seismograms recorded on a sedimentary layer

and at a nearby bedrock station from the same source respectively, the ratio between their absolute value
reduces to:

= 2.3

provided similar recording instruments are used at each site and the travel path through the Earth's crust is
basically the same for both siteBofcherdt, 1970. Since the bedrock does not change the frequency
characteristics of the signal as much adcktboft layer, the ration in eqR Q) provides the seismic amplitude
site response of the soft layer site.

Bard, 1999 statal that the basic principle of these technique may be described considering that the
amplitude spectrum of the recoddground motion ), for a network of | sites having recorded J events, can
be written as:

Y Q=0 Q.0 Q.YQ 2.4

where Ej(f) is the source functionR;(f) is the sourcgo-site path andS(f) is the local site effects
contribution. According tdBard, 1994 writing the eq. 2.4) in logarithmic form yields to simple linear
equation:

~

I Vot =1 Do +1 Do +1 TR0 2.5
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The source function;&) and the path therm;@) can be considered to be site independent (i.e. when the
distance to the reference site is small compared to the sousite thistance) and thatio of the amplitude
spectra between target and reference sites gives the transfer function.

Following the formulations and the notations usedHayolai, 2012 the ratio between the spectral
amplitude of two seismograms recorded on a sedimentarydagdj) and at a nearby bedrock (referekge
station from the same source evahtréspectively with hypocentral distance (r), can be written in frequency
(f) domain as:

=y
¢

= 2.6

¢

where, U(f,r) is the spectral amplitude of the ground motion observed at a recordipdosiseeveni, S(f)

is the source function, ;@) is the site response,;&,r) is a function accounting for sourt@site path
attenuation.So, in terms of Fourier Spectrum, the seismogram recorded at one station can be considered as
the convolution of three terms: the sourgd) She path A(f,r) and site responseg(f). Parolai, 2012clearly
indicated that fiefartblye asidatiheng ederence sifgeli on i
and A( f , riJf,r). @hudh the spectral ratio directly provides the seismic amplitude site response of the
sedimentary layer site.

2.2.2 Horizontatto-Vertical Noise Spectt&atio (HVNSR)

Based on developments in engineering applications introducegubgnberg (1958) and Kanai and
Tanaka (1961) the singlestation method using microtremors was first adoptedNbgoshi and Igarashi
(1970, 1971) This method is now known as the horizoftalertical spectral ratio method (or H/V ratio
method). It consists of determining the ratio between theztmtial and vertical components of spectral
amplitudes. This methaodas further developed as a tool for the estimation of the site response of S waves by
Nakamura (1989) thus determining the resonance frequency of soft sedimentary covers resting on rigid
bedrock, and for this reason the HVSR is also known as Nakamura's method. Initially, the proposal of
Nakamura (1989)was to use the spectral ratio between the horizontal and the vertical components of ambient
noise recordingsAfter the 1985 Guerrerichoacan earthquake the H/V method was widely u&said,

1999, because it allowed simple and l@est measurements of the spectral ratio of seismic noise that were
consistent with data observed during violent phenomena éaighquakes). In recent yearse tinethod has
been used to assess seismic impedance contrasts and evaluate possible site effects.

In the following, the various aspects of the H/V method will be discussed; in particular, the theoretical basis
of the method, the procedure adopted for catind) the theoretical H/V ratio, the information that can be
obtained by using this method and, in conclusion, the experimental procedure for reliably estimating the H/V
curve from microtremors will be analysed.

2.2.2.1 Theoretical background of the spectral mathethod

Since the 1950s, some authafafai et al., 1954 Kanai et Tanaka, 196) have attempted to estimate
site effects by analysintpe absolute spectrum of microtremors. Two main assumptions of this approach are
that (i) the horizontal component of microtremors, below the period of 1 s, is due to shear waves impinging
vertically on the surface, and (ii) the spectrum of incident wawveshite. Under these assumptions, the
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horizontal component reflects the transfer function from the subsoil to the site. However, there are two
weaknesses: firstly, microtremors give information about the excitation function as well as-thensitr
function Udwadia and Trifunac, 1973. Furthermore, as discussed in the previous chapter, microtremors
contain a significant portion of surface waveéi( 1957; Li et al., 1984; Horike, 1985 Yamanaka et al.

1994. In an attempt to minimise source effediggoshi and Igarashi(1970) proposed normalising the
horizontal spectral amplitude with the vertical spectral amplitude. The method for estimating the H/V ratio
consists of determining the two horizontal components of the motioan& Y, then combininghem to

obtain a single horizontal component Hc and finally dividing this by the vertical component of the motion. The
modulus of H can be obtained from the geometric mean oand Y

0 Q= ® Q0 Q 27

or by the quadratic mean:

0 Q= — 2.8

Since the authors showed a good match between the maxima of the H/V ratio measurements and the
fundamental resonance frequency eff&ves, they introduced this method to assess subsurface structures and
quickly estimate site effects. This method becamaileo@fterNakamura (1989)revised it and provided a
theoretical interpretation. The author, by means of some observations on the nature of noise and through semi
theoretical assumptions, established that the H/V curve is capable of correctly estinmeatitg thansfer
function for Swaves.

Since the 1990s, due to its simplicity and inexpensiveness, the H/V method has been widely used to assess the
resonance frequen®f poorly consolidated cover®¢lgado et al. 2000; Parolai et al., 2001; D'Amico et

al., 2004 2008; Gallipoli et al., 2002, 2011; Paolucci et al., 2015t should be pointed out that several
researchers remaifkeptical about the reliability of the method due to some theoreticgbraictical aspects

that need further study and investigation. For these reasons, research in recent years has focused on
understanding the physical processes behind the phenontéeth gnd Jacob, 1993 Nakamura, 1996,

200Q Bard, 1999 Fah et al., 2001 Lunedei and Albarello, 201Q Albarello et al., 201). Bard (1999)

produced a comprehensive review on the theoretical basis of the method and the weaknesses of the two
opposing interpretations of the H/V method. The first was proposdidkgmura (1989)and is basg on the

link with body waves, while surface wave effects are not considered; the second is based on the relationship
between the H/V curve and the ellipticity curve of Rayleigh waves.

2.2.2.2 Nakamura's interpretation

Nakamura (1989)s interpretation was initially based on three assumptions that some reseafcigers (
1995 Bard, 1999 considered neither appropriate nor realistic. Subsequél@kgmura (1996)modified his
theory by proposing other explanatioNsikkamura (1996)separats the noise into body waves (b) and surface
waves (s)expressing the verticaSt¥) and horizontal$'") components of the noise spectrum as:

Y 0 \% "0 Y) "0 Q) "06° "0 YD "Q 20

where the indicesH) and {) indicate the horizontal and vertical components respectik(f), and Vi(f)
represents the true transfer function (the transfer function or amplification function represents, as a function of
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frequency, the ratio between the shaking observed at the site of interest and that observed for the same event
at a reference site located at the same distance from the source) for the horizontal and vertical components;
B"(f) [resp.BY(f)] and S"(f) [resp.$'(f)] indicate the horizontal (resp. vertical) spectrum of the body and
surface waves part of the noise referred to at the reference site (rock site). Using the relations given by (1.168),
after some algebra, the ratio H/V betwé&i andS"Y can bewritten as:

0 Q= 2 .10

where

1 AMVis the noise H/V ratio at a rock site

1 is the portion of surface waves contained in the noise and it is measured on the vertical component,
i.e. =SY(f/BY(f)

1 Asrepresents the horizontal to vertical ratio due to surface wavedg@hly S(f)/SV(f)

In this approach, since the nestép consist, for the fundamental frequenginfassuming that:
0 "Q =0"Q 2.11

i.e., ANV(fo) is the transfer functiohl(fo) of site, it requires the following assumptions to be verified:
(i) the vertical component is not amplified at frequefacy

(i) the H/V ratio is equal to 1 db on rock site;

(i) is much smaller than 1 &t

(iv)  Ad(fo) is much smaller thaH(fo).

The hypotheses (i) and (ii) may be accepted quite easily on the basis of exp&aedc@g99, while the
(iii) and (iv) assumptions have been the subject of much criticism since are more controversial. In particular,
the (ii) is only valid if there is a strong impedance contrast such thé &ro around.fin which case the
(iv) assumption could not be valid Asfo)S™(fo)/S:"(fo) takes on high values. However, we h&/&fo)/S." (fo)
= SM(fo)/BY(fo), which implies that the amplitude of the surface waves is much smaller than the vertical
amplitude of body waves on rock, particularly when compared to the actual amplificatiomaeeS Bard,
1999. Since there is no reason to assume $4f,)/B"(fo) is smdl in relation toHy(fo), AN™"(fo) cannot be
considered an approximation Hi(fo). Finally, as the frequency varies, for the relationgiip'(f) = Hq(f)
assumptions (iii) and iv() cannot be considered correct on the basis of the ellipticity curves as shown in Figure
2.12 (Bard, 1999.
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Fig. 2.12 Example of ellipticity curves of Rayleigh waves for a stratified $yadice displaying the H/V ratio (log scale) vs frequency.
The ellipticity curves are given as a function of frequency for the first 5 Rayleigh modes. The infinite peaks corraespanishing
of the vertical component, while the sharp troughs correspond to a vanishing of the horizontal con{panestre-drawn from
Bard, 1999

More recent studieg\(barello and Lunedei, 20L0; Lunedei and Albarello 2009, 201phave contributed
to enriching knowledge about the nature of ambient noise using an interpretation of the HVSR curve based on
a theoretical modelling of the noise fielbarello and Lunedei (2009)have considered two of the various
interpretative thesesf the H/V curve derived from environmental noise measurements: the first is based on
the assumption that HVSR curves are essentially conditioned by body waves vertically impinging on the free
surface, the second considers that HVSR curves are detetyisadace waves (Rayleigh and Love with the
important contribution of higher modes). These interpretations are useful approximations of real physical
processes and their reliability must be verified on a-bgssase basis. To analyse the problem, thbaat
developed a model in which the ambient noise is the complete wave field generated by a random distribution
of independent point sources placed on the surface of a layeregblastio mediumAlbarello and Lunedei
(2009)showed that HVSR curves ardemuately reproduced by surface waves even for frequencies larger than
the resonance frequency. The authors also pointed out that interpretation by body waves more accurately
describes the HVSR curve around the resonance frequency. Furthdroreeei et Albarello (2009, 2010)
showed that the HVSR curve depends on the extent of the doecarea around the receiver and that the
most energetically significant contribution of body waves comes from local sources. This dependence of the
HVSR curve on the dtribution of sources implies that there may be significant variations in the HVSR curve
due to the presence of human activities in the area where the ambient noise recordings are carried out. However,
these variations only weakly modify the position af thaximum of the HVSR curve, which is a significant
indicator (with a 10% uncertainty) of the resonance frequency of the investigated soil.
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2.2.2.3 Experimental procedures for use of the HYNSR method

Mucciarelli and Gallipoli, 2001, in their critical review of previous years of the HVNSR technique,
emphasisedhat there was no general agreement on a standard for data collection and processing, and that
when it came to comparing the HVNSR technique with other methodologies or ntbdetsywas no single
HVSR technique, but several variants of it. The proposed bibliographic study in this thesis confirms it. As
underlined by the very recent comprehensive revieMblar et al., 2022 which will be extensively quoted
in this section, elrges that, among the seismic site characterization methods, the HVNSR technique has not
yet obtained a unanimous consensus from the scientific community that allows the defirstamdafdised
guidelines and commercial use.

The basic assumption of theethod is that the vertical component is not amplified at frequienicg., the
resonance frequency of a soil deposit, in cases where the soil stratigraphy can be approximated to be flat and
horizontal and is supposed to be free of any kind of influgmresence of buildings, tree, industrial facilities,
etc.) related to the soil conditions at the recording site. From an experimental point of view, the application of
the H/V method simply requires (i) recording microtremors in a site with a single seesrowith three
orthogonal sensors and (ii) calculating, in termsmdctral ratipthe ratio of horizontalo-vertical Fourier
amplitude spectra (FAS¥igure 2.8 shows the general layout of the method which was applied in the context
of this thesigo the recordings of ambient noise on a soil site in Matera (Southern Italy).
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Fig. 213 General description of the Horizontal to Vertical Spectral Ratio (HVN@Rhnique applied to ambient naise

There is no international standard for documenting the metadata associated with each microtremor record,
but an example of a field metadata sheet has been generated in the HYNSR guid&iE®ANME (2004)
and CanadaRerret 2015. An in-depth discussionds been reported Molnar et al., 2022 and since this
work was carried out by eminent authors, it has been extensively taken as a very useful reference.
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As regards the equipment, the most suitable recording instrument is &@dhmpenent velocimeter whit
an internal noise of the acquisition system,thathe frequency band of interestust be much lower than the
recorded noiseSeismometers can be broadband (or-f@quency seismometers) or shpériod (or higher
natural frequency) models. The fagmare recommended for sites with deeper impedance contrasts, whereas
the shoriperiod for shallower impedance contrast sites are suitable. Nevertheless, according to some authors
(Castellaro and Mulargia 2009a Chatelain and Guillier 2013 Molnar et al. 2020 low-frequency peaks
can be identified by sheperiod seismometerslowever,Strollo et al., 2008suggest that-Hz short period
electromagnetic sensors (SPE&9 preferred insteanf 2- and 4.5Hz SPESs when the frequency band of
interestis only in therange0.1- 1 Hz.Molnar et al. 2022in their review show examples in which the average
HVNSR obtained from simultaneous microtremor recordings with bothdgghitivity and broadband short
period seismometers, which are immediately adjacene almost identical H/V curves and peak frequency
values. However, the authors point out that, at a site with low seismic noise, a veifydsarfance frequency)

(0.2-0.3 Hz) can be lost in the internal noise of a-kemsitivity shoHperiod seismomet, regardless of the
recording time duration. Other published comparisons between broadband ankgbdrseismometers can
be found inCastellaro and Mulargia (2009b)andStrollo et al. (2008)

Figure 214 shows a graph made Bypti et al. (2018)who illustrated different setups for the installation of
seismometers that could mitigate climatic factors. The use of a coverage (e.g., a bucket) can help shading and
keeping the seismometer cool, but on the other hand can lead to tragswiitid or rain droplet vibration
into the ground due to its surface area; therefore, to avoid such kind of disturbances, the technician can wait
for a less windy day or use of an umbrella with fewer contact pdifdgnér et al., 2022. Some authors
(Cadgellaro and Mulargia 2009b; Pifia-Flores et al. 202D have verified that measurements on hard road
pavements and/or pedestrian pavements resting on softer soils create a velocity inversion in the subsoil that
leads to a damplification, i.e,a reduction bthe HVYNSR curve below unity at frequencies abgyalthough
it does not affectsf(Chatelain et al. 2008. A de-amplification of the HVYNSR curve by recording on natural
terrain is indicative of natural velocity inversions or low velocity zoméslitar et al., 2022. Therefore,
Chatelain et al. 2008suggested avoiding, or minimising, any other factors that degrade -seilsayupling
or violate the requirement of frdield soil conditions.

(a) (b) (c) (d) (e)

Fig. 2.10 Differentdeployments for single station ambient noise measurement: (a) least desirable; (b) without infill and covered; (c)
with infill; (d) partial infill and covered; (e) most desirable, but rare with infifigure redrawnfrom Foti et al., 2018

Sensor insti#ation involves levelling the sensor on the surface of the measuring point, choosing a measuring
point that guarantees groufreefield conditions, and perfect coupling with the earth's surface. Therefore,
vegetation must be removed and the instrumese loa feet must be firmly embedded in the ground (Figure
2.16). The sensor must be protected from temperature fluctuations, wind, cable vibration problems or vibration
from rain Mucciarelli, et al. 2005 Chatelain et al., 2008. Another general criterion is to move the
measurement point away, where possible, by a distance at least equal to the height of the nearest structure
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(Figure 2.5B), as the structure's resonance frequency may show up in the HVNSRChavelin et al. 208
Castellaro and Mulargia 201Q. Molnar et al., 2022provided a comprehensive table (adapted fkastier
et al., 2004 of the acquisition parameters and their influence on the processed HVYNSR.

Fig. 2.15 Different criterion for single statiommbient noise measurement: (left) removing vegetation and firm embedding of the
instrument's feet in the ground before measurement protecting it from wind; (centre) levelling of the sensor on thef sheface o
measuring point, especially in steep topodnapl conditions; (right) moving the measurement point away by a distance at least equal
to the height of the nearest structure (trees and light poles in photo) to trying to follow the requiremerfieltifsed condition

Mucciarelli (1998) and Bard (1999) reported on experimental procedures for recording noise and
techniques for analysing the dabucciarelli and Gallipoli (2001) SESAME (2005) and Picozzi et al.

(2005b) proposed several statistical and experimental protocols for the H/V spedwaimethod. These
techniques, although different, allow reliable H/V curves to be obtained and the fundamental fregioency f

be estimatedPicozzi et al.(2005b)analysed the statistical properties of the spectral H/V ratio in order to
obtain optimal dat@rocessing strategies and to identify possible artefacts. Some authors have shown that in
the presence of a nearby source that produces a high level of noise,-fregieency branch of the HYNSR

curve has a greater uncertainBagtellaro and Mulargia, 20098; on the other handlunedei and Albarello
(2010)confirmed that the presence of sources affects both sides of the HVYNSR curaefreguencies both

lower and higher than.fMihaylov et al. 2016considered it plausible that seismic waves froorses closer

to the measurement site propagate only in the more superficial layers, thus obscuring the peaks due to the
deeper structure.

In the generalconsidering theprocessing steps involved in the calculation of an HVNSR curve, it is
important to take some significant parameters into account: window length, window selection, spectral
smoothing, and horizontal mean spectrum. The window length should be at leased Ghenfundamental
period (TO = 1/f0) estimated ISESAME (2004) Picozzi et al. 2005howed that a stable HVNSR is achieved
with 20 or moretime windows, assuming that 12 windows are needed to achieve Gaussian statistics.
Molnar et al., 2022used timewindows of 30 to 60 seconds with a minimum of&Dwindows to ensure
statistical stability. The choice of window length is related to finding a compromise between spectral resolution
and statistically significant results. It is therefore advisable tadecainimum of 15 minutes of microtremor
data. Therefore, sites with very low resonance frequencies may require a total recording duration of one hour
or more in order to have sufficient time windows for reliable processing-shidionary, or spuriousinte
windows, such as signal chunks with very high amplitudes at low frequenciesviedgeffects), or with low
amplitudes (e.g.equipment problems), or with a wide frequency band of high amplitude noise (such as a
saturated signal from a nearby noisarse) can be removed through anggering algorithmsNlihaylov et
al., 2016 Vallianatos and Hloupis, 2009. However, some authors (e.lucciarelli and Gallipoli 2004)
suggest that transient noise windows should not be removed because with thatiofothey contain, they
can help to improve the agreement between HVNSR and EHVSR by introducing more body wave content
(e.g.,Satoh et al. 2001 Parolai and GalianaMerino 2006 argued thatvhena sufficienty high number of
windowsis usedthetransiets have little influence on the calculated average HVNZRolai et al., 2009
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indicated that transient signals may amplify H/V ratio at low frequencies andinaf@e to degrade
fundamental frequency estimates. The horizontal average spectrum can leal dficonsidering the
arithmetic mean, geometric mean, vector mean, vector sum, quadratic mean or maximum horizontal value
(Albarello and Lunedei, 2013. However, excepfor the maximum horizontal value procedure, bias is
produced by all averaging procedsirdlbarello and Lunedei, 2013; therefore, a monotonic and rapid
reduction of bias can be achieved by increasing the number of time windows conéiidned et al. (2022
recommend the use of geometric averagBigSAME 2004; Cox et al.2020.

Konno and Ohmachi (1998)eveloped the most widely used frequesaynpling logarithmic smoothing
procedure avoiding distortions in the peak amplitude independent of frequency with a filter coefficient b value
of 40, where a low b value produces a very sima@urve and very uniform spectra, while a high b value
produces more irregular spectra. For exanpbmno and Omachi (1998used b = 20 in their original work;
however, the results of their paper clearly show that using a b value of less than 30 tesidsttblVSR
peaks.

A key role is played by the selection of the minimum frequency peak (fO) of the HVNSR curve, which,
although not among the important parameters involved in the HVYNSR calculation, represents the output of the
HVNSR calculation. f0 isiterpreted as the fundamental frequency of the site and is associated with AO, which
in turn is only used as a proxy for the strength of the impedance contrast and not as a direct measure of the
amplification of the soilock site. Prior to interpretatiothe practitioner must ensure that each peak frequency
(f#) has a natural stratigraphic origin. One type of verification is to reprocess the HVNSR with reduced
smoothing. In fact, if the peak is of anthropogenic origin, it should become sharper; thisyatdodcthe case
for a peak of stratigraphic origiSESAME 2004).

For example, Figure 2.17 shows the mean HV curves and spectral amplitudes in the three components (NS,
EW, Z) of two measurements carried out at the same site a few days apart. The HV1 measurement is
characterised by a pronounced anthropic peak at f = Whizh emerges by reducing smoothing, and which
remains evident despite the application of a higdeno and Ohmachi(1998)smoothing with b = 40 and
width of the mobile window centred at each frequency (Hz) equal to 10% (Figiglh2). For better
interpretation, the HV2 measurement was repeated a few days later and indeed the anthropic peak does not
appear.
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Fig.2.16Confronto tra due HVNSR di rumore ambientale registrato

resa difficoltosa dalla presenza di un picco antropi@.HV1 and HV2 measurements from the top view; average HVNSR (b1,d1)
and ampliude spectra (b2,d2) for HV1; average HVNSR (c1,el) and amplitude spectra (c2,e2) for HV2 smoothed with pairs of filter
coefficient b and smoothing percentage values of [b = 40; 1% for b1,b2,c1,c2] and [b = 40; 10% for d1,d2RedeRjtted rectangle
indicates f = 1 Hz.

A more qualitative approach is to interpret the HYNSR curve together with the individual Fourier spectral
curves of all three components. The horizontal spectra should show a local maximum if the dominant wave
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type is SH waves. The samieatacteristic indicates Love wavéddinar et al., 2029. HVNSR peaks result

from the amplified amplitudes of the horizontal components. If Rayleigh waves dominate the wave field, the
vertical component of the spectrum is reduced to the resonance frequdrinyhis case, the spectral signature

of the H/V peaks is found to be eghaped with the horizontal components higher than the vertical ones
(Castellaro and Mulargia 2009h. These authors indicate that "this ey®pe is always the clear signature of

a H/V peak with stratigraphic origin". Figure Z.8hows the characteristic eghape of a peak caused by
Rayleigh waves and of stratigraphic origin.
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Fig. 2.17(a) Average HVNSR (red line),NorBouthVNSR (green line), EastestVNSRblue line); (b) Corresponding individual
time-averaged Fourier spectrum of each component with typicasegpe (within dark gray box).

The case of signals produced by industrial facilities is different, as these types of signals can travel a great
distance from the source and can influence microtremor data even at distances of several kilometres from the
source, especially at low frequencies (wavelengBskélmann and Baisch 1999Cornou et al. 2003.

The SESAME guidelines (2004pn HVNSR provide thre criteria for the reliability of results of HYNSR

curve identification (Figure 28).

Therefore, in addition to adjusting the processing parameters, the reliability of the HYNSR curve can be
improved by following the criteria suggested by BESAME (2004) guidelines. A more conservative scheme

than the SESAME guidelines for classifying the reliability of results was propos&ithémello et al. (2011)
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The authors defined a classification scheme consisting of three clasdgs@Ato provide anmmediate
indication of the quality, trustworthy (A), suspicious (B), bad (C), of the individual measures and to avoid
misinterpretations of the results. This scheme was used to determine, for example, 193 usable HVYNSR curves
from 223 Italian strongnotionstations Puglia et al. 201}.

Criteria for a reliable H/V curve
i) fo>101/1,

and
ii) n. (fo) > 200

and

iii) oa(f)<2 for 0.5f<f<2f, if f0>0.5Hz
or oa(f)<3 for 0.5f<f<2f, if f0<0.5Hz

Criteria for a clear H/V peak
(at least 5 out of 6 criteria fulfilled)

i) 3f e [fold, fo] | Auv(F) < Ao/2
ii) 31 e [fo, 4fo] | Aun(f’) < Ao/2
iii) Ag>2

iv) foeak[Ann(f) X oa(f)] = fo £5%
v) or<g(fo)

vi) oa(fo) < 6 (fo)

* |, = window length

* n,, = number of windows selected for the average H/V curve

e n. = l, . n,. f; = number of significant cycles

o f = current frequency

® feensor = S€NSOr cut-off frequency

o fy = H/V peak frequency

» o; = standard deviation of H/V peak frequency (f + o1)

» ¢ (fy) = threshold value for the stability condition of < £(fp)

» A, = H/V peak amplitude at frequency f;

o Ay (f) = HIV curve amplitude at frequency f

o f = frequency between fy/4 and f; for which AgpAf) < Ay/2

o f* = frequency between f; and 4f, for which Ay Af") < Ay/2

* o, (f) = "standard deviation™ of Auy (f), oa (f) is the factor by
which the mean AunAf) curve should be multiplied or divided

® Giogriry (f) = standard deviation of the logAuAf) curve, Giogup (f)
is an absolute value which should be added to or subtracted
from the mean logAnn(f) curve

* 0 (fp) = threshold value for the stability condition G,(f) < 6(fp)

» V., = average S-wave velocity of the total deposits

* Vs sur = S-wave velocity of the surface layer

* h = depth to bedrock

® hn = lower-bound estimate of h

Threshold Values for or and oa(fo)

Frequency range [Hz] <0.2 02-05 05-1.0 1.0-2.0 >20
& (fo) [Hz] 0.25f, 0.20 fy 0.15f; 0.10 fy 0.05fy

6 (fo) for oa (fo) 3.0 2.5 2.0 1.78 1.58

log 6 (fo) for iogrv (fo) 0.48 0.40 0.30 0.25 0.20

Fig. 2.18 Three criteria for a reliable H/V curve and six criteria for a clear H/V peak are presented SEEBBAME (2004 guidelines.

Regarding 1D and 2D/3D stratigraphic conditions, the evaluation of effects related to them is crucial to avoid
stratigraphic misinterpretationslolnar et al., 2022do not recommend selecting fO from plateau curves since
there is no standardised procedioreelect fO for broad peaks. In general, irregularly shaped peaks and large
differences between orthogonal HYNSRs are indicative of lateral heterogeneity. In fact, when the conditions
for lateral homogeneity are not fulfilled by the subsurface geologyjnformation on the geometry and
mechanical properties of the subsurface contained in the spectra of the individual components can lead to
misinterpretation if the two components are combirigh(toni and Castellaro 202)) Molnar et al., 2022

provided aconcise demonstration of the variability of HYNSRs for 1D and 2D/3D site conditions. The authors
showed two different sets of HYNSRs obtained at two sites characterised by different topographic conditions
1D (flat) and 2D/3D (sloping) respectively. In tfiest case, the fO is consistent between all tested locations
(~1.5 Hz), indicating homogeneous 1D site conditions; whereas in the second case, the authors showed the
greatest variability between HVNSRs obtained in the same way, presenting broader pmakagimow
resonance frequencies), thus indicating 2D/3D effddisinar et al., 2022 through a cluster analysis
determined up to eight subsets of variable HYNSRs, confirming a highly variable spatial dependence of
HVNSRs across the study site. Thereftihey deemed further analysis of the directional HYNSRs necessary

to decipher 2D/3D effects.

With regard to studies performed at a larger scale, such as regional microzonation studiReq@.gnd

Oliveira 2001; Moscatelli et al. 2020, or urbanscale studies@allipoli et al., 2019, measurements should

first be obtained with a wider spacing and then reduced to a larger scale where rapid variations in fO are

86



observed. The interpretation of the spatial variability of fO can serveasp for the geological variability
of the site Gallipoli et al., 2019.

2.2.2.4 Analysis, procedure, and instrumentation for the application of the HVYNSR method in this thesis
work

Mucciarelli, 1998 andBard, 1999suggested guidelines to facilitate the cor@wlysis of microtremor
recordingsLater, theSESAME project proposed an analysis protocol. The different approaches are, however,
aimed at achieving the same goal: having stable HVSR curves capable of providing reliable estimates of the
resonance frequey. The results of each analysis presented in this thesis were obtained using the GRILLA
software, which accompanies the TROMINO digital tromograph (see below). The analysis procedure adopted
will be briefly explained in the following:

1 for thefrequency range of engineering interest (usuallyl@ Hz) the length of the windows extracted
from the recordings varies from 20 to 60 seconds; this allows a good compromise between the
frequency resolution of the H/V curves and a recording duratiomsthat excessive;

{1 seismic noise recordings require preliminary analysis [elimination of linear trends (detrends) and
tapering] to ensure the validity of the stationarity assumption before using the Fast Fourier Transform
(FFT) to calculate spectral amplites Cooley and Tukey, 196%

1 the horizontal spectral amplitudes of the microtremors are combined with the estimates of H/V values
both using geometric average of the horizontal components over the vertical one

-Q=— 212

or the RMS (Root Mean Square) average of the horizontal components over the vertical one

- Q= 2.13

where As and A, are the smoothed spectra, in terms of amplitude, of the horizontal {Slauth and
EastWest) components and & the smoothed spectrum of the vertical component;

1 the number of required windows, and thus the duration of the recording, must badoigd) to ensure
statistical stability of the signal (12 and 14 minutes of recording have been selected in this thesis work
for measurements on soil and buildings respectively). The large number of samplings performed with
this technique allows estimatitag95% confidence interval on the mean amplitude H/V (Figui@,2.

a value that is representative of the experimental uncertainty on f
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Max. H/Vat 2.19 + 0.06 Iz (in the range 0.0 - 20.0 Hz)

Average H/V

10.0

Bt

0.1 1

frequency [Hz|

Fig. 2.19 Example of the experimental mean H/V curve (red line) and 95% confidence interval from thaluedblack lines).

1 the smoothing of the spectrum of each component is a fundamental operation for the diypsis (
and Ohmachi, 1998. It allows the stabilisation of the H/V curves avoiding the presence of spurious
peaks due to seismic, instrumengald numerical noise as can be seen in Figu 2o smoothing
percentage values, which is the width of the mobile window centred at each frequency (Hz) used to
smooth, have been selected. The latigempercentage of smoothing $snoothearethe spetra. The
Konno and Omachiwindow exponent b f&been specified equal to 40he largebis, less smoothed
arethe spectra;

Average IV,

Smoothing 10%
Smoothing 1%

10.0

'

0.1 1
frequency [Hz|
Fig. 2. 20 experimental H/V curve after smoothing with a triangular window of amplitude 10% of the mean value (red line) and 1%
(green line). Clearer palettes show the 95% confidence intervals.

T It was noted in the previous chapter that the assumption of stationarity in time is fundamental to all
methods of analysing microtremors, so strong transient phenomena near the sensgasl ¢an |
incorrect estimates of the H/V ratio. Since the stability of the frequency of the H/V maximum is
fundamental to a correct estimation of both fO and therefore the thickness of the sedimentary cover,
using a maximum due to a transient signal sourodezzd to an incorrect estimate of the geological
structure of the area analysed. In order to identify and exclude possible H/V peaks that are not
representative of geological structure, the stationarity of the spectral ratio of the recording is analysed
(Figure 2.2a);

1 Furthermore, through a directional analysis of the H/V curves, it is possible to highlight the presence
of intense sources during data acquisition. To perform this analysis, the horizontal components of the
motion are rotated in a range @¥180° and combined to calculate the H/V ratio at regular intervals
(Figure 2.4Db).
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The microtremorecordings used and processed with HYNSR method in this tleséscarried out with the
TROMINO digital tromograph (technical specifications at www.tromino.it), an instrument specially designed
for this purpose. It is a highly portable instrument, wittexiernal cables, compact (dimensions: 10x7x14 cm,
weight: 1 kg), consisting of three orthogonal electrodynamic sensors (velocimeters), powered by two 1.5 V
batteries, and equipped with an internal GPS antenna (Fig@e 2h2 extreme portability of thiinstrument

allows measurements to be taken in all types of terrain and slopes, in sites that are unreachable with heavy,
vehiclemounted instruments. One operator is sufficient to make all the recordings and the speed of installation
and recording (a feminutes for installation, and the dirdeiration for complete signal acquisition) allows a

large number of measurements to be made in a short time and at a very low cost.

N e X :

Fig. 222 TROMINO digital tomograph used in recording.
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2.3Seismic data analysis techniques for structcinaracterization

The response of structwrand civil engineering infrastructure under dynamic conditions is often evaluated
with numerical models. The high complexity of numerical models does not guarantee the structural
characterisation and fully realistic description of the structure's behaVioereforeexperimental technigques
are spreading with great succe$ée latterapproachesllow to derive the primary modal parameters of
structures and infrastructures with expeditive methods,imaasive and lowcost sensors carrying out static
tess. These methods consist of determining -inbae st r
domain by using both earthquake and ambient noise data (wind, microtremors, microseisms and other types of
local noise) allowing the modal charactadstof the structure to be obtained with simple, lightweight, and
norrinvasive equipment. The same tests can be conducted on damaged buildings, making it possible to estimate
the possible variations in structural characteristics as a result of the dddosaug.different methods of
analysis has the double advantage of (1) evaluating the behaviour of a structure/infrastructure at different scales
and (2) improve/facilitate the interpretation of the obtained results.

There are many applications of HYNSR teitjue on seismic noise recorded in civil engineering structures
in the literaturesuch asbuildings, aimed at characterising the main modal characteristics of the stractlre,
the fundamental frequencies of oscillation related to the fundamentalimibrabdes. For example, an
alternative way to estimate the fundamental frequency of a building was introdudédcbiarelli et al.

(2001) The proposed methodology is essentially based on microtremor measurements conducted at each floor
of a building andprocessed according fdakamura's (2000)technique, according to which the response
function at a floor can be obtained by carrying out the ratio between the Fourier spectra of the horizontal and
vertical components at the same point under the assumipditihié vertical component does not change during
propagation inside the building. Nakamura himself introduced this technique in order to assess the
amplification factor between the ground and the various floors of a building. With this method, since white
noise is used as initial input, the influence of the source can be excluded.

Gallipoli et al., 2004 made a series of ambient noise measurements on buildings and civil structures to
evaluate the reliability of fundamental frequency determinations by sr&fapbservations of horizontti-
vertical spectral ratios of microtremofsavarro et al., 2007studied the dynamic behaviour of RC building
structures in Adra town (southastern Spain) by using microtremor measurem@iigeira andNavarro,
2009 estimated the fundamental periods of vibration of circa 200 RC buildings in Portugal freitu in
experimental HVYNSR techniqu&allipoli et al., 2009 estimated the fundamental frequencies of over 60
existing buildings in Italy analysing ambient vibration meaments by means of HYNSBpsar et al., 2012
determined the fundamental frequencies of about 60 masonry buildings in five Slovenian towns by
microtremor excitationDitommaso et al., 2013&stimated through HVNSR technique the frequencies of 68
buildings w t h di fferent characteristics, such as age,
earthquake using ambient noise recordings by means of a portablditemi®nal tromometeiStanko et al,
2017 applied the HYNSR method for determination of dyi@building parameters, namely fundamental
frequencies from ambient noise measurements insid

Imposa et al., 2018nvestigated the modal properties of a historic monastery located in downtown Catania
(Southen Italy) computing the spectral ratios between the ambient vibrations Fourier spectrum of horizontal
components recorded on the various building floors and the same components as sampled in the free field. The
authors, among other conclusions, emphasibatl the comparison between the eigenfrequencies of the
buildings and the resonance frequencies of the foundation soil pointed out the existence of potential soil
structure resonance during a seismic event. The authors evaluated thter effectanexplain the moderate
damage observed in the San Nicol, | 6Arena church
earthquake that struck southeastern Sicily in 1990.
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Gallipoli et al., 2023 performed ambient seismic noise measurements etalopg using the HVYNSR
method on hundreds of buildings in Italy classified by building type, age of construction, etc., publishing a
database of all the data collected and producihfpEriodheight relationship for both different building types
and diffeent lithologies of foundation soils.

Another technique belonging to the category of experimental methods to characterise the modal parameters
of a civil engineering structure (probably giving better results than the HVNSR technique), is the reference
site method, the Standard Spectral Ratio, SSR.

For exampleParolai et al., 2005calculated H/V ratio and the spectral ratio between corresponding
components of the ambient seismic noise recorded simultaneously inside the buildings of the Holweide
Hospital inthe City of Cologne (Germany) and at a reference station (RSM). The authors highlighted that
while HYNSR method could be simpler and faster because of less equipment involved, the SSR method has
the advantage of producing more stable results and detetinmatically the influence of the soft soil, which
might influence/dirty some eigenfrequencies of the struct@uadlipoli et al., 2010estimated the fundamental
frequencies of about 250 existing buildings in Europe analyamigient vibration measurements applying
different spectral techniques including SSR and HVNSR.

The scientific community's commitment to study site effects that could be triggered by seismic events in
order to safeguard the built heritage of the urbavirenment through geophysical techniques aimed at
studying soistructure resonance effects, as emerges from previous literature, has a long history. In recent
years, there has been a growing awareness of the need to monitor thethstithturesnot orly during
emergencies, but alsand especiallyin peacetime, of other types of structure that play a strategic role in civil
society, namely civil engineering infrastructure like bridges. Geophysical techniques can be applied to
characterise the statio@ dynamic behaviour of critical infrastructures like bridges that can be considered the
backbone of the road network. Unfortunately, history teaches us that the loss-be#oam) capacity of
strategic infrastructures as bridges can cause catastreghits €T he strategies to avoid any potential accident
are prevention and monitoring, in this context of which, structural health monitoring plays a key role. In this
thesis work | made experimental investigations on two bridges by analysing seismic amisierspplying
two techniques: an operational modal analysis and a seismic interferometric technique, namely the Frequency
Domain Decomposition method (FDD) and ambient noise deconvolution interferometry (ANDI) respectively.
Bindi et al. (2015)andPetrovic et al. (2015)applied them to an-8tory RC hospital in Thessaloniki (Greece)
and on eight buildings of different construction types in the cities of Bishkek (Kyrgyzstan) and Dushanbe
(Tajikistan), respectivelyGarcia-Macias et al. (2019andLacanna € al. (2019) tested them for the dynamic
identification of heritage structureBpdorovska et al. (2020)mplemented a system in a-4&ry skyscraper
located in Kunming, China. The potentiality of ANDI for SHM of other structural bridge typologies &as be
explored by e.gSalvermoser et al.(2015) Jian et al. (2020) Garcia-Macias and Ubertini (2021)
Salvermoser et al.(2015) carried out structural monitoring of a highway bridge using ambient noise
recordings of road trafficJian et al. (2020) studied the response of the Bay Bridge in California using
multichannel deconvolution of both earthquake and ambient noise recor@argsa-Macias and Ubertini
(2021) combined ANDI and OMA techniques for the dynamic characterization of the Chiaravalle Viaduct
(Marche Region). Therefore, the joint application of ambient noise deconvolution interferometry and
frequency domain decompositi to civil infrastructures like bridges is not completely new but will probably
gain more and more importance in the future.

The objective of this part of the thesis work is to advance the body of knowledge of the joint application of
HVNSR, SSR, Ambietnoise deconvolution Interferometry ANDI (see Section 2.5.4) and Frequency Domain
Decomposition, FDD (see section 2.5.3) by deepening the experimental investigations and searching for an
effective way that returns the modal parameters of the infrastegatuterms of eigenfrequencies and mode
shapes, moving from the global scale to the local scale in an effective way in terms of propagation velocities
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of the material of which the infrastructures under study are made, combining vibrational approaches and
waveforms. In this regards, four seismic methods were used in this thesis work for the static and dynamic
characterization of structures and some infrastructures: the horizontal to vertical noise spectral ratio (HVNSR),
the standard spectral ratio (SSR)eamthquake data, an operational modal analysis (OMA) on seismic noise,
that is the Frequency Domain Decomposition technique (FDD), and a seismic interferometric method by means
of the ambient noise deconvolution interferometry (ANDI) method.

2.3.1 HVNSR method microtremor recordinganalysis and interpretation

In order to estimate the main modal characteristics of a building and/or infrastructure (fundamental
vibration frequencies, equivalent damping and mode shagaet)quakenduced vibrations and ambient noise
can be used as input signals. Although the earthquake signal makes it possible to discern the characteristics of
the structure in various displacement ranges in greater detail, the time duration of théaxjaie longer
and more costly. In contrast, ambient noise has the advantage of being -@nesgat source in nature,
generated by human and natural activities, is ubiquitous and composed of waves in a frequency range of 0.05
Hz-100 Hz Gutenberg, 19%). This signal can be measured both on the building and its foundation soil by
installing one or more seismometers rapidly and-ingasively. The configuration of the sensor installation
on the building depends on the desired degree of precision isttimaton of the primary modal parameters
(Gallipoli et al., 201Q Castellaro, 2016: (i) a single measurement on the top floor of the building could be
sufficient to estimate the fundamental frequencies and equivalent damping, while (ii) to achieveta disc
knowledge of the eigenmodes of vibration it is sufficient to record ambient noise simultaneously on the lowest
floor or in the free field, at an intermediate floor, and on the highest floor. The best solution to estimate
complete mode shapes is to mmalynchronous acquisitions of ambient noise at each floor and in the free field
using a reference station (see secti@i2. In addition, simultaneous measurements near the centre of masses
and in the corner of the top floor are necessary to assesblpasesking modes. Considering the complexity
of a building, being made up of structural and-stmictural elements, in order to correctly estimate the main
modal properties, it is necessary to position the sensors near thepitlaamodes in reinforcedoncrete
buildings and at the loaldearing walls for masonry buildings. Figure2shows two examples of application
of HYNSR method to the single station ambient noise measurements acquired in two buildings in reinforced
concrete building and masonnspectively. In the reinforced concrete building the sensor was located near a
beam column, oriented along the direction of maximum length of building (FiguB@2)2For the masonry
building the sensor was located on the edge of the roof in line witlvdbdoearing wall (Figure 22b2).
When applying the HVYNSR technique to noise recordings within a civil engineering structure, in order to
estimate the eigenmode frequencies, it is better to study the spectral amplitudes of the horizontal and vertical
components by searching for the frequencies at which the energy rates are hightstspectral amplitudes
have peaks. For example, the NH/V curve and the FAS$hdiection (Figur@.23a3, a4) exhibit a peak at
the same frequency value 4.2 Hz foe RC building. While the®imode of vibration of the masonry building
is visible only on the FAS curve at 2.6 Hz indEhorizontal direction (Figure 23b4).
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Fig. 223 Examples of single station ambient noise measurements elaborated with HYNSR method for a RC building (al1,2,3,4) and a
masonry building (b1,2,3,4); (al,bl) plan of buildings and location of sensor (red arrow indicate the direction/orierftétien o
sensor) photo of the sensor location inside the building (a2) and on the roof (b2); HV ratio (a3,b3); Fourier amplitude spelota (a4

green arrow indicate the eigenfrequencies of theniadefor both the buildingga4,b4); for the RC buildinghe NH/V curveand the

FAS in NS direction (a3, a4) exhibit a peak at the same frequency value AtBeHzst vibration mode of the masonry building is

visible only on the FAS curve at 2.6 Hz in\Ehorizontal direction (b4)while at the same frequency no peak isbleson the VH

curves (b3)

2.3.2 SSR methodmicrotremor recordinganalysis and interpretation

The theoretical aspects of the SSR method have already been outlined in the previous section (2.4). SSR
and HVSR are appropriate techniques to estimate the main vibrational mode of buildings higher than 10 metres
(Gallipoli et al., 2010. However, it is wah emphasising that building small or very stiff is better to be
characterised avoiding HVNSR. In figure 2.5 shown an example of seismic noise used for rapid
characterisation of buildings applying SSR method of E. Duni Classical High School st(lichgm et al.,

2019. From the results of the SSR analysis, the authors evaluated for each floor of the building two main
modes of vibration, one in the transverse direction (ea&st component) at 2.7 Hz and the other in the
longitudinal direction (ndh - south component) at 4.2 Hz (Figure 4b2 e). The authors indicated an
asymmetry in the behaviour between the two extremes of the building: the right side, being more rigid due to
the presence of the trapezoidal structure of the entrance staircasdiadly vibrates in the horizontal plane
(Figure 2.2b), the left side also presents a rocking component at 2.7 Hz; this frequency is indeed evident not
only on the transverse component but also on the vertical one (Fiip).2The authorsndicate that this
behaviour is even more evident in the results obtained along the horizontal array, i.e. in the most rigid part of
the building (point A in Figure 24a&) the fundamental frequency is 4.2 Hz and the motion occurs
predominantly in the longidinal direction; as one moves towards the most flexible part (point D in Figure
2.24a) the authors evaluated that the fundamental frequency not only decreases, but also assumes a transvers:
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and vertical component, thus inducing a rocking motion at 2.{Fdmre 2.2d). Moreover Tragni et al.

(2019 also estimated the mode shapes, which show a regularity of thetiotey course of the stiffer part of

the building with a prevalence of motion in the longitudinal direction, while the mode shapes of the more
flexible part show an irregularity in bottirections due to the different dimensions of the top floor (Figure
2.24c). The possibility of obtaining such information on the largest number of buildings, both public and
private, as well as on infrastructure, woubdke it possible to characterise the urban heritage and to assess

possible dangerous interactions between it and the urban subsuoil that could increase damage during seismic
events.
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Fig. 2.24 a) Indication of the measurement points; SSR functions, obtained in the two main directions of the building, longitudinal and
transversal, on each floor of the Liceo Classico "E. Duni" building in the two vertical array configuratimest{@l 1; Evertical 2)
and in the horizontal one (D); C) mode shapes obtained on vertical 1 and vertibaghi et al., 2019
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2.3.3 Frequency Domain Decomposition (FDD)

The FDD method is an Operational Modal Analysis (OMA) approach in the frequency domain and enables
evaluating the eigenfrequencies and mode sh8peeker et al. (2001)state that, when the loading is white
noise, the structure is slightijgamped,and themode shapes of closely spaceddes are geometrically
orthogonal. Taking the singular value decomposition (SVD) of the spectral matrix, the spectral matrix is
decomposed into a set of auto spectral density functions, each corresponding to a singlef degdem
(SDOF) system. When the assumptions of the method are not satisfied, the decomposition into SDOF systems
is approximate, but still the results are much more accurate than the results of the classical dipraoiach (
and Milkulcik, 1976; Vold et al., 1982 Juang and Pappa, 1985Van Overschee and De Moor, 1996
Bricker et al. (2001) state that:

O ’D =0 7@ “Q) w'p O 7§2.| Y 2 14

express the relationship between the unknown inputs x(t) and the measured regpomgere’ O Q)
is the ¢ x r) power spectral density (PSD) matrix of the input with r being the number of ifPutsQ) is
the (m x m) PSD matrix of the output with m being the number of the responses, which results from the pre
and postmultiplication of the PSD matrix of the inpl® Q] with the f x 1) frequency response function
(FRF) matrix of the systefd(j¥), where the overbar and superscript T denote the complex conjugate matrix
and transposed matrix, respectively.and yy are related to the already mentiongkinown inputs x(t) and
measured responses y(gspectively

Following Bendat and Piersol (201Q)the frequency response functibifj¥) for a constanparameter
linear system is given by the Fourier transform of the unit impulse response fumtjitimat describes the
system:

o =, QtQ Qft 2.15
Equation 2.15) can bawritten in polar notation as:

'0'Q = SOQN 2.16

WhereSO "Qs is the gain factor of the system aadf) is the phase factor of the system. Since the
properties oH(f) are independent of the nature of data flowing through a structural system its estimation can
be done using deterministic data, transient data, or stationary random data in case of linear systems.

Brincker et al. (2007 suggest that the FRF can be writbempartial fraction (i.e. poleesidual) form:

0 =B 2.17

where n is the number of modesis the pole and is the residue:

Y = %ol 2.18

wheret  anda are the mode shape vector and the modal participation vector, respectively.
The power spectral density matrix of an input represented by white noise is cdBstat = C.
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SubstitutingO Q] = Cand Eq. 2.17) in (2.14) yields:

'O QN =B B 6 2.19

where superscript H denotes a complex conjugate and transpose.

Brincker et al. (2001)state that in the case of light damping residue matrix of the output, the PSD becomes
proportional to the mode shape vector and, assuming an independent white noise input, one would get the
results (in terms of PSD matrix of the output) directly from ¢équg2.14).

The first step in the Frequency Domain Decomposition method is to estimate the PSD Eaatinielement
of the PSD matrix is obtained as a crossrelation of pairs of Fourier spectra of roverlapping moving
windows of velocity signal resdings for each component (NS, EW, Z). The total numer n of -cross
correlations will depend on the number of sensors, {B.the case of five sensors, there will be 15 components
and thus n = 120 combinations), for each moving window. TBincker et al. (2001)propose to decompose
the output power spectral density matfix Q] known at discrete frequencies= i by applying the singular
value decomposition (SVD) method to the matrix. The SVD methoBraston and Kutz (2019)explain
very well,is one of the most important matrix factorizations of the computational era, and is a unique matrix
decomposition that exists for any compiledued matrixX N E

L= = 2.20

whereUN E andV N E are unitary matricefJUT=U'U="0 ; VWT=V'V="0 ) with
orthonormal columns, and N 4 is a matrix with real, nomegative entries on the diagonal and zeros
off the diagonal. The symbal denotes the complex conjugate transpose. The columdsacé called left
singular vectors oK and the columns of are right singular vectors. The diagbelements of N 4

are called singular values and they are ordered from largest to smallest. TheXdalegfial to the number
of nonzero singular valuesTherefore, applying SVD to the output power spectral density m&rix’Q
yields:

O N =VYYY 2.21

where the unitary matrixY = [0 ,0 , €§ ] hold the singular vectos , and the diagonal matri¥
hold the scalar singular values. The FDD method identifies the natural frequencies from the peaks in the

singular value plots of the diagonal matrix and the mode shapes from the corresponding singular vectors
6 of the unitary matrixY.

Bricker et al. (2001 warn that if sharmonic is present, this corresponds to a local amplification of the auto
spectral density function of all the SDOF systems, therefore they indicate that all, or nearly all, of the singular
values in the spectral plot will show a peak at the frequencyenthe harmonic is present. Thus, if one
observes that at a certain frequency most of the other singular have a peak at that same frequency, and not only
the first singular value has a peak, then this is strong indication that the peak does not reptessotead
response but a harmoniBr{ncker et al., 200J). Brincker et al. (200]) invite the readers to see an example
of the application of this feature of the FDD techniquBrimcker et al. (2000. Moreover, they highlight that

ni f a striusctcuroasle nnoodet he har moni c, the har monic dc
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2.3.4 Ambient Noise Deconvolution Interferometry approach (ANDI)

In the frequency domain, the deconvolution of a sigrid), recorded at a generic location, by the signal
0r(0) recorded at a reference location (considered as a virtual source) assuming the two signals are generated
by the same source, is defined as follows (&gieder and Safak 2008

o] =—" 2.22

whereo( ) andd] ) are the Fourier transforms of the motions recorded at the generic and reference sites,
respectively, and = 2 fis the angular frequency, f is the eigenfrequency. In the case of a building installation,
the reference sensor is installed at the topattom, while in the case of a bridge (i) all the sensors must be
installed on the same structure, i.e. the deck (for both a bridge and -aspauitiviaduct) and (ii) the reference
sensor is located on the deck at the support. Since this probleradsditioned, the regularized Tikhonov
deconvolution Tikhonov and Arsenin 1977 Bertero and Boccacci, 1998

z

o] =— 2.23

is applied. (2.23) corresponds to the transfer function betégenando. ), whereUis a regularisation
parameter that controls the degree of filtering applied to stabiléseeconvolution and to avoid numerical
instability (Snieder and Safak, 2008 0° T is the complex conjugate of the Fourier transform of the
recorded signal at the reference position. Among different possible regularisation schentsr{erg.and
Boccacci, 1998Bindi et al., 2010, the secalled wateilevel regularisation (e.gWiggins and Clayton, 1976
whereUis defined as a percentage of the average spectral power can be applied:

- = 2.24

where 6 ] is the power spectral amplitude of thisample of the reference signdit is the number

of samples, antllis the water level whose value equal to*1$ a good compromise between stability and
resolution of problem analysed in this thesis work. Therefore, assuming a linednuariant system,
deconvolution interferometry can be applied on both ambient noise and earthquake data to determine impulse
response function in the time domain of a signal propagating between two distinct sensor positions by applying
the IFFT to the deconvolved wavefidldy) in frequency domain (2.23) (s&hapter 4).
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Chapter 3: Soilstructure interaction in the city of Matera

3.1Introduction

Historical and recent earthquakesy., 1886 Charleston earthquake, 1906 San Francisco earthquake, 1964
Niigata and Alaska earthquake, 1980 Irpinia earthqu@kenatra 2004, L'Aquila 2009, Chile in 2010, Haiti
2010, Tohoku, Japan, in 2011, Central Italy 2Q067, Afghanistan 2022 amonthers) teaches us that when
earthquakes strike urban areas it can cause negative effects on vulnerable elements. On the other hand, it is
estimated that the current acceleration of the global urbanisation phenomenon will result in about 66% of the
w o r Ipapdlaion living in cities by 2050. According to a United Nations report, in Europe, about 80% of the
population lives in urban areabr{ited Nations, 2014. Italy consists, on average, of medisined cities
(50,000 200,000 inhabitants) and its histofica@ntresare building heritage highly exposed to catastrophic
(e.g., earthquakes, landslides, volcanic eruptions, etc.) and extreme climatic kevéatg.from 2008 the
6Gui delines for S@SMsMSsi workingigroup,2@l6 ara appliedo hitigate seismic
risk. It is a tool for urban planning that plays an important role in the selection of new settlement areas, in the
definition of eligible actions and their priorities, and in the choice of methods to implement seismic risk
mitigation acions in urban areas. Moreover, technical procedures for soil characterization have been defined
(Commissione Techica MS3907, 20)4applied and tested for example during the Abruzzo and Emilia
earthquakegGallipoli et al., 2011, Mucciarelli et al., 2011, Paolucci et al., 201pand subsequently improved
(Commissione Tecnica MS3907, 2015a, 2015b, 2015dowever, the guidelines for seismic microzonation
in Italy focus mainly on geologicaechnical problems like seismotectonic, lithostratigraphy, and ifisesh
(landslides, rockfalls, liquefaction, etc.), completely neglecting the presence of buildargsmori et al.
(1991)observed the effects of higise buildings in Los Angeles, excited by atmospheric shock waves
generated by the space shuttle Cddiaon its return, showing that a seismic P wassexcited by the motion
of high-rise buildings andhat the proximity of the natural period of the higge buildings to that of the Los
Angeles basin enabled efficient energy transfer from shock wave, through the building, to seismic wave.
Gueguen et al.(2000) conducted experimental studies on a fstery reinforceeboncrete building model
located in the EuroSeisTest site at Volvi (Greece) highlighting that since the building vibrations generate waves
to the foundation soil, their presence in denselhanided areas may cause aayligible modifications to the
ground motions compared to fréield conditionsGallipoli et al. (2006)confirmed that buildings may act as
seismic sources; during a large displacennelgase test on a twaiory reinforced correte building located
in Bagnoli (Naples, Italy), the authors measured near the building a noticeable ground motion represented by
an acceleration exceeding 5%Lgurenzano et al. (2010studied the dynamic sedltructure interaction of
two adjacent buiings on a local soft slope deposit affected by the 2002 Molise earthquake (ltaly) using
spectral element metho#indi et al. (2015) andPetrovic and Parolai (2016 carried out experiments on real
buildings using noise and earthquake data recordingsrmimg the relevance of buildings as possible
excitation sourcesPetrovic et al. (2018)estimated the output energy released from buildings as secondary
sources to the soil, and the wavefield radiated back was estimated to be significant for thtediease $.,
for the Bishkek case, at 145 m depth, 10% of the estimated real input energy is expected to be emitted back
from the building; for Istanbul, at 50 m depth the value is al$d3% of the estimated real input energy,
while for Mexico City at 5 m depth it is 2865% of the estimated real input energy). When the seismic
interaction involves an entire city with the shallow soil layers during seismic events, the temity site
interaction (SCI) is used (e.gsueguen et al., 2002Semblat et al., 04 Kham et al., 2006 Varone et al.,

2020. The latter authorstudied the multiple interactions between a building network anditeeand
highlighted that the SCI effect causes variations in ground motions, amplification levels and kinetic energy
near buildings. Piro et al. (2020)evaluated SSI for historical masonry buildings and different kinds of
foundation soil from a numerical point of vieworeover, it is known that whenever the main vibration
frequency of the building is very close to the remace frequency of the foundation soil, the sdduilding
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resonance phenomenon is activated, which can cause an increase in shaking and thus damage to the structur
during an earthquak&gllipoli et al., 2019. The soitstructure resonangenomenon can result in increased
damage to the building during earthquak®&ar( et al., 1996 Tsogka and Wirgin, 2003 Mucciarelli et al.,

2004, 201).

Another important aspect of land safety in urban areas is the implementation of smart techrmogies f
intervention management. To improve knowledge of risks and strengthen prevention, widespread
dissemination of scientific data and results is needed through the active involvement of public administrations
(serviceoriented approachne of the most wigly used tools foopen data dissemination is WebGIS through
which can achieve multiple purposes and different contexts (such as tourism, archeology, agriculture,
environment, etc.)Shi et al. (2010)I i nked the genetic cl asaditafohomat i on
through an ad hoc developed WebGIS systdanna et al. (2020)demonstrated how to support the planning
and management of olive groves and provide operational assistance to stakeholders through a geospatial
decision support systerfihe litelature demonstrates that WebGIS technologies are also widely used for natural
risk assessment and communicatibtuller et al., 2006 Frigerio et al. 2010, 2014Fago et al., 2014 For
example, WebGIS tools have been used fortggiyological risk analysiand risk management related to
floods or landslidesAye et al., 2016a,bHuang et al., 2015 Salvati et al., 2009, slope stability analysis
(Thiebes et al., 201Bor online mapping of unstable rock slop&ppikofer et al., 2015. In the field of
seismt risk, where the presented thesis work is located, WebGIS and geodatabase technologies have already
been used in some applicatioPEssina et al(2009)developed interactive tools for seismic hazard scenario
definition and risk analysisBozzoni et al.(2014)assessed seismic damage in the seaport of Gioia Tauro
using a complex WebGIS architectufgancini et al. (2018) developed a methodology for selecting the
optimal routes in case of a seismic event through a WebGIS platRonrithis et al. (2018) published
databases for sharing accelerograms of earthquakes in urban areas of Kalochori, &iibe&et al.(2020)
useda webbased GIS to reveal data on the permeability of fault zones and surrounding protolithic rocks at
sites around the world. Some authors have implemented and published software systems for storing and
visualising subsoil data that can be used for seisnicrozonationDi Felice et al., 2013 Nevertheless, no
databases or WebGIS tools for ssfilucture interaction in urban areas have been published yet.

Here, tvo studies are presented that addressssaitture interaction in the city of Matera: d@velopment of

a systemic approach at the urban scale to characterise the main physical properties of the urban subsurface anc
the overlying built environment, based on the application ofineasive, rapid and lowost geophysical
technologies, digitahrchiving and dissemination of all available geological, geotechnical, geophysical, and
engineering data and results, obtained in this part of the thesis work, through a Wab&lSor open data

sharing and dissemination approach; (ii) comparison betae@xperimental and an analytical approach for
estimation of interactions of masonry buildings withitifieundation sos at the neighbourhood scale.

3.2Evaluation of the soibuilding resonance effect of the city of Matera (ltaly)

The test site of this part of the thesis has been the city of Matera, located in the Basilicata region (southern
Italy). Materais located on the eastern edge of the Bradano Trough, a wide depression set in the Mesozoic
bedrock (Altamura limestone) duritige middle Pliocene, which represents the foreland ramp of the Southern
Apennines Beneduce et al., 2004and is characterised by a system of horsts and grabeeéno et al.,

1994). First,available data on soil were collected: a total of 300 geolhgiemtechnical, and geophysical
surveys of the last 20 years, and a detailed geological map (1:4000) that was georeferenced and digitised into
vector shapefiles (points and polygons) in GIS and reproduced in Figure 3.1. Because the stratigraphic
sequencésection ABC; Figure 3.1B) in most of the urban area consists of stiff and hard Altamura limestone
from bottom to top, fractured and weathered Gravina calcarenitéd@eimineclays of variable thickness
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(about 4050 m), and somewhere a shallow thin skayer, it can cause a high impedance contrast for most of
the city. Therefore, Matera is a site of particular interest in terms of local seismic response. Moreover, the
primary geomechanical properties are affected by the presence of inhomogeneitiebythesgdanulometry

and the different degree of diagenesis. In a previous s&allipoli and Lupo (2012)reported the average

value of shear wave velocity estimated by downhole tests for each soileyp@5¢ m/s for Altamura
limestoneg 914 m/s for Gavina calcareniteg 367 m/s for subApennineclay ande 250 m/s for sands).
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Fig. 3.1 Location of available geophysical and geechanical surveys superimposed on the detailed geological map of the city of
Matera. (B) Stratigraphic sequence of gextion ABC (modified frofrupo and Gallipoli, 2012.

3.2.1 The built environment

After having collectedhe availablegeologicalgeotechnical and geophysical data on the urban shallow
soils, open spatial data on buildings were searched. Matera has two important databases for the built
environment: the Basilicata Region Geotopographic Database (R&igional Spatial Data Infrastructure of
the Basilicata Region, 2015itp://rsdi.regione.basilicata)iwhich contains information on the height and use
of buildings, and the Opebata (OD) Materalttp://dati.comune.mater#)iwhich reveals information on age
and building typology. Two shapefiles from RSDI (
from OD Matera (original name: rnc_4326.shp), and two from ISTAT (Italiaion Institute of Statistics)
databases (original names: OR17_11_ WGS840 and OR1
much of the data in this part of the thesis was processed with spatial analysis software and, in particular, with
vector orpolygonal geometries in shapefile format, it is worth noting that the General Population and Housing
Census (Italian National Institute of Statistics, ISTAT, 2018) reports a number of 6061 buildings for Matera,
while the regional getopographic databaseports a number of polygonal geometries equal to 25,497. This
difference is due to the fact that in most cases buildings consist of a series of geometries that identify structures
such as balconies, turrets, emergency staircases, towers, and other cesngfdherbuildings.

100


http://rsdi.regione.basilicata.it/
http://dati.comune.matera.it/

For this reason, | carried out the following three operations: i) first, resolving the geometries belonging to
the same buildings into one; ii) assigning the height of the highest element of the building to the new resolved
geometryf{iii) merging all the information related to the building typology (Figure 3.2A; masonry, reinforced
concrete momemntesisting frame buildings, etc.), the year of construction (Figure 3.2B), the use and state of
preservation (Figure 3.2C), and the numidefiamrs (Figure 3.2D). Therefore, the analysis discussed in this
part of the thesis concerns 4049 geometries (out of 6061) for which the geology of the building foundation soil
is known. Figure 3.2 shows that the most recently built areas are locabednartheast and southeast of the
city. Most of the 4049 studied buildings haveg e si dent i al &5 flaoss€1158)3add0ade mosdyn d 4
made of reinforced concrete (RC) momesgisting frame (2249) with very good state of conservation (1029);
masonry buildings are predominant in the historical centre, where the older budldéragso found. Since the
iSassi 0O ar ea, a trogl ody tmenasteedsand hermitages, was ibdilthintofarmdu s e s
completely merged with the natural caves of the calcareous formations (which as a whole is named Murgia),
it was excludedrom the analysis.

The aggregation of ISTAT data by neighborhoods &aldar considerations and assessments at the
territorial level., i.e., the historic neighborhoods (Piccianello, Historical Centre, CappAggtia) are mainly
masonry dwellings, whilthe newemeighborhoodsire predominantly reinforced concrete monmresisting
frame buildings with a better state of preservation (Figure 3.3).
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Fig. 3.2 Spatial distributions of buildings in tbity of Matera classified according to (A) building typology; (B) year of construction; (C) state of conservation; (D) ofifftmes. The black dashed
line encloses the ASASSI 0 area (not included in this study).


















































































































































































































