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“ We are all visitors to this time, this place.
We are just passing through.
Our purpose here is to observe, to learn, to grow, to love … and then we return
home.”

Australian Aboriginal saying
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1 Introduction

1.1 Motivation and objectives
The Probabilistic Seismic Hazard Assessment (PSHA) (e.g. Cornell, 1968; Esteva,
1970; Reiter, 1990) is presently the most widely used approach for seismic hazard
assessment (SHA) and thus it is the most common approach adopted to assess seis-
mic risk as well.
PSHA aims at assessing the level of ground motion that may occur at a site due to
future earthquakes accounting for all sources of uncertainty (e.g. location, size, and
intensity).
The result of the procedure is not a single numerical value (e.g. the expected value
of the PGA for a site), but a relation between a given level of ground motion, ex-
pressed in terms of a selected intensity measure (𝐼𝑀 hereafter) (𝑃𝐺𝐴 or the spectral
acceleration are most commonly used but many other may be considered), and its
annual probability of being exceeded (𝑃 [𝐼𝑀 > 𝑖𝑚]) or its annual rate of exceedance
(𝜆[𝐼𝑀 > 𝑖𝑚]). In the PSHA procedure uncertainties are generally accounted for
by describing all the parameters that are considered to be relevant to hazard assess-
ment by means of suitable distribution functions. Uncertainties are unavoidable in
hazard assessment as their are an intrinsic aspect of the earthquake phenomena. For
example, even the magnitude and the source-to-site distance, the two main parame-
ters by which earthquake events are generally identified, may be affected by great
uncertainty. This is due to the fact that it is not possible to associate a seismic
source with a single value of the magnitude and, having every seismic source a finite
dimension and given the fact that it is not possible to known which portion of the
source will be affected by future earthquake events, it is not possible to associate a
seismic source with a single value of the source-to-site distance either.
PSHA allows to combine all the uncertainties related to the parameters considered
for the hazard assessement and for which it is possible to identify a range of vari-
ability and distribution, using a concise and simple formulation known as the total
probability theorem (e.g. Vogt, 2005), which is the basis for the very well known
Bayes Theorem (e.g. Dodge, 2008).

On the other hand, the standard PSHA procedure has been criticised by various
authors (e.g. Bizzarri, 2012; Bizzarri and Crupi 2013; Luen and Stark, 2012; Geller
te al., 2015). The main concerns are related to the following two aspects:

1. the standard PSHA procedure assumes earthquakes to be memoryless events,
i.e. a) earthquakes events are assumed to be independent of each other; b) the
occurrence of one event does not affect the probability another event will occur,
and c) the events are modelled via a poissonian process;
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2. recorded earthquakes (observed events) are not very numerous and consequently
it is very be challenging to develop sound statistics and prediction models for
the ground motion at the of interest, especially when strong earthquakes are
considered (e.g. Freedman and Stark, 2003).

In this thesis the focus is set on point 2), i.e. the assessment of the ground motion
at the site of interest for a given earthquake event (magnitude, distance, soil condi-
tions, etc.,).
This step is usually accomplished by means of the Ground Motion Prediction Equa-
tions (GMPEs). These prediction equations, or relations, however, present some
serious limitations in adequately describing the seismic ground motion. These lim-
itations are to be expected and are mainly related to the empirical nature of the
equations since GMPEs are approximated relations obtained by fitting obsersed
data. The main limits of GMPEs can be summarized as follows (Paolucci et al.,
2018):

• generally only peak values of motion are provided by GMPEs. This fact can be
seen as a shortcoming as nonlinear time-history analyses (NLTHA), for which
reliable time-histories (e.g. complete accelerograms) are needed, are becoming
more relevant and widely used for seismic design;

• despite the fact that the number of available GMPEs is continuously growing, the
available records (on which GMPEs are calibrated) are not numerous enough to
properly calibrate them for a variety situations in which they are still employed
(e.g. strong earthquake events characterized by short distance);

• GMPEs are generally not well suited to properly describe the site-specific features
of ground motion because they are usually defined in terms of global parameters,
such as 𝑉𝑆,30, that cannot fully characterize soil conditions, as well as the features
related to path (source-to-site path) effects;

• with GMPEs it is not possible to reproduce the spatial correlation of ground
motion at multiple sites. Therefore they are not suitable for Multi-site PSHA
(usually refered to as MSPSHA), which may become very important when as-
sessing hazard or risk at regional scale, unless coupled with additional models
describing the spatial correlation of ground motion (e.g. Jayaram and Baker,
2009; Esposito and Iervolino, 2012);

Given the limitations of GMPEs mentioned above and the ever-increasing availabil-
ity of parallel high-performance computing, in this thesis the use of physics-based
numerical simulations (PBS) of ground motion is investigated and proposed as a
viable alternative, or complementary tool, to GMPEs with the aim of supplying
engineers with a seismic input that is as complete as possible and suitable for both
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structural analysis and seismic hazard and risk assessment. In fact, when PBS are
employed, it is possibile to describe the ground motion by means of complete time-
histories inclusive of the effects related to the source, to the source-to-site path and
to the local site conditions.
For these reasons in this thesis a variation of the standard PSHA procedure, in
which GMPEs are dropped in favor of physics-based simulations of ground motion,
is proposed and named PBPSHA (Physics-Based PSHA).
The formulation proposed for PBPSHA is then extended to the case in which hazard
is assessed at multiple sites simultaneously (Multi-Site PSHA – MSPSHA), resulting
in the proposed PBMSPSHA procedure (Physics-Based Multi-Site PSHA).

1.2 Organization and outline
In chapter 2. are presented two different methods which can be used in order to
evaluate the level of ground motion, usually expressed in terms of an "Intensity
Measure" (𝐼𝑀), due to an earthquake event at a considered site.
Firstly, in section 2.1., a brief overview of the Ground motion prediction equations
(GMPE) is provided. GMPEs are the traditional tool employed to predict the level
of ground motion and its associated uncertainty and are considered in chapter 3.
to perform a comparison against the results of the numerical simulations of ground
motion.
In section 2.2. then a description of the physics-based simulation (PBS) technique
employed in this thesis to assess the ground motion is provided.
Two different techniques used to model the seismic sources (phase (1)), characterized
by a different level of the details, are described: the Extended Source Model (ES)
and the "size- and time-scaled point source" (STSPS) Model).
Furthermore, the different methods for modelling the propagation of the seismic
wavefield throughout the soil (phase (2) of the employed simulation technique) are
presented: the modal summation technique (MS) and the discrete wave number
technique (DWN).

In chapter 3. and in chapter 4. are presented some results aimed at providing a
further validation of numerical physics-based simulations (PBS) of ground motion.

A comparison between the results of the numerical simulations of ground motion and
the corresponding assessment obtained via different GMPE relations (Bindi et al.,
2011; De Luca et al., 2014; Sandikkaya and Akkar, 2016) is presented in chapter 3..
The comparison aims to verify whether the numerical simulations of ground motion
are consistent with observed events, employing the GMPE relations as a proxy.
A large database (86400 events) of physics-based numerically simulated events has
been created considering 3 different seismic sources (faults) and different causes of
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variability that may affect the ground motion: the focal mechanism of the seismic
source, the moment magnitude, the rupture process of the seismic source, the char-
acteristics of the soil throughout which seismic waves propagate from the source to
the site of interest (path effects), the characteristic of the soil at the site of interest
(site effects), the source-to-site distance, and the angle between the source and the
receiver at the site of interest.
In the first part of chapter 3. the database of physics-based seismograms is described
(creation, aims and hypotheses), while in the remaining part of the section the most
relevant results related to the comparison between the results of the numerical sim-
ulations of ground motion and the considered GMPE relations, are presented and
discussed.
For each of the 86400 events of the database seismograms in the three components
of motion (North-South, East-West and the vertical component) has been com-
puted, then the comparison with the predictions from GMPE relations has been
performed in terms of four parameters which are commonly used to quantify the
level of ground motion: Spectral acceleration, Arias intensity, CAV, and significant
duration (𝐷5−95).
In addition, as inelastic 𝐼𝑀𝑠 provide a seismic hazard assessment which is very
informative for engineering purposes (e.g. Tothong and Cornell, 2007; Tothong and
Luco, 2009; PEER, 2009), the response of nonlinear, elastoplastic with hardening,
SDOF systems, has also been considered. For these kind of systems 3 different values
of the strength reduction factor 𝑅 were considered (2, 4 and 6) and the compari-
son has been performed in terms of both the maximum displacement (𝑆𝑑𝑖) and the
equivalent number of cycles (𝑁𝑒), against the GMPE relations proposed by De Luca
(De Luca, 2011; De Luca et al., 2014).
These tests provide also insights on the possibility to use simulated accelerograms
in NLTHA.

Chapter 4 presents a comparison between the recorded data of a real seismic event
(Aquila (Italy), 04/04/2009, associated with a moment magnitude 𝑀𝑤 = 6.3) and
numerical simulations of the ground motion for the same event.
In the first part of the chapter the methodology employed to compute the physics-
based ground motion is described, along with the methodology employed to assess
the responses to ground motion, linear and nonlinear.
Then the most relevant comparison between numerical simulations and recorded
data are presented and discussed. The aim of the study was not to the recreate the
actual event occurred in Aquila but rather to simulate a certain number of earth-
quake events (300), with same magnitude and associated to the same seismic source
and to verify whether the occurred event has been equivalent to or resembled, from
an engineering perspective, one of the simulated events. In other words, to verify
whether the simulation technique employed is able to, to some extent and from an
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engineering perspective, predict a possible earthquake event associated to a certain
seismic source and magnitude.
Records from 6 stations, located at various distances and characterized by different
soils (site-effects), were considered. 300 rupture processes were simulated modelling
the source via the Extended Source model (ES).
The comparison between simulated and recorded data has been performed in terms
of various parameters relevant for describing the ground motion. Response spec-
tra were considered (acceleration, velocity and displacement) for both the resultant
(𝑅𝑒𝑠 or 𝑅𝑜𝑡𝐷100) and the geometrical mean (𝐺𝑒𝑜𝐻) of the 2 horizontal components
of ground motion. Various peak and integral parameters were considered as well,
describing both the features of the ground motion (e.g Arias Intensity) and struc-
tural response (e.g Housner Intensity). It must be noted that many of the considered
parameters can be assessed only when complete seismograms are available.
In addition, similarly to the case of the comparison with GMPE relations, the re-
sponse of non-linear, elastic perfectly plastic (EPP), SDOF systems has also been
considered and for these kind of systems 3 different values of the strength reduction
factor 𝑅𝜇 were considered (2, 4 and 6).
For both the linear and nonlinear responses the realization of the rupture that best
resembles the recorded event has been identified employing the bias as measure of
"distance" between recorded and simulated. The same realization has been identified
for both the linear and nonlinear case.

In chapter 5.), after a brief overview of the PSHA procedure (section 5.1.), an im-
provement of the standard PSHA procedure is proposed and discussed (section 5.2.).
In the proposed procedure empirical relations (GMPE), given their limitations and
the ever-increasing availability of parallel high-performance computing, are dropped
in favor of physics-based numerical simulations of ground motion. This methodology
is, thus, referred as physics-based PSHA (PBPSHA) or synthetic PSHA.
The proposed procedure accounts for many effects that greatly influence the ground
motion (expected values and related variability), generally not well-constrained by
GMPEs, (e.g. effects related to seismic sources, as well as source-to-site path effects
and local soil conditions) and, at the same time, accounts for the major sources of
uncertainty affecting seismic hazard assessment (e.g. location, size, and intensity of
future earthquakes) and combine them using the simple and powerful formulation of
PSHA. Thus, in principle, the strengths of both the NDSHA and PSHA procedures
are combined.
In addition, the seismic input is available as seismograms, in the three components
of motion and inclusive of source-, path- and site-effects, suitable for both structural
analysis and seismic hazard and risk assessment.
The aspect of a proper selection of ground motions is discussed in section 5.3.. It is
shown how, when relying on PBS, the selection of ground motions (e.g. for structural
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analyses) becomes just a matter of identifying a suitable (in number and features)
subset of a large number (105 − 106 in this work) ground motions computed in
order to assess seismic hazard at the site (or sites) of interest. This aspect is very
important considering the fact that selected ground motions for structural analyses
should be representative of the seismicity of the site of interest (magnitude, source
distance and focal mechanism, soil conditions, near fault effects and other aspects)
(e.g. NIST, 2011; Haselton et al., 2017). Often, given the many constrains and
the limited availability of natural records (especially in Europe), properly selecting
natural ground motions for structural can a be a challenging task, resulting in many
cases in relaxing or dropping some constrain and scaling the seismograms in order
to make them consistent with the desired level of hazard.
In section 5.3. it is shown how the deaggregation, or disaggregation, of the seismic
hazard (McGuire, 1995; Bazzurro and Cornell, 1999) can be applied to the herein
proposed PBPSHA in order to identify the earthquake scenarios that dominates the
hazard at the site (or sites) of interest. These scenarios are directly associated to
seismograms for the proposed physics-based procedure and thus with the deaggre-
gation it is possible to indentify a subset of the computed ground motions.
In section 5.3.2. a different methodology to perform the selection of ground motions
is proposed. The proposed methodology, referred to as "Direct Method" as it relies
directly on the hazard curve (no deaggregation or other proxy tool is necessary),
aims at getting the most out of the great amount of information available when
relying on a physics-based approach and can be implemented in a very intuitive
way once the considered 𝐼𝑀 (which could be also a vector) is properly defined. For
example, for deriving a fragility curve, it is possible to consider a very structure-
specific 𝐼𝑀 (even for which no GMPE are available) and thus reduce the dispersion
of the Engineering Demand Parameter (EDP) considered for the fragility curve (e.g.
Baker and Cornell, 2008; Bojórquez and Iervolino, 2011; Theophilo et al., 2017).
In section 5.4. "Multi-site PSHA" (MSPSHA) is discussed (i.e. SHA performed
considering more than one site simultaneously). This topic is of great interest for
engineers and analysts (for instance when assessing seismic hazard for a portfo-
lio of buildings) and can be challenging to perform when relaying on GMPEs. In
fact it is necessary to consider and quantify the spatial correlation of the 𝐼𝑀𝑠 and
thus additional models (spatial-correlation models) are needed alongside the GM-
PEs (Paolucci et al., 2018).
In section 5.4.1. it is shown how it is possible, and conceptually easy, to extend the
PBPSHA to the case in which SHA is performed considering more than one site at
the same time (PBMSPSHA). Moreover it is shown how the formulation presented
in section 5.2. (single site) can be considered simply as a special case of the "multi-
site" formulation presented in section 5.4.1. (for which the number of considered
sites is 1).
The formulation proposed in this thesis for the PBMSPSHA does not rely on any
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sophisticated mathematical concept (it relies only on elementary concepts from set-
theory), and, still, it is very powerful and it can be used to assess other quantities
other than the (classical) probability, or rate, of exceeding a treshold value of the
considered 𝐼𝑀 (say 𝑖𝑚) at at least one of the considered sites. For example it is
possible to access the probability of exceeding 𝑖𝑚 at a given number of sites or the
probability of exceeding 𝑖𝑚 at all sites simultaneously.
Lastly, in section 5.4.2. a validation of the formulation proposed for the PBSPSHA
is presented with an example of application to 3 sites.

Conclusions and final considerations are presented in chapter 6.



10

2 Ground motion evaluation techniques

In this chapter are presented two different methods which can be used to evaluate
the level of ground motion, usually expressed in terms of an "Intensity Measure"
(𝐼𝑀), due to an earthquake event at a considered site.
Firstly, in section 2.1., a brief overview of the Ground motion prediction equations
(GMPE) is provided. GMPEs are the traditional tool employed to predict the level
of ground motion and its associated uncertainty.
In section 2.2. a description of the physics-based simulation (PBS) techniques em-
ployed in this thesis to assess the ground motion is provided.
Two different techniques used to model the seismic sources, characterized by a dif-
ferent level of the details, are described: the Extended Source Model (ES) and the
"size- and time-scaled point source" (STSPS) Model).
Furthermore, different methods for modelling the propagation of the seismic wave-
field throughout the soil are presented: the modal summation technique (MS) and
the discrete wave number technique (DWN).
A comparison between GMPE and PBS is presented in chapter 3.
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2.1 GMPE – Ground motion prediction equations
Ground Motion Prediction Equations (GMPEs), or "attenuation" relationships, pro-
vide a means of predicting the level of ground motion, usually expressed in terms
of a considered "Intensity Measure" (𝐼𝑀), and its associated uncertainty for a given
site or location.
The level of ground motion is assessed on the basis of certain characteristics gen-
erally associated to earthquake events, such as magnitude, source-to-site distance,
local soil conditions, fault mechanism and others.
GMPEs are empirical functions often derived from regression analysis of observed
ground motion data. For this reason GMPEs are sometimes also referred to as
“regression models”. and the reliability of their mathematical equation is strongly
dependent on the quality and the quantity of the utilized database.
In order to make GMPEs usable, they are usually provided in the form of relatively
simple mathematical equations which depends on a relatively small number of inde-
pendent variables and equation coefficients.
As an example and due to the fact that it is used in chapter 3. for the comparison
against the the results of the numerical simulations of ground motion, the formula-
tion proposed by Bindi et al. (Bindi et al., 2011) is presented in equation 2.1.. In this
formulation Y represents the value of the considered 𝐼𝑀 and the 𝐹𝐷(𝑅,𝑀), 𝐹𝑀(𝑀),𝐹𝑆 and 𝐹𝑠𝑜𝑓 represent respectively the contribution associated to the source-to-site
distance, to the magnitude, to the soil conditions and to the style of faulting (SOF).
The terms 𝐹𝐷 and 𝐹𝑀 of equation 2.1. are assessed as shown in equation 2.2. and
equation 2.3. respectively.
A graphical representation of the formulation of equation 2.1. is presented, for𝐼𝑀 = 𝑃𝐺𝐴 and 𝐼𝑀 = 𝑃𝐺𝑉, in figure 2.1. for 4 different styles of faulting (strike,
reverse, normal, unknown), for 4 different magnitudes (5.7, 6.4, 6.9, 4.6). Also the𝐼𝑀 values for recorded 4 real events, having features in accordance to the considered
GMPEs, are depicted in figure 2.1.
For a complete description and derivation of this GMPE, please refer to Bindi et al.,
2011, while for complete list of available GMPE relations refer to Douglas, 2021.𝑙𝑜𝑔10𝑌 = 𝑒1 + 𝐹𝐷(𝑅,𝑀) + 𝐹𝑀(𝑀) + 𝐹𝑆 + 𝐹𝑠𝑜𝑓 (2.1)𝐹𝐷(𝑅,𝑀) = [𝑐1 + 𝑐2(𝑀 −𝑀𝑟𝑒𝑓)]𝑙𝑜𝑔10((𝑅2𝐽𝐵 + ℎ2𝑅𝑟𝑒𝑓 )0.5) − 𝑐3((𝑅2𝐽𝐵 − ℎ2)0.5 −𝑅𝑟𝑒𝑓)

(2.2){𝐹𝑀(𝑀) = 𝑏1(𝑀 −𝑀ℎ) + 𝑏2(𝑀 −𝑀ℎ)2 𝑀 ≤ 𝑀ℎ𝐹𝑀(𝑀) = 𝑏2(𝑀 −𝑀ℎ) otherwise (2.3)
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Figure 2.1 Comparisons between median predictions for PGA and
PGV (black lines) ±1 standard deviation (gray area) and observations
(symbols) for the earthquakes indicated in the top of each plot, consid-
ering the geometrical mean of the horizontal components (GeoH). The
comparison for 𝑀 = 4.6 and unknown focal mechanism is performed
considering data from 5 different earthquakes. Different symbols corre-
spond to different site classes accordingly to Eurocode8 (CEN 2003), as
indicated below the plots (Bindi et al., 2011).

The predictions provided by GMPEs are presented with the use of probability dis-
tributions, thus the predicted ground motion is a probability distribution (usually in
the form of a log normal distribution) whose characteristics (median and standard
deviation) are supplied with parametric relationships depending on independent
variables (e.g. magnitude, distance, soil conditions, etc.) and equation coefficients.
It is important to note that GMPE relations provide a prediction for the median
value of the considered 𝐼𝑀, thus, by definition, this value may be exceed in 50% of
cases. So the fact that an observed event leads to 𝐼𝑀 values greater than the ones



13

Figure 2.2 Within-event variability versus distance (left) and between-
event variability versus magnitude (right) obtained for PGA (top) and
spectral accelerations at 0.1𝑠 and 1𝑠 (middle and bottom, respectively)
(Bindi et al., 2011).

predicted by the considered GMPE does not imply that the GMPE formulation is
wrong or not accurate.
In this regards it is also important to note that even the events considered to cre-
ate the GMPEs and to calibrate its coefficients may lead to 𝐼𝑀 values that are
somewhat "distant" from the (median) values predicted by the same GMPE. This
fact is to be expected as it is not possible to perfectly fit a set of observed data
(unless a very complicated and unusable formulation is employed) as can be seen
in figure 2.1. and, even more clearly, if plots of the residuals are provided for the
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Figure 2.3 Variability associated to the GMPE proposed by Sandikkaya
and Akkar (Sandikkaya and Akkar, 2016) for CAV (top) and Arias In-
tensity (bottom). Both the "within-event" (left) and the "between-event"
(right) are presented (Sandikkaya and Akkar, 2016).

considered GMPE.
In figure 2.2. are presented the residuals, expressed in terms of the number of
standard deviations, for the GMPE proposed by Bindi (Bindi et al, 2011) for𝐼𝑀 = 𝑃𝐺𝐴, 𝐼𝑀 = 𝑆𝑎(𝑇 = 0.1𝑠) and 𝐼𝑀 = 𝑆𝑎(𝑇 = 1𝑠) and considering both the
"within-event" and "between-event" variability. The first one representing the spatial
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variability observed during a specific event between sites at the same distance from
the source and the second one being the variability observed on events of the same
magnitude and style of faulting and is attributed to differences in the source rupture
process.
As a second example of GMPE relation, in figure 2.3. are presented the residuals
associated to the the formulation proposed by Sandikkaya and Akkar (Sandikkaya
and Akkar, 2016). For this formulation is presented the variability associated to𝐼𝑀 = 𝐼𝐴 (Arias Intensity) and 𝐼𝑀 = 𝐶𝐴𝑉 (Cumulative Absolute Velocity) for
both the "between-event" and the "within-event" components.
The GMPE formulation proposed Sandikkaya and Akkar is also used in chapter 3.
for the comparison against the results of the numerical simulations of ground motion.
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2.2 PBS – Physics based simulation techniques
PBS techniques are part of the Neo Deterministic Seismic Hazard Assessment pro-
cedure (NDSHA) (Magrin 2013; Panza et al., 2012; Fasan 2017). NDSHA does not
rely on empirical relations such as GMPE to assess ground motion, in terms of a con-
sidered Intensity Measure (𝐼𝑀) such as 𝑃𝐺𝐴 or spectral acceleration. The ground
motions are assessed as tensor product between the tensors of the seismic source and
the Green’s function of the medium (the soil), including the shallow layers, through-
out which seismic waves propagates from the seismic source to the site of interest.
The seismic wavefield is numerically modelled on the basis of the knowledge of the
seismic sources and of the structural properties of the soil throughout which seismic
waves propagates (lithosphere) from the seismic source to the site of interest. It is
possibile to assess the ground motion as complete time-series (seismograms) which
can be used directly as input for structural analysis. The effects related to the rup-
ture of the seismic source (particularly relevant when ground motion is assessed for
a site located near the considered seismic source) can be accounted for, as well as the
effects related to the source-to-site path and to the local site conditions. It is also
possible to model the intra and inter-event spatial variability of the ground motion,
(much harder to be properly considered when GMPE are employed) and to address
a well known issue in standard PSHA (e.g. Bommer et al., 2004): very high values
(unrealistically high in some cases) of the considered 𝐼𝑀 for rare events (associated
with low rates of the exceedance 𝜆[𝐼𝑀 > 𝑖𝑚]). In fact PBS can be employed to
identify a proper (realistic) upper limit for the considered 𝐼𝑀 if a sufficiently large
number of rupture processes (also referred to as realizations the rupture process in
this thesis) are considered (e.g. Fasan, 2017).
In order to assess the ground motion associated with a hypothetical seismic scenario,
the computation of physics-based seismograms occurs in two subsequent phases:

1. simulation of the rupture process and generation of the seismic wavefield;

2. simulation of wave propagation and calculation of physics-based seismograms for
the sites of interest;

It is possible to perform the computation of the physics-based seismic input with
different levels of detail, depending on the purpose of the analysis, employing differ-
ent modelling technique for both the aforementioned phases of the computation. In
the next sections of this chapter are briefly described the two models employed in
this thesis to model the seismic sources, thus to model the processes related to the
generation of the seismic wavefield (phase (1)): the Extended Source model (ES)
and the STSPS Model, short for "size- and time-scaled point source", which is a
simplified model based on the Extended Source model (ES).
For the simulation of wave propagation and calculation of physics-based seismograms
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(phase (2)) the calculation is performed in the hypothesis of laterally homogeneous
media (the structural model of the soil is represented by a semi-infinite space in
plane and parallel inelastic layers) and using two different numerical techniques to
compute the seismograms:

• the modal summation technique (MS) (Panza et al., 2001; Panza et al., 2012)
which is very fast procedure and provides an accurate simulation of ground mo-
tion in far source condition, but it can be applied only when the epicentral
distance is greater than the focal depth.

• the discrete wavenumber technique (DWN) in the implementation of Pavlov
(Pavlov 2009), which requires more computation time but provides the full wave
field when MS is not applicable, including all body waves and near field. The
computational cost of DWN increases with epicentral distance/source depth ra-
tio since the number of wavelengths to be calculated for the series convergence
depends on the angle formed with the vertical. Consequently: a) the more a
radius is vertical, the lesser are the terms to be calculated and b) the greater is
the ratio between the epicentral distance and the depth of the source, the more
the calculation time increases (Magrin, 2013). A good compromise between ac-
curacy and CPU time is to use DWN in computations for epicentral distances
less than 20𝑘𝑚 and MS for larger distances, routinely up to 150𝑘𝑚.

For a complete overview of the NDSHA framework please refer to Magrin 2013,
Panza et al. 2012, and Fasan 2017. The NDSHA framework has been successfully
applied and validated against past events and available ground motion prediction
equations (e.g. Panza et al., 2012; Fasan et al., 2016; Magrin et al., 2016; Fasan
2017; Hassan et al., 2020). Some of the features of NDSHA can be tested via a
dedicated web application (http://www.xeris.it/index.html) (Vaccari, 2016).

2.2.1 Extended Source Model (ES)
In order to compute realistic physics-based seismograms, especially in the near fault
zone, a finite fault simulation is required. An extended source (ES) model allows
to account for the effects related to the kinematic rupture process (i.e. directivity)
and, in the near field, to the dislocation (i.e. static displacement - fling step).
When the extended model is employed, a relative slip field distributed on the fault
surface on which the rupture process is presumed to occur is considered the cause
of the earthquake and the origin of the seismic wavefield. When modelling possible
future seismic scenarios, no reasonable deterministic prediction for many details of a
future fault motion can be expected. Therefore, the variability of the space and time
evolution of the rupture can be treated in practice only from a statistical viewpoint.
Correspondingly, in this work the simulation of the fault rupture is performed by
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the algorithm PULSYN through a Monte-Carlo approach as implemented by Gusev
(2011). The used method is a broadband kinematic stochastic simulation of the
earthquake source. At low frequency the fault process is described deterministically,
in terms of fault slip rate as a function of time and position on a fault. At higher
frequencies (HF), which are mostly controlled by details of the propagating rupture,
the fault process is treated in a stochastic manner.
The fault surface is then modelled as a grid of point sub-sources, whose seismic
moment is calculated by considering each of them as a component of a realization of
a non-stationary random process. Assuming a realistic kinematic description of the
rupture process, the extended seismic source model allows to generate a spectrum
(in amplitude and phase) of the temporal function of the source that takes into
account both the rupture process and the effects of directivity. For the chosen
scenario, different possible realizations of the rupture process can be considered.
Each realization is characterized by a different slip distribution on the fault plane,
enucleation point and time evolution. Figure 2.4. presents two example realizations
of the rupture process related to the same considered earthquake scenario. In this
way the stochastic nature of the fault rupture is accounted for. The simulation of
the detailed space-time history of the source performed by the PULSYN algorithm
can be briefly described as follows (Gusev 2011, Magrin 2013):

1. for a given moment magnitude 𝑀𝑤, the seismic moment value 𝑀0, the length
and width of the source rectangle, and mean rupture velocity (that defines the
duration) are selected following average observed trends (Kanamori and Ander-
son 1975; Wells and Coppersmith 1994);

2. step 1 guarantees that the low-frequency part of the source spectrum will have a
realistic corner frequency, and that the far-field body-wave source signal will have
realistic duration. Nonstandard stress-drop values can be consistently accounted
for. The simulated subsources are positioned in a grid pattern over a rectangle.
Amplitudes of subsources are selected following a simulated distribution of the
final slip. This 2D slip function is assumed to be a realization (sample function)
of a 2D random process with an appropriate (power-law) power spectrum;

3. a predetermined nucleation/starting point (“hypocentre”) within the rectangle is
set, and the rupture front is assumed to propagate from this point, with a given
velocity field for its kinematic simulation (e.g. unilateral, symmetric bilateral).
The rupture front velocity is assumed to vary randomly along the distance from
the hypocentre. The successive velocity values are randomly distributed, with
predetermined mean and dispersion. The arrival of the front at a subsource
switches it on;
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4. each subsource is assumed to slip (that is, to have non-zero slip velocity) only
during its “active” time interval, with its duration comparable to the standard
“rise time” parameter of Haskell-Aki-Heaton model (Haskell 1964; Aki 1967;
Heaton 1990). The rise time is assumed to be similar in all points over the
source rectangle and it is selected following Heaton’s result that the width of the
slipping part of the fault is approximately the 10% of its length. Thus, the rise
time is set as a fraction (like 0.10) of the total rupture propagation time for the
unilateral rupture case. To account for finiteness of subsources, this “ideal” rise
time is then somewhat increased. The complete solution of the entire problem is
reduced now to the construction of appropriate time functions of moment rate
for each subsource.

5. The “target” amplitude source spectrum is defined on the basis of a preferred
theoretical or empirical spectral scaling law. The aim of the subsequent calcu-
lations is to construct a signal whose spectrum is close to the target one. Let
us consider the “skeleton source”, or the spacetime object that consists of all
white-noise sequences present in each subsource. The far-field radiation of this
source will have quite realistic spectral properties at low frequencies, because the
general style of the space-time source behaviour and its numerical parameters
are chosen to be realistic. At high frequencies (HF), however, the signal will be
too rich in high frequency energy. To fit the HF part of the target spectrum,
smoothing of the “skeleton” signal must be performed. A simple way to do such
a smoothing is to convolve the white-noise sequences with a pulse of an appropri-
ate shape. To determine such a shape function the far-field amplitude spectral
shape of the “skeleton” signal generated by the complete set of white-noise sig-
nals, is compared with the realistic “target” amplitude spectral shape. Roughly
speaking, the ratio of these spectra is calculated and then transformed to the
time domain, yielding to the appropriate pulse shape. The actual procedure is
more complicated, since it includes the smoothing of the high-frequency part of
the “skeleton” spectrum, and the accurate selection of the phase spectrum of the
unit pulse. The resulting smoothing kernel represents a relatively short “unit
pulse”.

6. As a final step, for each subsource its skeleton time history is shifted in time, by a
delay corresponding to the rupture propagation kinematics, and then convolved
with the common unit pulse, to produce the moment rate time function of this
subsource.
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Figure 2.4 Two example realizations of the rupture process related to
the same considered earthquake scenario. The darker areas correspond
to a high slip on the fault while the red dot shows the nucleation point
of the rupture. The white isochrones describe the time evolution of the
rupture process.
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2.2.2 STSPS Source Model
When employing the STSPS source model, short for "size- and time-scaled point
source", the seismic source is modelled via a double-couple, i.e. tensor that repre-
sents a focal mechanism consistent with the tectonic character of the seismogenic
zone. The depth of the seismic source is chosen as a function of the magnitude
(10𝑘𝑚 for 𝑀 ≤ 7, 15𝑘𝑚 otherwise) on the basis of the existing magnitude-depth
relationship (Caputo, 1973; Doglioni, 2016; Molchan, 1997).
The STSPS model is based on an extended source model provided by the PUL-
SYN06 algorithm (Gusev, 2011) and considers a reference scaling law for source
spectra (SLSS). The SLSS used in the Panza, 2012 are the G83 (Gusev, 1983) that
reasonably represents seismic source data at a global scale, as successfully tested in
particular by Boore (Boore, 1986). SLSS has been later updated by Magrin (Magrin
et al., 2016) focusing on the Italian region and defined along the lines suggested by
the comparison between the results of national scale NDSHA modelling and existing
Ground Motion Predictive Equations (GMPE). This updated family of spectral scal-
ing laws, named "G11D", is depicted, for the range of magnitude 4−9, in figure 2.5.
and are SLSS employed in this thesis. As many rupture parameters cannot be pre-
dicted in a deterministic way (it is not possible to precisely predict style of rupture
of a future event), it is possible to generate, as done in this work, a great number
of different stochastic realizations of the source model (e.g. slip distribution and
rupturing velocity), for each source-to-site path, employing the PULSYN algorithm
(Gusev, 2011). This algorithm allows, by means of a Monte-Carlo simulation of the
parameters related to the rupture process, to statistically account for the variability
of the ground motion at a site due to unpredictable variations in the rupture process.
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Figure 2.5 G11D family of reference scaling law for source spectra (SLSS) for
the range magnitude 4 − 9 (Magrin et al., 2016).
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3 PBS and GMPE relations

In this chapter is presented a comparison between the results of the numerical sim-
ulations of ground motion obtained and the results of different GMPE relations
(Bindi et al., 2011; De Luca et al., 2014; Sandikkaya and Akkar, 2016). The aim
of this comparison was to verify whether the results of the numerical simulations of
ground motion are consistent with observed events, employing the GMPE relations
as a proxy.
In order to perform this validation, a large database (86400 events) of physics-based
simulated events has been created considering 3 seismic sources (faults) and different
sources of variability that may affect the ground motion: the focal mechanism of the
seismic source, the moment magnitude, the rupture process of the seismic source,
the characteristics of the soil throughout which seismic waves propagate from the
source to the site of interest (path effects), the characteristic of the soil at the site of
interest (site effects), the source-to-site distance, and the angle between the source
and the receiver at the site of interest.
Each event of the database is represented by seismograms in the three components
of motion (North-South, East-West and the vertical component).
The comparison with the GMPE relations has been performed in terms of various
parameters which are commonly used to quantify the level of ground motion and
are presented the results related to Spectral acceleration, Arias intensity, CAV, and
significant duration (𝐷5−95).
In addition, as inelastic 𝐼𝑀𝑠 provide a seismic hazard at a site which is very in-
formative for engineering purposes (e.g. Tothong and Cornell, 2007; Tothong and
Luco, 2009; PEER, 2009), the response of non-linear SDOF systems, having a back-
bone curve characterized by a bilinear hardening shape, has also been considered.
For these kind of systems 3 different values of the strength reduction factor 𝑅 were
considered (2, 4 and 6) and the comparison has been performed in terms of both
the maximum displacement (𝑆𝑑𝑖) and the equivalent number of cycles (𝑁𝑒), against
the GMPE relations proposed by De Luca (De Luca, 2011; De Luca et al., 2014).
In the first part of the chapter the database of physics-based seismograms is de-
scribed (creation, aims and hypotheses), while in the remaining part of the section
the most relevant results related to the comparison between the results of the numer-
ical simulations of ground motion and the considered GMPE relations, are presented
and discussed.

3.1 Database of physics-based seismograms
Seismic ground motions are strongly influenced by the effects related to the char-
acteristics of the seismic source (source effects), of site of interest (site conditions)
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and and of the soil throughout which seismic waves propagate (path effects). In this
work, in order to simulate the ground motion that could be recorded in the range
of possible future events, several combinations of these effects have been considered.
In the specific the following parameters were considered:

1. focal mechanism of the seismic source;

2. moment magnitude (𝑀𝑤);
3. rupture process of the seismic source (nucleation point, evolution of the front

rupture, slip distribution, depth) treated as an explained in section 2.2.1. (Ex-
tended Source Model) of this thesis;

4. characteristics of the soil throughout which seismic waves propagate from

5. source to the site of interest (path effects);

6. characteristic of the soil at the site of interest (site effects);

7. source-to-site distance 𝑅;
8. angle between the source and the receiver at the site of interest;

The range of investigated values is shown in table 3.1., leading to a total of 86400
different simulated events and the main characteristics of the 3 considered faults
and soils are extracted from existing databases and described in the next sections
sections, section 3.1.1. and section 3.1.2. respectively.

Parameter Range
Moment Magnitude 𝑀𝑤 4.5 − 8.0, step 0.5
Distance 𝑅 5, 10, 15, 20, 40, 60, 80, 100km
Local soil category A, B, C (real stratigraphy, 5 each)
Receivers angles 6, step 60 degrees
N of faults 3, with different deep soil structures
N of rupture processes 5, random (each different)

Table 3.1 Range of investigated parameters.
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3.1.1 Faults characteristics
The main characteristics of the 3 considered faults are extracted from the Database
of Individual Seismogenic Sources compiled for Italy and surrounding areas (DISS
Working Group, 2018) and reported in table 3.2..

DISS-ID ITIS107 ITIS120 ITIS131
Name Gemona South Mirandola Paganica
Faulting style Thrust Fault Thrust Fault Normal Fault
Location [Lat/Lon] 46.25/13.14 44.85/11.07 42.32/13.45
Lenght [km] 16 9 14
Width [km] 9 5.9 9.5
Min Depth [km] 9 5.9 9.5
Strike [deg] 290 108 133
Dip [deg] 30 30 43
Rake [deg] 105 90 275

Table 3.2 Main parameters of the 3 modelled faults.

Since several magnitudes are simulated, the fault area is chosen considering the
scaling law for fault dimension according to section 2.2.1. (Extended Source Model)
of this thesis. The fault minimum depth is selected according to table 3.2..
For each combination of fault, magnitude, local site stratigraphy, distance from the
centre of the fault, and receiver angle, five different distributions of slips over the
fault have been computed from a stochastic distribution leading a total of 86400
different simulated earthquakes. The scaling laws proposed by Magrin (Magrin
et al., 2016) mainly for the Italian territory have been used as reference source
spectrum. The average Mach parameter (ratio between rupture velocity and shear
wave velocity) has been set to 0.8. Receivers have been placed at steps of 60 degrees
according to the distances from the centre of the fault reported in table 3.1.. At the
end of each simulation the event depth and epicentral distance have been set equal
to those of the nucleation point. The horizontal projection of the considered faults
and the receivers arrangement are shown from figure 3.1. to figure 3.3..
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Figure 3.1 ITIS107 - Mirandola: fault projections and receivers
arrangement.

Figure 3.2 ITIS120 – Gemona South: fault projections and receivers
arrangement.
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Figure 3.3 ITIS131 – Paganica: fault
projections and receivers arrangement.
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3.1.2 Soils characteristics
The modelling of seismic waves needs to account for path and site effects. The phys-
ical properties of the source-to-site paths are defined using a set of cellular structures
obtained through an optimized nonlinear inversion of surface wave dispersion curves
(Brandmayr et al., 2010). Each fault have been linked with a different deep struc-
tures representative of different Italian regions. Deep structures associated with
each fault are shown in figure 3.4..
To account for local site effects, real site-specific soil layers have been placed above
the deep structures. Soil category A, B and C according to Eurocode 8 classification
have been considered. For each fault and soil category 5 different shallow structures
have been adopted, leading to a total of 60 different soil models (3 deep structures
by 3 categories by 5 stratigraphy). The real stratigraphy have been downloaded
from the European Strong Motion catalogue (Lanzano et al., 2018) and represent
the characteristics of different recording stations. Among all those available, those
that have the greatest depth of investigation were selected.

a b c
Figure 3.4 Deep structures adopted for: a) ITIS107 – Mirandola, a) ITIS120 –
Gemona South and b) ITIS131 – Paganica.
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a b c
Figure 3.5 Example of shallow structures adopted for ITIS120: a) soil type A,
b) soil type B and c) soil type C.
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3.2 Results
In this section are presented some of the results related to the comparison between
the results of the numerical (physics-based) simulations of ground motion and the
considered GMPE relations. In the following are listed the parameters considered
for the comparison, along with the associated GMPE relation considered (in paren-
theses).

• Spectral acceleration (𝑆𝑎(𝑇 )) (Bindi at al., 2011);
• Arias intensity (𝐼𝐴) (Sandikkaya and Akkar, 2016);

• Cumulative Absolute Velocity (𝐶𝐴𝑉) (Sandikkaya and Akkar, 2016);

• Significant duration (𝐷5−95) (Sandikkaya and Akkar, 2016);

• Nonlinear SDOF response (De Luca et al., 2014):

– Maximum inelastic displacement (𝑆𝑑𝑖);
– Equivalent number of cycles (𝑁𝑒);

The considered parameters (𝐼𝑀𝑠) were chosen in order to provided a comparison
between the results of the numerical simulations of ground motion and the observed
data (employing the GMPEs as a proxy) in terms of parameters that are relevant
from the an engineering perspective.
The spectral acceleration is widely used to quantify the ground motion and the re-
lation proposed by Bindi (Bindi et al., 2011) is calibrated on the italian territory,
the same area investigated in this work.
Arias, CAV, and the significant duration 𝐷5,95 were considered for the comparison
because they can be used to quantify the overall effects of the frequency content and
the duration of ground motions, which are parameters of engineering significance
and can be correlated to structural damage (e.g. Bommer et al., 2009; Bradley,
2011; Lee and Green, 2014, Sandikkaya and Akkar, 2016).
Finally the the maximum inelastic displacement (𝑆𝑑𝑖) and the equivalent number
of cycles (𝑁𝑒) have been considered in order characterize the nonlinear response of
the structures, al least for those structures for which the structural response is dom-
inated by the first mode, thus providing an engineering validation of the results.
In it is worh mentioning that all the parameters considered for the comparison,
except for the spectral acceleration 𝑆𝑎, require the complete seismograms (accelero-
grams) in order to be computed.
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All the considered parameters have been computed, for all the 86400 simulated
events, considering one horizontal component at the time and the taking the geo-
metrical mean of the values computed for the horizontal components, in accordance
with the considered GMPE relations.
While the distance, again in accordance with the considered GMPE relations, is
taken as the closest distance to the surface projection of the faults, i.e. the Joyner-
Boore distance and is indicated in the plots as 𝑅𝐽𝐵.
In order to compute the inelastic (nonlinear) parameters (𝑆𝑑𝑖 and 𝑁𝑒𝑒) the re-
sponses, of the considered nonlinear SDOF systems, complete time-history analy-
ses have been performed employing the software for structural analyses OpenSees
(McKenna at al., 2000; Mazzoni et al., 2003; McKenna 2011).
The complete responses, in the time domain, were later used to assess the parame-
ters 𝑆𝑑𝑖 and 𝑁𝑒 as proposed De Luca (De Luca et al., 2014).
In particular, SDOF systems characterized by by a bilinear hardening shape back-
bone and without degradation of stiffness (depicted in figure 3.6a. and referred to
as EPH-k) have been considered, i.e. the stiffness of the hardening branch is taken
as the 5% of the initial (elastic) stiffness.
For this kind of SDOF systems 3 values of the natural period 𝑇 (0.2, 0.5 and 1.0)
and 3 different values of the strength reduction factor 𝑅𝜇 (2, 4 and 3) have been
considered.
In order to identify 𝐹𝑦, the primary parameter characterizing the SDOF systems
(refer to the EPH-k hysteretic loop in figure 3.6a.), for each considered value of
the natural period 𝑇, the response in terms of elastic pseudoacceleration has been
computed and then the maximum (regardless of the sign) has been divided by the
considered value of the strength reduction factor 𝑅𝜇. This process is presented in
equation 3.1., where a unitary mass 𝑀 was considered for the SDOF systems.𝐹𝑦 = 𝑆𝑎𝑒𝑙(𝑇 ) ×𝑀𝑅𝜇 = 𝐹𝑒𝑙𝑅𝜇 (3.1)

𝑁𝑒 = 𝐸ℎ𝐴𝑝𝑙𝑎𝑠𝑡𝑖𝑐 + 1 (3.2)

The inelastic responses of the considered SDOF systems have been computed em-
ploying the "Steel01" material provided by the OpenSees platform (depicted in fig-
ure 3.7.) and a total number of 4665600 (86400 events × 2 horizontal components
of motion × 3 values of 𝑇 × 3 values of 𝑅𝜇) analyses have been performed.
From the computed responses, for each horizontal component, the values of 𝑆𝑑𝑖
were simply taken as the maximum displacement (in absolute value), while the val-
ues of 𝑁𝑒 were assessed via equation 3.2.. In this equation 𝐸ℎ and 𝐴𝑝𝑙𝑎𝑠𝑡𝑖𝑐 represent
the cumulative hysteretic energy and the area underneath the monotonic backbone
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curve from the yielding displacement (Δ𝑦) to the peak inelastic displacement 𝑆𝑑𝑖
respectively and their values were evaluated as depicted in figure 3.6b..

a b
Figure 3.6 a) EPH-k SDOF backbone; b) definition of 𝐸𝐻 and 𝐴𝑝𝑙𝑎𝑠𝑡𝑖𝑐 in the
case of EPH-k SDOF backbone for the evaluation of 𝑁𝑒 (De Luca et al., 2014).

a b
Figure 3.7 Steel01 material provided by the OpenSees platform with backbone
curve a) and an example hysteretic cycle b).

In the following sections the results of comparison between the observed data (as-
sessed via the associated GMPE) and the simulated data are presented both directly
(i.e. simulated data are plotted on the associated GMPE) and in terms of residuals
as a function of the distance 𝐷.
The residuals are evaluated via equation 3.3., where 𝑠𝑖𝑚(𝐷) represents the simu-
lated value of the considered 𝐼𝑀 at the distance 𝐷, 𝑜𝑏𝑠(𝐷) represents the observed
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value (the median value provided by the considered GMPE) of the considered 𝐼𝑀
at the distance 𝐷 and 𝜎𝐺𝑀𝑃𝐸 represents the standard deviation associated with the
considered GMPE.
The residuals evaluated via equation 3.3. express the "distance" between the simu-
lated and recorded data in terms of the number of 𝜎𝐺𝑀𝑃𝐸s from the median value
provide by the GMPE, i.e. the smaller the number of 𝜎𝐺𝑀𝑃𝐸s, the better the
agreement between observed and simulated data.𝑅(𝐷) = log(𝑜𝑏𝑠(𝐷)) − log(𝑠𝑖𝑚(𝐷))𝜎𝐺𝑀𝑃𝐸 (3.3)

In addition, in order to express the degree of agreement between the observed and
the simulated data in a clearer way, histograms of the distribution of the the ab-
solute values of the residuals (|𝑅|) are provided as well. These, half-bell-shaped,
distributions gives a good indication of the level of agreement between the observed
and the simulated data: a good agreement is associated with a narrow bell-shape
with the peak located close to zero and, in the ideal case, in correspondence of zero
(no-bias is present).

In the following subsections the results are presented for each considered parameter
(𝐼𝑀) separately: 𝑆𝑎(𝑇 ), 𝐼𝐴, 𝐶𝐴𝑉, 𝐷5−95, 𝑆𝑑𝑖 and 𝑁𝑒.
For the first 4 parameters the results are further subdivided in terms of the consid-
ered seismic faults (ITIS107, ITIS120 and ITIS131) because they are characterized
by a different faulting style, accounted for by the associated GMPE via a dedicated
term of the functional form.
This subdivision is not necessary for 𝑆𝑑𝑖 and 𝑁𝑒 as the associated GMPEs do not
consider the style of faulting in their formulation.
For each parameter (and for each considered fault, when relevant), the results are
presented separately for the 3 considered (EC8) soil categories (A, B and C), one
comparison for each soil category.
In order to provided an armonized presention oth the results, all the comparisons
presented in the following are associated with a magnitude 𝑀𝑤 = 7.0.
The results of the presented comparisons are commented and discussed in sec-
tion 3.2.7..
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3.2.1 Spectral acceleration 𝑆𝑎(𝑇 )
In the following some of the obtained results related to the comparison between the
observed data, assessed via the associated GMPE (Bindi, 2011), and the simulated
data are presented in terms of spectral acceleration considering the geometric mean
of the horizontal components at 𝑇 = 0.2𝑠 (𝐼𝑀 = 𝑆𝑎𝑔𝑒𝑜ℎ(0.2)) for a magnitude𝑀𝑤 = 7.0.
The results are presented separately for the 3 considered faults (ITIS107, ITIS120
and ITIS131) and, for each fault, for the 3 considered (EC8) soil category (A, B and
C), one comparison for each soil category.
In the figures presented in the following the red line represents the median values
provided by the considered GMPE, while the 4 black lines represent the median
values provided by the considered GMPE ±𝑘 × 𝜎𝐺𝑀𝑃𝐸 for 𝑘 equal to 1 and 2.𝜎𝐺𝑀𝑃𝐸 represents the standard deviation associated with the considered GMPE.
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3.2.1.1 Source ITIS107

a b

c
Figure 3.8 Spectral acceleration at 𝑇 = 0.5𝑠 for fault ITIS107, 𝑚𝑎𝑔 = 7.0 and
soil category (EC8) A. Comparison with GMPE (Bindi et al., 2011) (a), residuals
and their regression (b) and distribution of the residuals (c).
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a b

c
Figure 3.9 Spectral acceleration at 𝑇 = 0.5𝑠 for fault ITIS107, 𝑚𝑎𝑔 = 7.0 and
soil category (EC8) B. Comparison with GMPE (Bindi et al., 2011) (a), residuals
and their regression (b) and distribution of the residuals (c).
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a b

c
Figure 3.10 Spectral acceleration at 𝑇 = 0.5𝑠 for fault ITIS107, 𝑚𝑎𝑔 = 7.0 and
soil category (EC8) C. Comparison with GMPE (Bindi et al., 2011) (a), residuals
and their regression (b) and distribution of the residuals (c).
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3.2.1.2 Source ITIS120

a b

c
Figure 3.11 Spectral acceleration at 𝑇 = 0.5𝑠 for fault ITIS120, 𝑚𝑎𝑔 = 7.0 and
soil category (EC8) C. Comparison with GMPE (Bindi et al., 2011) (a), residuals
and their regression (b) and distribution of the residuals (c).
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a b

c
Figure 3.12 Spectral acceleration at 𝑇 = 0.5𝑠 for fault ITIS120, 𝑚𝑎𝑔 = 7.0 and
soil category (EC8) B. Comparison with GMPE (Bindi et al., 2011) (a), residuals
and their regression (b) and distribution of the residuals (c).
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a b

c
Figure 3.13 Spectral acceleration at 𝑇 = 0.5𝑠 for fault ITIS120, 𝑚𝑎𝑔 = 7.0 and
soil category (EC8) C. Comparison with GMPE (Bindi et al., 2011) (a), residuals
and their regression (b) and distribution of the residuals (c).
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3.2.1.3 Source ITIS131

a b

c
Figure 3.14 Spectral acceleration at 𝑇 = 0.5𝑠 for fault ITIS131, 𝑚𝑎𝑔 = 7.0 and
soil category (EC8) A. Comparison with GMPE (Bindi et al., 2011) (a), residuals
and their regression (b) and distribution of the residuals (c).
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c
Figure 3.15 Spectral acceleration at 𝑇 = 0.5𝑠 for fault ITIS131, 𝑚𝑎𝑔 = 7.0 and
soil category (EC8) B. Comparison with GMPE (Bindi et al., 2011) (a), residuals
and their regression (b) and distribution of the residuals (c).
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c
Figure 3.16 Spectral acceleration at 𝑇 = 0.5𝑠 for fault ITIS131, 𝑚𝑎𝑔 = 7.0 and
soil category (EC8) C. Comparison with GMPE (Bindi et al., 2011) (a), residuals
and their regression (b) and distribution of the residuals (c).
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3.2.2 Arias Intesity 𝐼𝐴
In the following some of the obtained results related to the comparison between the
observed data, assessed via the associated GMPE (Sandikkaya and Akkar, 2016),
and the simulated data are presented in terms of Arias Intesity, considering the
geometric mean of the horizontal components (𝐼𝑀 = 𝐼𝐴,𝑔𝑒𝑜ℎ) for a magnitude𝑀𝑤 = 7.0.
The results are presented separately for the 3 considered faults (ITIS107, ITIS120
and ITIS131) and, for each fault, for the 3 considered (EC8) soil category (A, B and
C), one comparison for each soil category.
In the figures presented in the following the red line represents the median values
provided by the considered GMPE, while the 4 black lines represent the median
values provided by the considered GMPE ±𝑘 × 𝜎𝐺𝑀𝑃𝐸 for 𝑘 equal to 1 and 2.𝜎𝐺𝑀𝑃𝐸 represents the standard deviation associated with the considered GMPE.
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3.2.2.1 Source ITIS107

a b

c
Figure 3.17 Arias intensity for fault ITIS107,𝑚𝑎𝑔 = 7.0 and soil category (EC8)
A. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals and their
regression (b) and distribution of the residuals (c).
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a b

c
Figure 3.18 Arias intensity for fault ITIS107,𝑚𝑎𝑔 = 7.0 and soil category (EC8)
B. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals and their
regression (b) and distribution of the residuals (c).
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a b

c
Figure 3.19 Arias intensity for fault ITIS107,𝑚𝑎𝑔 = 7.0 and soil category (EC8)
C. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals and their
regression (b) and distribution of the residuals (c).
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3.2.2.2 Source ITIS120

a b

c
Figure 3.20 Arias intensity for fault ITIS120,𝑚𝑎𝑔 = 7.0 and soil category (EC8)
A. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals and their
regression (b) and distribution of the residuals (c).



49

a b

c
Figure 3.21 Arias intensity for fault ITIS120,𝑚𝑎𝑔 = 7.0 and soil category (EC8)
B. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals and their
regression (b) and distribution of the residuals (c).
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a b

c
Figure 3.22 Arias intensity for fault ITIS120,𝑚𝑎𝑔 = 7.0 and soil category (EC8)
C. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals and their
regression (b) and distribution of the residuals (c).
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3.2.2.3 Source ITIS131

a b

c
Figure 3.23 Arias intensity for fault ITIS131,𝑚𝑎𝑔 = 7.0 and soil category (EC8)
A. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals and their
regression (b) and distribution of the residuals (c).
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c
Figure 3.24 Arias intensity for fault ITIS131,𝑚𝑎𝑔 = 7.0 and soil category (EC8)
B. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals and their
regression (b) and distribution of the residuals (c).



53

a b

c
Figure 3.25 Arias intensity for fault ITIS131,𝑚𝑎𝑔 = 7.0 and soil category (EC8)
C. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals and their
regression (b) and distribution of the residuals (c).
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3.2.3 Cumulative Absolute Velocity 𝐶𝐴𝑉
In the following some of the obtained results related to the comparison between
the observed data, assessed via the associated GMPE (Sandikkaya and Akkar,
2016), and the simulated data are presented in terms of Cumulative Absolute Ve-
locity (CAV) considering the geometric mean of the horizontal components (𝐼𝑀 =𝐶𝐴𝑉𝑔𝑒𝑜ℎ) for a magnitude 𝑀𝑤 = 7.0.
The results are presented separately for the 3 considered faults (ITIS107, ITIS120
and ITIS131) and, for each fault, for the 3 considered (EC8) soil category (A, B and
C), one comparison for each soil category.
In the figures presented in the following the red line represents the median values
provided by the considered GMPE, while the 4 black lines represent the median val-
ues provided by the considered GMPE ±𝑘×𝜎𝐺𝑀𝑃𝐸 for 𝑘 equal to 1 and 2. 𝜎𝐺𝑀𝑃𝐸
represents the standard deviation associated with the considered GMPE.
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3.2.3.1 Source ITIS107

a b

c
Figure 3.26 CAV for fault ITIS107, 𝑚𝑎𝑔 = 7.0 and soil category (EC8) A.
Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals (b) and dis-
tribution of the residuals (c).
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a b

c
Figure 3.27 CAV for fault ITIS107, 𝑚𝑎𝑔 = 7.0 and soil category (EC8) B.
Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals (b) and dis-
tribution of the residuals (c).
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a b

c
Figure 3.28 CAV for fault ITIS107, 𝑚𝑎𝑔 = 7.0 and soil category (EC8) C.
Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals (b) and dis-
tribution of the residuals (c).
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3.2.3.2 Source ITIS120

a b

c
Figure 3.29 CAV for fault ITIS120, 𝑚𝑎𝑔 = 7.0 and soil category (EC8) A.
Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals (b) and dis-
tribution of the residuals (c).
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a b

c
Figure 3.30 CAV for fault ITIS120, 𝑚𝑎𝑔 = 7.0 and soil category (EC8) B.
Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals (b) and dis-
tribution of the residuals (c).
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c
Figure 3.31 CAV for fault ITIS120, 𝑚𝑎𝑔 = 7.0 and soil category (EC8) C.
Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals (b) and dis-
tribution of the residuals (c).
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3.2.3.3 Source ITIS131

a b

c
Figure 3.32 CAV for fault ITIS131, 𝑚𝑎𝑔 = 7.0 and soil category (EC8) A.
Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals (b) and dis-
tribution of the residuals (c).
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c
Figure 3.33 CAV for fault ITIS131, 𝑚𝑎𝑔 = 7.0 and soil category (EC8) B.
Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals (b) and dis-
tribution of the residuals (c).
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a b

c
Figure 3.34 CAV for fault ITIS131, 𝑚𝑎𝑔 = 7.0 and soil category (EC8) C.
Comparison with GMPE (Sandikkaya and Akkar, 2016) (a), residuals (b) and dis-
tribution of the residuals (c).
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3.2.4 Significant duration 𝐷5−95
In the following some of the obtained results related to the comparison between the
observed data, assessed via the associated GMPE (Sandikkaya and Akkar, 2016),
and the simulated data are presented in terms of Significant Duration 𝐷5−95 con-
sidering the geometric mean of the horizontal components (𝐼𝑀 = 𝐷5 − 95, 𝑔𝑒𝑜ℎ)
for a magnitude 𝑀𝑤 = 7.0.
The results are presented separately for the 3 considered faults (ITIS107, ITIS120
and ITIS131) and, for each fault, for the 3 considered (EC8) soil category (A, B and
C), one comparison for each soil category.
In the figures presented in the following the red line represents the median values
provided by the considered GMPE, while the 4 black lines represent the median val-
ues provided by the considered GMPE ±𝑘×𝜎𝐺𝑀𝑃𝐸 for 𝑘 equal to 1 and 2. 𝜎𝐺𝑀𝑃𝐸
represents the standard deviation associated with the considered GMPE.
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3.2.4.1 Source ITIS107

a b

c
Figure 3.35 Significant duration 𝐷5−95 for fault ITIS107, 𝑚𝑎𝑔 = 7.0 and soil
category (EC8) A. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a),
residuals and their regression (b) and distribution of the residuals (c).
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c
Figure 3.36 Significant duration 𝐷5−95 for fault ITIS107, 𝑚𝑎𝑔 = 7.0 and soil
category (EC8) B. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a),
residuals and their regression (b) and distribution of the residuals (c).
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c
Figure 3.37 Significant duration 𝐷5−95 for fault ITIS107, 𝑚𝑎𝑔 = 7.0 and soil
category (EC8) C. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a),
residuals and their regression (b) and distribution of the residuals (c).
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3.2.4.2 Source ITIS120

a b

c
Figure 3.38 Significant duration 𝐷5−95 for fault ITIS120, 𝑚𝑎𝑔 = 7.0 and soil
category (EC8) A. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a),
residuals and their regression (b) and distribution of the residuals (c).
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c
Figure 3.39 Significant duration 𝐷5−95 for fault ITIS120, 𝑚𝑎𝑔 = 7.0 and soil
category (EC8) B. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a),
residuals and their regression (b) and distribution of the residuals (c).
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c
Figure 3.40 Significant duration 𝐷5−95 for fault ITIS120, 𝑚𝑎𝑔 = 7.0 and soil
category (EC8) C. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a),
residuals and their regression (b) and distribution of the residuals (c).
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3.2.4.3 Source ITIS131

a b

c
Figure 3.41 Significant duration 𝐷5−95 for fault ITIS131, 𝑚𝑎𝑔 = 7.0 and soil
category (EC8) A. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a),
residuals and their regression (b) and distribution of the residuals (c).
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c
Figure 3.42 Significant duration 𝐷5−95 for fault ITIS131, 𝑚𝑎𝑔 = 7.0 and soil
category (EC8) B. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a),
residuals and their regression (b) and distribution of the residuals (c).
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c
Figure 3.43 Significant duration 𝐷5−95 for fault ITIS131, 𝑚𝑎𝑔 = 7.0 and soil
category (EC8) C. Comparison with GMPE (Sandikkaya and Akkar, 2016) (a),
residuals and their regression (b) and distribution of the residuals (c).
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3.2.5 Maximum inelastic displacement 𝑆𝑑𝑖
In the following some of the obtained results related to the comparison between
the observed data, assessed via the associated GMPE (De Luca, 2014), and the
simulated data are presented in terms of Maximum inelastic displacement 𝑆𝑑𝑖 con-
sidering the geometric mean of the horizontal components (𝐼𝑀 = 𝑆𝑑𝑖,𝑔𝑒𝑜ℎ) for a
magnitude 𝑀𝑤 = 7.0.
The results are presented separately for the 3 considered (EC8) soil category (A, B
and C), one comparison for each soil category.
In the figures presented in the following red line represents the median values pro-
vided by the considered GMPE, while the 4 black lines represent the median values
provided by the considered GMPE ±𝑘 × 𝜎𝐺𝑀𝑃𝐸 for 𝑘 equal to 1 and 2. 𝜎𝐺𝑀𝑃𝐸
represents the standard deviation associated with the considered GMPE.
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c
Figure 3.44 Maximum displacement 𝑆𝑑𝑖 for 𝑇 = 0.5𝑠, 𝑚𝑎𝑔 = 7.0, 𝑅 = 4 and
soil category (EC8) A. Comparison with GMPE (De Luca et al., 2014) (a), residuals
and their regression (b) and distribution of the residuals (c).
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c
Figure 3.45 Maximum displacement 𝑆𝑑𝑖 for 𝑇 = 0.5𝑠, 𝑚𝑎𝑔 = 7.0, 𝑅 = 4 and
soil category (EC8) B. Comparison with GMPE (De Luca et al., 2014) (a), residuals
and their regression (b) and distribution of the residuals (c).
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c
Figure 3.46 Maximum displacement 𝑆𝑑𝑖 for 𝑇 = 0.5𝑠, 𝑚𝑎𝑔 = 7.0, 𝑅 = 4 and
soil category (EC8) C. Comparison with GMPE (De Luca et al., 2014) (a), residuals
and their regression (b) and distribution of the residuals (c).
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3.2.6 Equivalent number of cycles 𝑁𝑒
Finally, some of the obtained results related to the comparison between the observed
data, assessed via the associated GMPE (De Luca, 2014), and the simulated data
are presented in terms of Equivalent number of cycles 𝑁𝑒 considering the geometric
mean of the horizontal components (𝐼𝑀 = 𝑁𝑒,𝑔𝑒𝑜ℎ) for a magnitude 𝑀𝑤 = 7.0.
The results are presented separately for the 3 considered (EC8) soil category (A, B
and C), one comparison for each soil category.

a b

c
Figure 3.47 Equivalent number of cycles 𝑁𝑒 for 𝑇 = 0.5𝑠, 𝑚𝑎𝑔 = 7.0, 𝑅 = 4
and soil category (EC8) A. Comparison with GMPE (De Luca et al., 2014) (a),
residuals and their regression (b) and distribution of the residuals (c).
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c
Figure 3.48 Equivalent number of cycles 𝑁𝑒 for 𝑇 = 0.5𝑠, 𝑚𝑎𝑔 = 7.0, 𝑅 = 4
and soil category (EC8) B. Comparison with GMPE (De Luca et al., 2014) (a),
residuals and their regression (b) and distribution of the residuals (c).
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c
Figure 3.49 Equivalent number of cycles 𝑁𝑒 for 𝑇 = 0.5𝑠, 𝑚𝑎𝑔 = 7.0, 𝑅 = 4
and soil category (EC8) C. Comparison with GMPE (De Luca et al., 2014) (a),
residuals and their regression (b) and distribution of the residuals (c).
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3.2.7 Discussion
The comparisons presented in the previous subsections show a good agreement be-
tween the results obtained via the physics-based simulation (PBS) of ground motion
and the observed data, assessed via GMPE relations. In fact the simulated data is
confined within a distance 2× 𝜎𝐺𝑀𝑃𝐸 from the median value provided by GMPEs,
i.e. the residuals 𝑅(𝐷) are less than 2, in the great majority of the cases. As a
consequence, also the regression line of the residuals is generally located in the in
range [−1, 1] and the peaks of the distributions of the residuals are generally located
very close to zero. Thus suggesting that, on average, no relevant bias is present and
results are acceptable for engineering purposes.

Some discrepancies, however, have to be noted.
For example, considering the source ITIS107, PBS tend to underestimate the spec-
tral acceleration 𝑆𝑎(𝑇 ) for long distances, with respect to the considered GMPE
relation (Bindi et al., 2011). This causes, for 𝑆𝑎(𝑇 ), a slight shift of the peak of
the distribution of the residuals (bias). This over-attenuation, with respect to the
considered GMPE, of the acceleration affects also the 𝐼𝐴, the 𝐶𝐴𝑉 and 𝐷5−95.
This is to be expected as these parameters are all derived from the acceleration
and their attenuation seems in good accordance with the attenuation of the spectral
acceleration.

These discrepancies are not related to the simulation technique, but rather to soil, in
particular to the deep soil structure associated with each source (see section 3.1.2.).
In fact, considering the source ITIS120 (associated with a different deep soil than
ITIS107) the opposite effects are observed, i.e. an overestimation of the spectral
acceleration 𝑆𝑎(𝑇 ) for long distances (under-attenuation of the acceleration), with
respect to the considered GMPE relation. Suggesting thus that there is no system-
atic error (error-pattern), associated to the simulation technique, is present.
In addition, as for ITIS107, also for ITIS120 the attenuation of the 𝐼𝐴, the 𝐶𝐴𝑉
and 𝐷5−95 are in good accordance with attenuation of the acceleration.
Another indication that the observed discrepancies are related to the soil is provided
by the fact that the comparisons terms of inelastic parameters (𝑆𝑑𝑖 a 𝑁𝑒), for which
the considered GMPE do not account for the style of faulting of the source, gives
very good results, perhaps better that the ones seen for the other parameters. We
believe this is due to the fact that, merging the results related to different faults
(thus different deep soils), it is possible to mitigate the discrepancies that emerged
when each deep soil has been considered separately.

Once more is pointed out how the discrepancies in the comparisons are due to
the soil conditions and originates from the fact that the database of physics-based
simulated events created for this comparison could be referred to as site-specific, or
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at least more site-specific than the GMPEs against which the simulated results are
compared. In fact, as explained in section 3.1., for constructing the database only 60
soils (constructed from 3 deep soil structures, 15 soils for each deep soil structure)
where considered, while many more are considered when deriving a GMPE relation.
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4 Aquila event, 04/04/2009 – a comparions be-
tween recorded and PBS

In this chapter a comparison between the results obtained from the data recorded
for a real seismic event (Aquila (Italy), 04/04/2009 and associated with a moment
magnitude𝑀𝑤 = 6.3) and the results of the numerical simulations of ground motion
for the same event.
In this first part of the chapter the methodology employed to compute th physics-
based ground motion is described, along with the methodology employed to assess
the responses to ground motion, linear and nonlinear.
In the remaining part of the chapter the most relevant results related to the com-
parison between the results of the numerical simulations of ground motion and the
results obtained from the recorded data for the considered event are presented and
discussed. The aim of this study was not to the recreate the actual event occurred
in Aquila but rather to simulate a certain number of earthquake events (300), asso-
ciated to the same seismic source and having the same magnitude as the occurred
event, and to verify whether the occurred event would be equivalent to or resemble,
from an engineering perspective, one of the simulated events. In other words, to
verify whether the simulation technique employed is able to, to some extent and
from an engineering perspective, predict a possible earthquake event associated to
a certain seismic source and magnitude.
In this work 6 stations, located at various distances and characterized by different
soils (site-effects), were considered and 300 rupture processes were simulated em-
ploying the Extended Source model (ES) for modelling the source (see section 2.2.1.).
The comparison between the results of the simulated and the recorded data has been
performed in terms of various parameters relevant for describing the ground motion.
Response spectra were considered (acceleration, velocity and displacement) for both
the resultant (𝑅𝑒𝑠 or𝑀𝑎𝑥𝑅𝑜𝑡𝐷100) and the geometrical mean (𝐺𝑒𝑜𝐻) of the 2 hor-
izontal components of ground motion. Various peak and integral parameters were
considered as well, describing both the features of the ground motion (e.g Arias
Intensity) and structural response (e.g Housner Intensity). Many of the considered
parameters can be assessed only when complete seismograms are available.
In addition, as nonlinear 𝐼𝑀𝑠 provide a seismic hazard at a site which is vveryin-
formative for engineering purposes (e.g. Tothong and Cornell, 2007; Tothong and
Luco, 2009; PEER, 2009), the response of non-linear, elastic perfectly plastic (EPP),
SDOF systems has also been considered and for these kind of systems 3 different
values of the strength reduction factor 𝑅𝜇 were considered (2, 4 and 6).
For both the linear and nonlinear responses the realization of the rupture that best
resembles the recorded event has been identified employing the bias as measure of
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"distance" between recorded and simulated. The same realization has been identified
in both for both the linear and nonlinear case.

4.1 Ground motion simulation
The seismic event considered in this section is the one occurred in Aquila (Italy) on
April the 4𝑡ℎ 2009 associated with moment magnitude𝑀𝑤 = 6.3. The seismic fault
(2D extended seismic source) associated with this event is the "Paganica Fault",
ITIS131 the DISS catalogue (DISS Working Group, 2018), and the properties used
for modelling the seismic source are presented in table 4.1.. These properties are
taken from Ameri (Ameri et al., 2012) and from the DISS catalogue (DISS Working
Group, 2018).

Parameter Value
Strike 140𝑑𝑒𝑔
Dip 50𝑑𝑒𝑔
Rake 270𝑑𝑒𝑔
Length 20𝑘𝑚
Width 15𝑘𝑚
Depth 0.5𝑘𝑚
Magnitude 𝑀𝑤 6.3
Mean rupture velocity 3𝑘𝑚/𝑠
Enucleation point random
Slip distribution random

Table 4.1 Properties used for modelling
the seismic source (ITIS131 the DISS cata-
logue) derived from Ameri (2012) and from
the DISS catalogue.

For the computation of ground motion via the physics-based numerical simulations,6 stations (receivers) have been considered (see table 4.2.) and were chosen in or-
der to cover different epicentral distances and because stratigraphical information, as
well as the recordings of the considered seismic event, are available for them through
the ESM database (Engineering Strong Motion Database - https://esm.mi.ingv.it/)
(Luzi et al., 2016). The locations of the seimic source associated to event occurred
of Aquila and of the 6 considered stations are presented figure 4.1..
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Figure 4.1 Location of the Paganica fault (ITIS131 in the DISS
catalogue) and the the 6 considered stations.

Code Name Longitude Latitude 𝑅𝑒𝑝𝑖 𝑅𝐽𝐵 EC8 soil 𝑉𝑠,30
[deg] [deg] [𝑘𝑚] [𝑘𝑚] [𝑚/𝑠]

ANT Antrodoco 13.0786 42.41811 26.20 19.10 A 912
AQA V. Aterno 13.3393 42.37553 5.0 0.0 B 550
AQG Colle Grilli 13.337 42.3735 4.10 0.0 B 696
AQK V. Aterno 13.40095 42.34497 1.8 0.0 B 705

A Parking
AQV Centro Valle 13.3439 42.3771 3.99 0.0 B 474
MTR Montereale 13.2448 42.5240 22.13 15.93 A 1024

Table 4.2 6 considered stations.

Seismograms were computed, for the 6 stations, considering the medium through-
out which the wavefield propagates as "laterally homogeneous", employing the modal
summation technique (MS) (Panza et al., 2001; Panza et al., 2012) with a maxi-
mum frequency of 10𝐻𝑧 and 300 different realizations of the rupture process (see
section 2.2.1.) were considered, assuming the parameters presented in table 4.1.. As
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explained in section 2.2.1., these realizations are all different and they are obtained
varying the parameters in following listing. The different values of these parame-
ters and the relations between them are defined employing the PULSYN algorithm
(Gusev 2011). For illustrative purposes, 2 realizations of the rupture process are
presented in figure 4.2..

• The slip distribution of the fault;

• The position of the enucleation point;

• The rupture velocity;

For the computation of ground motion, the soil was modelled as a semi-indefinite
space constituted by horizontal anelastic layers (i.e. a 1D modelling). The structural
model of the soil can be subdivided in the following 2 parts:

• deep crustal model (referred to as bedrock) for which the properties are derived
from Ameri et al. (2012) and Evangelista et al. (2017), and are presented in
table 4.3.. This part of the stratigraphy is common to all stations.

• local (shallow) stratigraphy. This stratigraphy is different for each station and
its properties are derived from in-situ investigations.

Depth 𝑉𝑝 𝑉𝑠 𝜌 𝑄𝑝 𝑄𝑠[𝑘𝑚] [𝑘𝑚/𝑠] [𝑘𝑚/𝑠] [𝑔/𝑐𝑚3]0 3.16 1.70 2.50 200 1001 4.83 2.60 2.84 400 2002 5.76 3.10 2.94 400 2005 6.51 3.50 3.15 400 20027 7.00 3.80 3.26 600 30042 7.80 4.20 3.50 800 400
Table 4.3 Parameters used for the regional (structural) model.

As already said in section 2.2., the output of the employed technique (physics-
based) are complete time-series, in which path-effects and site-effects are accounted
for, for displacement, velocity and acceleration for each spatial component (North-
South, Est-West and vertical). For illustrative purposes, in figure 4.3. time-series,
in terms of accelerationm, are presented for the stations AQG, AQV and MTR.
It is interesting to note how the time-series have quite different features for the 3
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stations, even thought they are related to the same realization of the process. This
is due to the spatial variability of the ground motion.

Figure 4.2 2 different realizations of the rupture process for considered event
(Aquila 04/04/2009, 𝑀𝑤 = 6.3). The darker areas correspond to a high slip on
the fault while the red dot shows the nucleation point of the rupture. The white
isochrones describe the time evolution of the rupture process.
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NS EW

NS EW

NS EW
Figure 4.3 Seismograms (acceleration, both horizontal components are pre-
sented) computed for stations AQG, AQV and MTR (top to bottom) and resulting
from the same realization of the rupture process.
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4.2 Results
In this section are presented some of the results of the activities aimed at providing
a comparison between the results of the numerical simulations of ground motion
obtained via the PBS and the results obtained from the data recorded for the event
of Aquila (Italy), 04/04/2009.
For each considered station various parameters relevant for describing the ground
motion where for computed for both the recorded event and for the 300 simulated
events (realizations).
In this context the word parameter may identify both a numerical quantity (peak
or integral parameter) or another kind of parameter which can be associated to a
seismogram, such a response spectrum.
For each considered parameter, for each station, the value obtained from the record
has was compared with 300 values, one for each simulated event (realization).

The nonlinear responses have been evaluated analogously as in the previous chap-
ter. SDOF systems has also been considered and for these kind of systems Again3 different values of the strength reduction factor 𝑅𝜇 were considered (2, 4 and 6)
and the responses were evaluated via complete time-history analyses employing the
software for structural analyses OpenSees (McKenna et al., 2000; Mazzoni et al.,
2003; McKenna 2011). However, differently from chapter 3., an elastic perfectly
plastic (EPP) behaviour has been assumed for SDOF systems, i.e. the stiffness of
the hardening branch (see figure 3.6a.) is zero.

Given the aim of this study and the fact that the simulated events (realizations) are
randomly generated, the simulation can be thought as a good if the recorded value
falls inside the range defined by the values computed for the simulated events.
This was generally observed both for the response spectra, associated to both the
linear and nonlinear behaviour, and for the numerical quantities (peak and integral
parameters).
In figure 4.4., figure 4.5. and figure 4.6. is presented a comparison in terms of
spectral acceleration, velocity and displacement respectively. In these figures the
geometrical mean of the two horizontal components of motion is considered and the
recorded spectrum is drawn in red and simulated spectra (300) in gray, while black
lines are used for the 5𝑡ℎ, 16𝑡ℎ, 50𝑡ℎ, 84𝑡ℎ and 95𝑡ℎ percentile of the 300 simulated
spectra.
In figure 4.7. and figure 4.8. is presented a comparison in terms of nonlinear spectral
displacement considering an strength reduction factor 𝑅𝜇 = 2. The responses for
the EPP SDOF characterized by 𝑇 = 0.5𝑠 are also depicted. In these figures the
North components of motion is considered and the recorded spectrum and responses
are drawn in red and simulated spectra (300) in gray.
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ANT AQA

AQG AQK

AQV MTR
Figure 4.4 Spectral acceleration (geoh). Recorded spectrum is drawn in red and
simulated spectra (300) in gray. Black lines are used for the 5𝑡ℎ, 16𝑡ℎ, 50𝑡ℎ, 84𝑡ℎ
and 95𝑡ℎ percentile of the 300 simulated spectra.
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ANT AQA

AQG AQK

AQV MTR
Figure 4.5 Spectral velocity (geoh). Recorded spectrum is drawn in red and
simulated spectra (300) in gray. Black lines are used for the 5𝑡ℎ, 16𝑡ℎ, 50𝑡ℎ, 84𝑡ℎ
and 95𝑡ℎ percentile of the 300 simulated spectra.
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ANT AQA

AQG AQK

AQV MTR
Figure 4.6 Spectral displacement (geoh). Recorded spectrum is drawn in red
and simulated spectra (300) in gray. Black lines are used for the 5𝑡ℎ, 16𝑡ℎ, 50𝑡ℎ,84𝑡ℎ and 95𝑡ℎ percentile of the 300 simulated spectra.
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ANT - spectra ANT - responses

AQA - spectra AQA - responses

AQG - spectra AQG - responses
Figure 4.7 Nonlinear displacement spectra and responses for 𝑇 = 0.5𝑠. North
component and 𝑅 = 2 for stations ANT, AQA and AQG. Recorded spectrum and
responses are drawn in red and simulated spectra and responses (300) in gray.
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AQK - spectra AQK - responses

AQV - spectra AQV - responses

MTR - spectra MTR - responses
Figure 4.8 Nonlinear displacement spectra and responses for 𝑇 = 0.5𝑠. North
component and 𝑅 = 2 for stations AQK, AQV and MTR. Recorded spectrum and
responses are drawn in red and simulated spectra and responses (300) in gray.
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As already said, various peak and integral parameters were considered in this work
and were selected so that both the properties of the ground motion (e.g. PGA,
PGV, CAD, Characteristic Intensity) and the properties of the structural response
(e.g. Housner Intensity, Input Energy Spectral Intensity, Acceleration Spectrum
Intensity) are accounted for. The complete list of these parameters, and their math-
ematical formulations, are listed in table 4.4. (parameters in which the structural
response is not accounted for) and in table 4.5. (parameters in which the structural
response is accounted for).
The complete comparison is not presented as it is quite extensive (more than 30 pa-
rameters were considered for the 2 two horizontal components of the ground motion,
as well as their maximum an geometrical mean). Here are presented only the results
related to the most significant and most widely used parameters for this purpose:

• PGA – Peak Ground Acceleration;

• AI – Arias Intensity;

• HI – Housner Intensity;

• tsig – significative duration, often referred to as 𝐷5−95;
In table 4.6. is presented the comparison, for each station and in terms of the pa-
rameters described above, between the simulated and recorded (REG) data. For
the simulated data 5 percentiles were considered (5𝑡ℎ, 16𝑡ℎ, 50𝑡ℎ, 84𝑡ℎ, 95𝑡ℎ) and
assessed on the basis of 300 realizations of the rupture process, thus considering 300
different slip distributions on the fault plane via numerical (physics-based) simula-
tion. Bold is used to identify the two percentiles (simulated data) between which the
recorded data (REG) falls. The results refer to the maximum of the two horizontal
components (res).

Table 4.4 Considered parameters, characterizing the ground-motion.
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Table 4.5 Considered parameters, characterizing both the ground-motion and
structural response.
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Table 4.6 Comparison between simulated and recorded data (percentiles 5𝑡ℎ,16𝑡ℎ, 50𝑡ℎ, 84𝑡ℎ, 95𝑡ℎ). Bold is used to identify the two percentiles (simulated data)
between which the recorded data (REG) falls.



98

4.2.1 Best-fit realization
The simulation technique employed in this work is particularly well suited for mod-
elling the ground motion variability for a given scenario (seismic source and magni-
tude). The recorded event, or a future event associated with the same source and
with same magnitude, should lead to a ground motion that is compatible with the
simulated scenarios (realizations). In particular the recorded event, or the future
recorded event, should fall inside the band defined by the simulated scenarios.
As suggested by the comparisons presented in the previous section, this condition is
met for all the considered stations both when elastic response spectra are considered,
as well as when the nonlinear response is considered.

When considering a single realization of the rupture process however, this realization
may or may not represent a recorded event, past or future. It depends on the capacity
of the simulation procedure to properly model the physical phenomena related to
an earthquake event. and on the number of realizations one wishes to simulate.
In this section is presented the procedure used to identify the single realization that
is as similar as possibile to the recorded event, thus the named "best-fit" realization.
For this purpose the bias between recorded values and simulated ones is taken as
measure of similarity, i.e. the smaller the bias the more the recorded event and the
simulated event (associated with a realization of the rupture process) are similar.
It is important to note that all the stations were considered when assessing the bias,
thus this methodology can be used to assess whether the simualtion procedure can
model accurately enough the spatial distribution of the ground motion associated
with a given earthquake scenario.

The residual 𝑟𝑟,𝑗 is evaluated, for each station 𝑗 and realization 𝑟, as the natural
logarithm of the ratio between the recorded values and the simualted ones. This
step is repeated for each value 𝑇𝑖 of the natural period and the relation is given
by equation 4.1.. Where 𝑂𝑟,𝑗(𝑇 𝑖) and 𝑆𝑟,𝑗(𝑇 𝑖) are the observed (recorded) and
simulated value respectively when considering the 𝑖𝑡ℎ value of the natural period,
the 𝑗𝑡ℎ station and the 𝑟𝑡ℎ realization of the rupture process.
The deviation from the mean value is evaluated, for each realization 𝑟 and for 𝑖𝑡ℎ
value of the natural period, using equation 4.2.. Where𝑁 is the number of considered
stations.
The "best-fit" realization can the be identified as the one that minimizes the sum of
the biases (equation 4.2.) evaluated via equation 4.3..𝑟𝑟,𝑗(𝑇𝑖) = ln 𝑂𝑟,𝑗(𝑇𝑖)𝑆𝑟,𝑗(𝑇𝑖) (4.1)
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𝐵𝑟(𝑇𝑖) = 1𝑁 𝑁∑𝑗=1 𝑟𝑟,𝑗(𝑇𝑖) (4.2)

𝑟 : 𝐵 = min 𝑛∑𝑖=1 𝐵𝑟(𝑇𝑖)2 (4.3)

Applying the described methodology and considering the spectral acceleration (geo-
metrical mean) as the parameter for the comparison, realization number 43 resulted
as the "best-fit" realization, for both the linear and nonlinear behaviour.
A comparison, in terms of spectral acceleration, between recorded (red line) and
simulated (black line), associated with the 43𝑟𝑑 realization of the rupture process, is
presented in figure 4.9. for the linear behaviour and in figure 4.10. for the nonlinear
behaviour. In figure 4.10. are presented the results related to the component EAST
of the ground motion and to a value of the strength reduction factor 𝑅 = 2. In
figure 4.11. is presented the distribution of slip on the fault associated to realization
of the rupture process 43.
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ANT AQA

AQG AQK

AQV MTR
Figure 4.9 Comparison, in terms of spectral acceleration, between recorded (red
line) and simulated (black line) data associated with the 43𝑟𝑑 realization of the
rupture process (identified as the "best-fit" realization).
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ANT AQA

AQG AQK

AQV MTR
Figure 4.10 Comparison, in terms of spectral acceleration (East component),
between recorded (red line) and simulated (black line) data associated with the 43𝑟𝑑
realization of the rupture process (identified as the "best-fit" realization) for EPP
SDOF systems associated with 𝑅 = 2.
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Figure 4.11 Slip distribution for the 43𝑟𝑑 realization of the rupture
process (identified as the "best-fit" realization). Darker colors are associ-
ated with higher values of slip. The red dot is the enucleation point. The
white lines are isochrones and describe the evolution in the time-domain
of the rupture process.
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4.2.2 Discussion
The comparisons presented in the previous section show a good agreement between
the results obtained via the physics-based simulation (PBS) of ground motion and
the recorded data. In fact for both the response spectra (both the linear and the
nonlinear ones) and for the numerical parameters considered (peak and integral
parameters) the recorded values fall inside the range defined by the simulated values.
Good agreement has been observed for all the considered stations and this can be
thought as a good result, especially considering the complex geological conditions
of the area interested by the considered seismic event and in which the considered
stations are located. In fact, despite the simplified model employed for the soil (1D
modelling), with the physics-based simulation (PBS) procedure employed it was
possible to obtain important informations related to the recorded event and, as the
simulated events were randomly generated, also to possibile future events associated
with the same source and magnitude.
In this regard, it is important to remind that the aim of this study was not to the
recreate (model) the occurred event, but rather to verify whether the simulation
technique employed is able, to some extent and from an engineering perspective, to
provide insights on possible future earthquake events associated to a certain seismic
source and magnitude.
With the employed PBS procedure it was also possible to approximate the spatial
variability of the ground motion associated the occurred event. In fact, as shown
in section 4.2.1., one of the simulated events (realization of the rupture) has been
identified as the one that best resembles the recorded event at all the considered
stations simultaneously.
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5 A proposal for a modified PSHA – Physics-
Based PSHA (PBSHA)

In this chapter, after a brief overview of the PSHA procedure (section 5.1.), a vari-
ation on the standard PSHA procedure is proposed and discussed (section 5.2.). In
the proposed procedure empirical relations (GMPE), given their limitations and the
ever-increasing availability of parallel high-performance computing, are dropped in
favor of physics-based numerical simulations of ground motion in order to estimate
the values of the considered 𝐼𝑀 (as well as the associated variability) at the site
(or sites) of interest. This methodology is, thus, referred to as physics-based PSHA
(PBPSHA) or synthetic PSHA.
The procedures taken account of many effects that greatly influence the ground mo-
tion (expected values and related variability), generally not considered by empirical
relations (e.g. effects related to seismic sources, as well as source-to-site path effects
and local soil conditions) and, at the same time, to account for the major sources
of uncertainty affecting seismic hazard assessment (SHA) (e.g. location, size, and
intensity of future earthquakes) and combine them using the simple and powerful
formulation of PSHA. Thus, in principle, combining the strengths of both the ND-
SHA and PSHA procedures.
In addition, with the proposed procedure, relaying on physics-based numerical simu-
lations (PBS) for assessing the ground motion, it would be possipply engineers with
a seismic input that is as complete as possible (seismograms in the three components
of motion inclusive of source-, path- and site-effects) and suitable for both structural
analysis and seismic hazard and risk assessment.
This topic is discussed in section 5.3., where the selection of ground motions is dis-
cussed. It is shown how, when relying on PBS for assessing the ground motion, the
selection of ground motions (e.g. for structural analyses) becomes just a matter of
identifying a suitable (in number and features) subset of the many (105−106 in this
work) ground motions computed in order to assess seismic hazard at the site (or
sites) of interest. This aspect is very important considering the fact that selected
ground motions for structural analyses should be representative of the seismicity of
the site of interest (magnitude, source distance and focal mechanism, soil conditions,
near fault effects and other aspects) (e.g. NIST, 2011; Haselton et al., 2017) and
often, given the many constrains and the limited availability of natural records (es-
pecially in Europe), properly selecting natural ground motions for structural can a
be a challenging task, resulting in many cases in relaxing or dropping some constrain
and scaling the seismograms in order to make them consistent with the desired level
of hazard.
In section 5.3. it is shown how the deaggregation, or disaggregation, of the seismic
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hazard (McGuire, 1995; Bazzurro and Cornell, 1999) can be applied to the herein
proposed PBPSHA in order to identify the earthquake scenarios that dominates the
hazard at the site (or sites) of interest. These scenarios are directly associated to
seismograms for the proposed physics-based procedure and thus with the deaggre-
gation is it possible to indentify a subset of the computed ground motions.
In section 5.3.2. a different methodology to perform the selection of ground motions
is proposed. The proposed selection methodology, referred to as "Direct Method"
as it relies directly on the hazard curve (no deaggregation or other proxy tool is
necessary), aims at getting the most out of the great amount of information avail-
able when relying on a physics-based approach and can be implemented in a very
intuitive way once the considered 𝐼𝑀 (which could be also a vector) is properly
defined. For example, for deriving a fragility curve, it is possible to define a very
structure-specific 𝐼𝑀 (even for which no GMPE are available) and thus reduce the
dispersion of the Engineering Demand Parameter (EDP) considered for the fragility
curve (e.g. Baker and Cornell, 2008; Bojórquez and Iervolino, 2011; Theophilou et
al., 2016; Fasan, 2020).
In section 5.4. "Multi-site PSHA" (MSPSHA) is discussed (i.e. SHA performed
considering more than one site simultaneously). This topic is of great interest for
engineers and analysts (for instance when assessing seismic hazard for a portfo-
lio of buildings) and can be challenging to perform when relaying on GMPEs. In
fact it is necessary to consider and quantify the spatial correlation of the 𝐼𝑀𝑠 and
thus additional models (spatial-correlation models) are needed alongside the GM-
PEs (Paolucci et al., 2018).
In section 5.4.1. it is shown how it is possible, and conceptually easy, to extend the
PBPSHA proposed in this thesis (section 5.2.) to the case in which SHA is per-
formed considering more than one site at the same time (PBMSPSHA). Moreover it
is shown how the formulation presented in section 5.2. (single site) can be considered
simply as a special case of the "multi-site" formulation presented in section 5.4.1.
(for which the number of considered sites is 1).
The formulation proposed in this thesis for the PBMSPSHA does not rely on any
sophisticated mathematical concept (it relies only on elementary concepts from set-
theory), and, still, it is very powerful and it can be used to assess other quantities
other than the (classical) probability, or rate, of exceeding a treshold value of the
considered 𝐼𝑀 (say 𝑖𝑚) at at least one of the considered sites. For example it is
possible to access the probability of exceeding 𝑖𝑚 at a given number of sites or the
probability of exceeding 𝑖𝑚 at all sites simultaneously.
Lastly, in section 5.4.2. a validation of the formulation proposed for the PBSPSHA
is presented with an example of application to 3 sites.
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5.1 PSHA
Probabilistic Seismic Hazard Analysis (e.g. Cornell, 1968; Esteva, 1970; Reiter,
1990), (PSHA hereafter), aims to assess the level of ground shaking that may occur
at a site due to future earthquakes accounting for all sources of uncertainty (e.g.
location, size, and intensity of future earthquakes). The result of this procedure is
not a single numerical value (e.g. the expected value of the PGA for a site), but
a relation between a given level of ground motion, expressed in terms of a selected
intensity measure (𝐼𝑀 hereafter) (e.g. 𝑃𝐺𝐴 or 𝑆𝑎 for a given value of the natural
period 𝑇), and its annual probability of being exceeded (𝑃 [𝐼𝑀 > 𝑖𝑚]), or its annual
rate of exceedance ([𝜆[𝐼𝑀 > 𝑖𝑚]]). Uncertainties are accounted for by describing
all relevant parameters using a set of suitable distribution functions (e.g. log-normal
distribution functions). All the uncertainties are then combined using a calculation
known as the total probability theorem, presented in equation 5.1.. In this equation,
for the sake of simplicity, a single seismic source characterized by a magnitude 𝑚
varying from 𝑚𝑚𝑖𝑛 to 𝑚𝑚𝑎𝑥, is considered and uncertainties in magnitude (𝑚) and
distance (𝑟) are accounted for. These uncertainties are due to the fact that it is
not possible to associate a seismic source with a single value of magnitude or even
distance: every source has a finite dimension and it is not known which portion of
the seismic source will be affected by future events.𝑃𝑠[𝐼𝑀 > 𝑖𝑚] = 𝑚𝑚𝑎𝑥∫𝑚𝑚𝑖𝑛

𝑟𝑚𝑎𝑥∫𝑟𝑚𝑖𝑛 𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑅𝑗] 𝑓𝑀(𝑚) 𝑓𝑅(𝑟) 𝑑𝑟 𝑑𝑚 (5.1)

𝑃𝑠[𝐼𝑀 > 𝑖𝑚] = 𝑁𝑀∑𝑖=1 𝑁𝑅∑𝑗=1 𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑅𝑗] 𝑃 [𝑀 = 𝑀𝑖] 𝑃 [𝑀 = 𝑅𝑗] (5.2)

𝜆[𝐼𝑀 > 𝑖𝑚] = 𝑁𝑠𝑜𝑢𝑟𝑐𝑒𝑠∑𝑖=1 𝜆(𝑀𝑖 > 𝑚𝑚𝑖𝑛)𝑃𝑠𝑖 [𝐼𝑀 > 𝑖𝑚] (5.3)

For the actual computation equation 5.1. is not very usable: integrals are usually
approximated by summations, leading to equation 5.2. This formulation comes
directly from the total probability theorem and it can be explained as follows:

• The total probability of exceeding a value 𝑖𝑚 of 𝐼𝑀 (𝑃 [𝐼𝑀 > 𝑖𝑚]) is simply
the sum of the same probability, considering the values of the magnitude and
distance as fixed, (𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀 = 𝑀𝑖, 𝑅 = 𝑅𝑗]) for all considered values of
magnitude (𝑚) and distance (𝑟).

• For each considered value of the magnitude (𝑚) and the distance (𝑟), the prob-
ability of exceeding 𝐼𝑀 = 𝑖𝑚 (𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑅𝑗] 𝑃 [𝑀 = 𝑀𝑖] 𝑃 [𝑅 = 𝑅𝑗]) is
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Figure 5.1 Example of observed spectral accelerations and prediction
via GMPE application (Baker, 2015).

given hypothesizing that 𝑀𝑖 and 𝑅𝑗 are the only possible values for the magni-
tude and the distance from the site (𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑅𝑗]). This information can
be obtained via a suitable empirical prediction law (e.g. GMPEs) or via numeri-
cal simulations. Usually, following the standard PSHA procedure, empirical laws
are used. An example of this kind of prediction laws is presented in figure 5.1..

• As the hypothesis of the previous point does generally not hold, the probability
evaluated as explained at the previous point has to be rescaled by the probability
of the magnitude having a value of 𝑀𝑖 (𝑃 [𝑀𝑚 = 𝑀𝑖]) and by the probability
of the distance having a value of 𝑅𝑗 (𝑃 [𝑅 = 𝑅𝑗]). The first term depends on the
seismicity of the source and is generally described via a recurrence law, e.g. the
Gutember-Richter law (Gutenberg and Richter, 1944) or its modifications such
as the Characteristic Earthquake Model (Schwartz and Coppersmith, 1984) (see
figure 5.2.). The second probability depends on both the seismicity and the
geometry of the source. If all the points of the source have the same probability
of generating an earthquake, the second term depends only on the geometry of
the source.
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a b
Figure 5.2 Example recurrences models: (a) standard Gutenberg-Richter model
(Baker, 2015) and (b) Characteristic Earthquake Model (Schwartz and Coppersmith,
1984).

If more than more than one seismic source is considered in assessing the hazard
level at a site, which is usually the case, the computation can be performed for each
source independently (using equation 5.2.) and then combining the results using
equation 5.3., where:

• 𝜆[𝐼𝑀 > 𝑖𝑚] is the annual rate of exceedance of 𝐼𝑀 = 𝑖𝑚 (i.e. how many times
in a year 𝐼𝑀 is expected, on average, to exceed the value 𝑖𝑚), the reciprocal
of this quantity is referred to as "mean return period" (T_R) and could be
described as the expected number of years, on average, between two consecutive
observations of the exceedance of 𝐼𝑀 = 𝑖𝑚.

• 𝜆[𝑀𝑖 > 𝑚𝑚𝑖𝑛] is the rate of exceedance of 𝑚𝑚𝑖𝑛 for the 𝑖𝑡ℎ source. Its value
depends on the seismic characteristics of the considered seismic source.

• 𝑃𝑠𝑖 [𝐼𝑀 > 𝑖𝑚] is the annual probability of exceeding 𝑖𝑚 for the 𝑖𝑡ℎ source,
evaluated using equation 5.2.
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5.1.1 Hazard Curve

a b
Figure 5.3 Example hazard curves for a single source a) and for 2 sources b)
(Baker, 2015).

When the computation described above is repeated for many values 𝑖𝑚 of the con-
sidered 𝐼𝑀 (applying equation 5.2. or equation 5.3.), the results can be presented
in a plane as a curve generally refferred to as hazard curve. An example of this
kind of curve is presented figure 5.3a. in which, in accordance with equation 5.2.,
the y-values express the probability, or rate, of exceeding each value of the 𝐼𝑀 read
on the x-axis. In figure 5.3b. is presented an example hazard curve when multiple
seismic sources are considered and, in accordance with equation 5.3., the total rate
of exceedance for a given value of 𝐼𝑀 ([𝜆[𝐼𝑀 > 𝑖𝑚]]) is simply the same quantity
for all the considered sources. Moreover figure 5.3. shows 3 important and intuitive
properties of hazard curves:

• High values of the 𝐼𝑀 have low probabibilities, or rate, of being exceeded.

• 𝑖𝑚 = 0 is always exceeded: its annual probability of exceedance is 1 (𝑃 [𝐼𝑀 >0] = 100%), thus the corresponding annual rate of exceedance is always the
rate of exceeding the minimum magnitude associated to the considered source
(𝜆[𝑀𝑖 > 𝑚𝑚𝑖𝑛]) or, when more than one source is considered, the sum of these
rates for all the considered sources.

• The probability of exceedance is always > 0, even for very high (sometimes
unrealistically high) values of 𝐼𝑀.



110

5.1.2 Uniform Hazard Spectrum

Figure 5.4 Example hazard curves and derivation of Uniform Hazard Spectrum
(UHS) (Baker, 2015).

A further result of the PSHA procedure is the Uniform Hazard Spectrum - UHS
(Trifunac, 2012). Many building codes use this result as the main tool for accessing
the level of ground motion to be used when designing a structure. The UHS can be
identified simply repeating the PSHA calculation for all the values of the natural
period (𝑇) of interest. For each value of the natural period of the structure, 𝑇,
a Hazard Curve is identified as described in the previous section. The y-values
of the UHS are then evaluated simply by intersecting all hazard curves previously
evaluated, one for each value of 𝑇, with an horizontal line. The intercept of this
horizontal line is the value of the annual probability, or rate, of exceedance chosen
for designing the structure (e.g 10% in 50 years). The procedure for deriving values
of the UHS is depicted in figure 5.4. for 𝑇 = 0.3 and 𝑇 = 1𝑠.
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5.2 Proposed procedure – PBPSHA

Figure 5.5 Summary of the PSHA procedure (Baker, 2015).

As seen in the previous section, the PSHA procedure can be divided essentially in
the followsing steps (Budnitz et al., 1997; Kammerer and Ake, 2012; Baker, 2015).
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A summary of the PSHA procedure, when only one seismic source is considered, is
also in presented in figure 5.5..

1. Identify seismic sources that could produce damaging ground motions for the
site of interest.

2. Discretize the seismic sources. When equation 5.2. is used for assessing seismic
hazard at a site, a discretization step is required. Generally each seismic source
is divided in subsources for which the source-to-site distance (𝑟) can be thought
as a constant and the range of possible magnitudes [𝑚𝑚𝑖𝑛,𝑚𝑚𝑎𝑥] is divided into
a finite set of discrete values, usually evenly spaced, {𝑀1,𝑀2,…,𝑀𝑛}.

3. For each seismic source, identify the rates, and then the probabilities, at which
earthquakes of various magnitudes are expected to occur. This is the term𝑃 [𝑀 = 𝑀𝑖] in equation 5.2. and it is usually evaluated via a suitable recur-
rence law, e.g. the Gutenberg-Richter law (Gutember and Richter, 1944). This
step is depicted in figure 5.5b.).

4. For each seismic source, identify the probability associated with each value of
the source-to-site distance (𝑟). This is the term 𝑃 [𝑅 = 𝑅𝑗] in equation 5.2. and
usually depends on the geometry of the seismic source. This step is depicted in
figure 5.5c.).

5. Use a suitable attenuation-law (GMPE) to assess the probability of exceeding𝐼𝑀 = 𝑖𝑚 due to a certain event, (𝑀𝑖, 𝑅𝑗). This is the term 𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑅𝑗]
in equation 5.2.. Generally an event is identified by its magnitude and distance(𝑀𝑖, 𝑅𝑗) and soil conditions, but other parameters may be considered using a
more sophisticated prediction law. This step is presented in figure 5.5d..

6. Apply equation 5.2. to combine all the uncertainties (earthquake location and
size, 𝐼𝑀 value due to a certain event (𝑀𝑖, 𝑅𝑗), etc.) and obtain the exceedance
probability for 𝐼𝑀 = 𝑖𝑚. As already seen, where this operation is repeated for
many values of 𝐼𝑀 a curve, generally, referred to as hazard curve is obtained.
This final step is depicted figure 5.3. and figure 5.5e..

As already seen in the introductory part of this thesis (chapter 1.), empirical relations
(e.g. GMPE relations) present some serious limitations in adequately describing
seismic hazard at a site. These shortcomings are to be expected and are mainly
related to their empirical nature, i.e. they are approximated relations obtained via
fitting of obsersed data, and could be summarized as follows (Paolucci et al., 2018):

• Generally only peak values of motion are provided by GMPEs. This fact can be
seen as a shortcoming as nonlinear time-history analyses (NLTHA), for which
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reliable time-histories (e.g. complete accelerograms) are needed, are becoming
more relevant and widely used for seismic design;

• Despite the fact that the number of available GMPEs is continuously growing the
available records (on which GMPEs are calibrated) are not numerous enough to
properly calibrate them for a variety situations in which they are still employed.
These situations could be described as the combination of various factors char-
acterizing the an earthquake event (e.g. slip distribution, magnitude, directivity,
distance) and the site conditions (e.g. the shallow soil conditions). All these fac-
tors are important in order to properly assess seismic hazard at a site as they can
cause great variability of the ground motion, both in terms of peak values and
other features that have great influence of structural response, such as duration
and frequency content.

• GMPEs are generally not well suited to properly describe the site-specific fea-
tures of ground motion because GMPEs are usually defined in terms of global
parameters, such as 𝑉𝑠30, that cannot fully characterize soil conditions, as well
as the features related to path (source-to-site path) effects.

• With GMPEs it is not possible to reproduce the spatial correlation of ground
motion at multiple sites. Thus they are not usable for Multi-site PSHA (usu-
ally refered to as MPSHA) (needed for instance when assessing hazard or risk
at regional scale) unless coupled with additional models describing the spatial
correlation of ground motion (e.g., Jayaram and Baker, 2009; Esposito and Ier-
volino, 2012). More insights on this topic are offered in the section on MSPSHA
(section 5.4.).

Given the limitations of GMPEs (or other kinds other kinds of empirical relations)
and the ever-increasing availability of parallel high-performance computing in this
thesis a variation of the standard PSHA procedure is proposed.
In the proposed method empirical relations (GMPE) are dropped in favor of physics-
based numerical simulations in order to estimate the values of the considered 𝐼𝑀 (as
well as the associated variability) at the site (or sites) of interest. This methodology
could, thus, be referred to as physics-based (or synthetic, as it is shorter) PSHA.
In this way it would be possible to account for many effects, that greatly influence the
ground motion (expected values and related variability), generally not considered by
empirical relations (e.g. effects related to seismic sources, as well as source-to-site
path effects and local soil conditions) and, at the same time, to account for the ma-
jor sources of uncertainty affecting seismic hazard assessment (SHA) (e.g. location,
size, and intensity of future earthquakes) and combine them using the simple and
powerful formulation of PSHA. (Cornell, 1968; Reiter, 1990) as in equation 5.1..
Thus, it would be possible to combine the strengths of both the PSHA and NDSHA
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procedures.
In addition, with the proposed procedure, relaying on physics-based numerical sim-
ulations (PBS), it would be possible to supply engineers with a seismic input that
is as complete as possible and suitable for both structural analysis (e.g. nonlinear
time-history analysis NLTHA) and seismic hazard and risk assessment.

From a formal standpoint the proposed procedure does not change much from the
standard PSHA procedure. With respect to the steps shown above, describing the
standard PSHA (Cornell 1968, Baker, 2015), the only difference would be at points 4)
(distribution of distance) and 5) (assessment of the expected value and distribution
of the considered 𝐼𝑀 at the site).
The proposed procedure can thus be summarised as follows:

1. Identify seismic sources that could produce damaging ground motions for the
site of interest.

2. Discretize the seismic sources. When equation 5.2. is used for assessing seismic
hazard at a site, a discretization step is required. Generally each seismic source
is divided in sub-sources for which the source-to-site distance (𝑟) can be thought
as constant and the range of possible magnitudes [𝑚𝑚𝑖𝑛,𝑚𝑚𝑎𝑥] is divided into
a finite set of discrete values, usually evenly spaced, {𝑀1,𝑀2,…,𝑀𝑛}.

3. For each seismic source, identify the rates, and then the probabilities, at which
earthquakes of various magnitudes are expected to occur. This is the term𝑃 [𝑀 = 𝑀𝑖] in equation 5.2. and it is usually evaluated via a suitable recur-
rence law, e.g. the Gutenberg-Richter law (Gutember and Richter, 1944). This
step is depicted in figure 5.5b.).

4. The term 𝑃 [𝑅 = 𝑅𝑗] in equation 5.2. (the distribution of the distance 𝑟) is
considered as a constant and set equal to the reciprocal of the number of sub-
sources (𝑁𝑆𝑆 hereafter) into which the considered seismic source is discretized,
as in step 2) (1/𝑁𝑆𝑆). This source of variability (geometrical variability) is,
of course, not neglected by the proposed procedure. It is accounted for via
the main term (related to the propagation of ground motion) of equation 5.2.
(𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑅𝑗]) as be explained later in this section.

5. For all possible magnitudes 𝑀 hypothesized for the considered seismic source
(step 2), perform a certain number ( 𝑁𝑅 hereafter ) of numerical simulations of
the rupture process (realisations of the rupture process, see chapter 1.). For each
realisation of the rupture process model (numerically, obeying physically-rooted
principles) the generation and propagation of the seismic wavefield throughout
the soil to assess the level of ground motion at the site of interest. Modelling
many realisations of the rupture process for the same event (source, magnitude,
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etc.) it is possible to describe the variability of the considered 𝐼𝑀 at the site
(e.g. Paolucci, 2018), not just its expected value.

6. Apply equation 5.2. to combine all the uncertainties (earthquake location and
size, 𝐼𝑀 value due to a certain event, etc.) and obtain the exceedance probability
for 𝐼𝑀 = 𝑖𝑚. As already seen, where this operation is repeated for many values
of 𝐼𝑀 a curve, generally, referred to as hazard curve is obtained. An example of
such curves, obtained on basis of the results of numerical simulations, is presented
in figure 5.6..

The considerations from steps 4) and 5) leads to equation 5.4., a slightly modified
version of equation 5.2.. In this equation the term 𝑃 [𝑅 = 𝑅𝑗] is replaced by the
term 𝑃 [𝑆𝑆 = 𝑆𝑆𝑗], where 𝑆𝑆 and 𝑆𝑆𝑗 represent respectively the generic and the𝑗𝑡ℎ sub-source in which the seismic source has been discretized (step 2). This ap-
proach is sensible when modelling the propagation of the wavefield throughout the
soil numerically (physics-based modelling) as the concept of distance from the epi-
center is no longer of great significance. In fact for the same distance, very different
expected values for the considered 𝐼𝑀 could be assessed due to various properties
of the seismic process (e.g. rupture mechanism, local soil conditions, etc.), as shown
in the previous chapters of this thesis.
Moreover, as already noted at step 4), the probability of a certain sub-source being
the epicenter of a future earthquake (𝑃 [𝑆𝑆 = 𝑆𝑆𝑗]) is the reciprocal of the total
number of sub-sources in which the considered seismic source has been discretized
(step 2). This formulation is applicable when assuming that all the sub-sources
have the same probability of being the epicenter of a future earthquake and leads to
equation 5.5., in which the term related to recurrence (𝑃 [𝑀 = 𝑀𝑖]) has been moved
out of inner summation as it is, generally, the same for all sub-sources. The remaing
terms in equation 5.4. and equation 5.5. have the same meaning as in equation 5.2..𝑃𝑠[𝐼𝑀 > 𝑖𝑚] = 𝑁𝑀∑𝑖=1 𝑁𝑆𝑆∑𝑗=1 𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] 𝑃 [𝑀 = 𝑀𝑖] 𝑃 [𝑆𝑆 = 𝑆𝑆𝑗] (5.4)

𝑃𝑠[𝐼𝑀 > 𝑖𝑚] = 1𝑁𝑆𝑆 𝑁𝑀∑𝑖=1 𝑃 [𝑀 = 𝑀𝑖]𝑁𝑆𝑆∑𝑗=1 𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] (5.5)

As already said, the herein proposed methodology (a variation on the standard
PSHA procedure) suggests to replace empirical relations (e.g GMPE) to assess 𝐼𝑀
values at the site with physics-based simulations of the generation and propagation
of the seismic wavefield throughout the soil. In particular, many different realiza-
tions of the rupture process (see chapter 2.2.) are modelled and, for each realization,
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the propagation of the wavefield is modelled taking into account source- and path-
effects and local conditions. This way it is possible to assess the expected value of
the considered 𝐼𝑀 at the site, as well as the variability associated to this expected
value.
Following this approach, the probability of exceeding a certain treshold 𝑖𝑚 for the
considered 𝐼𝑀, assuming that the magnitude 𝑀 and the sub-source 𝑆𝑆 are known,
(𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] in equation 5.4. and equation 5.5.) is evaluated as described
in equation 5.6. or, equivalently, equation 5.7.. Evaluating the probability of ex-
ceeding a certain treshold 𝑖𝑚, for a given magnitude 𝑀 (say 𝑀𝑖) and for a given
sub-source 𝑆𝑆 (say 𝑆𝑆𝑗), thus becomes simply a matter of counting how many (sim-
ulated) events, associated to the magnitude𝑀𝑖 and to the sub-source 𝑆𝑆𝑗, for which𝐼𝑀 > 𝑖𝑚 is obsersed ( 𝑁[𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] in equation 5.7. ). The total number
of events associated to the magnitude 𝑀𝑖 and to the sub-source 𝑆𝑆𝑗 ( 𝑁𝑀𝑖,𝑆𝑆𝑗 in
equation 5.6. ) is known and is equal to total number of realisations of the rupture
process ( 𝑁𝑅 in equation 5.7. ) modelled for each considered value of magnitude𝑀
(step 5). 𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] ≈ 𝑁[𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗]𝑁𝑀𝑖,𝑆𝑆𝑗 (5.6)= 𝑁[𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗]𝑁𝑅 (5.7)

The counting process just described could be formalized as in equation 5.8.. The
probability of exceeding a given treshold value 𝑖𝑚, for a given magnitude 𝑀𝑖 and
for a given sub-source 𝑆𝑆𝑗, can be computed as the sum over the total number of
modelled realisations of the rupture process (𝑁𝑅) of a function, 𝜌(𝑖𝑚, 𝑖, 𝑗, 𝑘), (which
values can be either 0 or 1) divided again by the total number of modelled realisations
of the rupture process. This formulation gives 𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] ∈ [0, 1], as
expected for a probability.
The function 𝜌(𝑖𝑚, 𝑖, 𝑗, 𝑘) is presented in equation 5.9. where 𝐼𝑀𝑖,𝑗,𝑘 and 𝑖𝑚 have
the meaning just described.𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] = 1𝑁𝑅 𝑁𝑅∑𝑘=1 𝜌(𝑖, 𝑗, 𝑘, 𝑖𝑚) (5.8)

𝜌(𝑖𝑚, 𝑖, 𝑗, 𝑘) = {1, if 𝐼𝑀𝑖,𝑗,𝑘 > 𝑖𝑚0, if 𝐼𝑀𝑖,𝑗,𝑘 ≤ 𝑖𝑚 (5.9)

Finally combining equation 5.5. and equation 5.8. and rearranging a little the terms
it is possible to obtain equation 5.10.. With this equation it is possible to evaluate,
when a single seismic source characterized by a range of magnitudes [𝑀1,𝑀𝑁𝑀 ] and
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discretized in 𝑁𝑆𝑆 sub-sources is considered, the probability of exceeding a given
treshold value 𝑖𝑚 for the considered 𝐼𝑀 when 𝑁𝑅 realisations of the rupture process
are modelled.
This equation is the one implemented, with some minor modification to obtain
optimization of computer code, to evaluate the probability of exceedance of the
treshold 𝑖𝑚. All subsequent results, as are hazard curves and hazard spectra, can
be that evaluated as in the case of standard PSHA (section 5.1.) simply via equa-
tion 5.3., combining the results for each source considered separately scaled by the𝜆[𝑀𝑖 > 𝑚𝑚𝑖𝑛] (rate of exceedance of 𝑚𝑚𝑖𝑛 for the 𝑖𝑡ℎ source).

For the evaluation of 𝑃 [𝐼𝑀 > 𝑖𝑚] a highly-parallel and efficient computer code has
been specifically implemented employing the C programming language well known
for its unmatched speed. This way it was possible to evaluate a hazard curve like
the ones presented in this and later sections of this thesis in minutes, even when
considering a number of synthetic time-histories, and thus 𝐼𝑀 values, of the order
or 1𝑥106. 𝑃𝑠[𝐼𝑀 > 𝑖𝑚] = 1𝑁𝑆𝑆 1𝑁𝑅 𝑁𝑀∑𝑖=1 𝑃 [𝑀 = 𝑀𝑖]𝑁𝑆𝑆∑𝑗=1 𝑁𝑅∑𝑘=1 𝜌(𝑖𝑚, 𝑖, 𝑗, 𝑘) (5.10)

In the remaing part of this section are presented some example results, hazard
curves and hazard spectra, obtained via the treatment of the results, in terms of a
considered 𝐼𝑀, obtained by means of the numerical simulation of the generation and
propagation of the seismic wave-field, thus those results are referred to as synthetic
hazard curves and synthetic hazard spectra.

5.2.1 Hazard Curves
For illustrative purposes, in figure 5.6. are presented 3 hazard curves. These
curves could be referred to as synthetic hazard curves as their values are assessed
by means of equation 5.10. (𝐼𝑀 values derived from synthetic time-histories)
and equation 5.3.. The curves presented in figure 5.6. refer to 3 different 𝐼𝑀,
namely 𝑆𝑎𝑟𝑒𝑠(𝑇 = 0.2) depicted in blue, 𝑆𝑎𝑟𝑒𝑠(𝑇 = 0.5) depicted in orange and𝑆𝑎𝑟𝑒𝑠(𝑇 = 1.0) depicted in green. 𝑆𝑎𝑟𝑒𝑠(𝑇 ) represents the resultant component of
the spectral acceleration.

As it can be seen synthetic hazard curves resemble very closely the hazard curves ob-
tained when employing a standard PSHA, thus relaying on empirical ground-motion
models such as GMPE (presented in section 5.1. and in figure 5.5e.). One major
difference is that synthetic ones are truncated. In fact synthetic curves never reaches
the value 0 for the rate (or probability) of exceedance as the minimum value of the
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rate (or probability) of exceedance (associated to the maximum value, obtained via
numerical simulations, of the considered 𝐼𝑀). This fact solves a well-known issue in
PSHA (e.g. Bommer et al., 2004): very high values of the considered 𝐼𝑀 (in some
cases unrealistically high) especially for very long return periods (very low rates of
exceedance). This does not necessarily means that information about the variability
of the considered 𝐼𝑀 is lost as if a sufficiently large number of rupture processes
(realisations the rupture process) is considered, Physics-based simulations (PBS)
can be a employed to identify a proper (realistic) upper limit for the considered 𝐼𝑀
at a site.

Figure 5.6 Synthetic hazard curves (i.e. hazard curves evaluated from 𝐼𝑀 val-
ues derived from synthetic time-histories) evaluated considering 3 different 𝐼𝑀:𝑆𝑎𝑟𝑒𝑠(𝑇 = 0.2) in blue, 𝑆𝑎𝑟𝑒𝑠(𝑇 = 0.5) in orange and 𝑆𝑎𝑟𝑒𝑠(𝑇 = 1.0) in green
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5.2.2 Hazard Spectra

Figure 5.7 Synthetic hazard curves (i.e. hazard curves evaluated for which 𝐼𝑀
values are evaluated from synthetic time-histories) evaluated considering 𝑆𝑎𝑟𝑒𝑠(𝑇 )
as the 𝐼𝑀 for 70 values (ranging from 0.1𝑠 to 2.0𝑠) of the natural period 𝑇.
If (synthetic) hazard curves are evaluated considering an 𝐼𝑀 related to the natural
period 𝑇 for many values of 𝑇 (figure 5.7.), it is possible to identify an Hazard Spec-
trum for the considered 𝐼𝑀, e.g. a Uniform-Hazard Spectrum (UHS) as depicted in
figure 5.4..

In figure 5.7. are presented 70 synthetic hazard curves (i.e. hazard curves evaluated
for which 𝐼𝑀 values are evaluated from synthetic time-histories) evaluated consid-
ering 𝑆𝑎𝑟𝑒𝑠(𝑇 ) as the 𝐼𝑀 for 70 values (ranging from 0.1𝑠 to 2.0𝑠) of the natural
period 𝑇.
For illustrative purposes in figure 5.8. are presented the Uniform-Hazard Spectra
(UHS), in terms of the resultant component of the spectral acceleration (𝑆𝑎𝑟𝑒𝑠(𝑇 )),
for 2 different values of the mean return period (1/𝜆[𝐼𝑀 > 𝑖𝑚]), 200 years (b) and
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a b

c d
Figure 5.8 Synthetic Uniform-Hazard Spectra (i.e. hazard curves evaluated for
which 𝐼𝑀 values are evaluated from synthetic time-histories) evaluated considering𝑆𝑎𝑟𝑒𝑠(𝑇 ) as the 𝐼𝑀 for 2 different values of the mean return period, 200 years (b)
and 1000 years (d) along with the process by which the UHS are identified, (a) for𝑇𝑟 = 200𝑦𝑒𝑎𝑟𝑠 and (c) for 𝑇𝑟 = 1000𝑦𝑒𝑎𝑟𝑠.1000 years (d). It is also depicted the process by which the UHS are identified, (a)
for 𝑇𝑟 = 200𝑦𝑒𝑎𝑟𝑠 and (c) for 𝑇𝑟 = 1000𝑦𝑒𝑎𝑟𝑠.
It is interesting to note how it is possible to identify the values of the considered𝐼𝑀 (𝑆𝑎𝑟𝑒𝑠(𝑇 ) in this case) associated to the peaks in the related hazard spectrum
directly from figure 5.7.. In fact darker zones in the are zones for which the hazard
curves related to different values of 𝑇 are closer to each other and thus 𝐼𝑀 intervals
for which the hazard spectrum is steeper, i.e. in the proximity of a peak.



121

a b
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Figure 5.9 Synthetic non-Uniform-Hazard Spectra (i.e. hazard curves evaluated
for which 𝐼𝑀 values are evaluated from synthetic time-histories) evaluated consid-
ering 𝑆𝑎𝑟𝑒𝑠(𝑇 ) as the 𝐼𝑀 considering 2 different percentiles of the 𝐼𝑀 values, 50𝑡ℎ
percentile (b) and 95𝑡ℎ percentile (d) along with the process by which the spectra
are identified, (a) for the 50𝑡ℎ percentile (c) and 95𝑡ℎ percentile.

Although the Uniform-Hazard Spectrum (UHS) (Trifunac, 2012) is the main tool
for accessing the level of ground motion to be used when designing a structure, it is
not the only option available to represent the hazard a site of interest. In fact other
alternatives have been developed that better serves engineering purposes, especially
when the selection of ground motions is considered, such as the Conditional Mean
Spectrum (CMS) (Baker, 2011), proposed as a more realistic alternative to the UHS,
or the (physics-based) MCSI spectrum (Fasan, 2017).
More on the selection of signals for structural analyses will be presented later in
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this chapter (section 5.3.), while an example of an alternative kind of hazard spec-
tra to UHS, easy to evaluate when relying on a physics-based procedure due to
the abundance of information related to the ground motion, is here presented and
depicted in figure 5.9.. In this figure are depicted hazard spectra, along with the
related processes by which those spectra are identified, for which no exceedance
rate 𝜆[𝐼𝑀 > 𝑖𝑚] (hazard level) is prescribed, thus these spectra are not "Uniform-
Hazard" as each period 𝑇 of of these spectra may be associated to a different value
of the exceedance rate (hazard-level). These spectra are identified by prescribing,
instead of the value of the rate of exceedance 𝜆[𝐼𝑀 > 𝑖𝑚], the value of the percentile
of the values of the considered 𝐼𝑀 obtained via simulations (≈ 1𝑥106 values). The50𝑡ℎ percentile is considered for figure 5.9a and figure 5.9b and the 95𝑡ℎ percentile
is considered for figure 5.9c and figure 5.9d.
Perhaps considering the median value of ≈ 1𝑥106 values of the considered 𝐼𝑀 ob-
tained via numerical simulations could give a better estimate of the value of consid-
ered 𝐼𝑀 that is expected to be exceeded, on average, 50% of time than the median
value provided by a GMPE for the same 𝐼𝑀, especially considering the site-specific
nature of ground motion. However, this is just a personal opinion.
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5.3 Ground motion selection
The Non-Linear Time History Analysis (NLTHA) can generally be regarded as the
best tool for assessing the performance of structures subjected to seismic loads (ATC,
2012; FIB, 2012). However performing NLTHAs can be a very challenging task
because this kind of structural analysis, in addition to being demanding in terms of
computational time, gives results for which the reliability depends heavily on how
well the numerical (mathematical) model is capable of representing the behaviour of
the analysed structure and on the reliability of the seismic input. For this reason it
is very important to assess and adequately model the parameters that describe the
structural response of the analysed structure and to identify and model the proper
seismic input to be used for the structural analysis. In this section the focus is
set on the latter aspect, i.e. the identification of the proper seismic input for the
structural analysis, where the "proper seismic input" is the one that can adequately
account for the relevant features at the site of interest, i.e. regional seismicity and
local conditions (e.g. source effects and source-to-site path effects).

The identification of proper ground motions is very important as usually the re-
sults of NLTHA, typically expressed in terms of an Engineering Demand Parameter
(EDP), are more affected by the variability in ground motion parameters than by
the variability in the structural parameters (FIB, 2012), at least for new construc-
tion. For this reason it is important to select ground motions that are representative
of the seismicity of the site of interest and it is usually prescribed to select ground
motions, from a database of recorded events (e.g. Ancheta et al., 2014; Luzi et al.,
2016), that are suitable for the site of interest in terms of magnitude, source distance
and focal mechanism. These parameters for the site are commonly identified via the
deaggregation (or disaggregation) of the seismic hazard (McGuire, 1995; Bazzurro
and Cornell, 1999). It is also of great importance to select ground motions associ-
ated to appropriate site soil conditions (local conditions) and near fault effects (e.g.
directivity and fling-step) (NIST, 2011; Haselton et al., 2017).

From an operational point of view the selection of ground motions is performed by
guaranteeing the consistency between a considered Intensity Measure (𝐼𝑀) values
(each ground motion is associated to a unique value 𝑖𝑚 of the considered 𝐼𝑀) and
a target value of the same 𝐼𝑀. The selected ground motions will be the ones that,
in terms of the considered 𝐼𝑀, are the closest to the target 𝐼𝑀 value. Basically,
in order to perform the selection of ground motions, it is necessary to identify a
suitable Intensity Measure (𝐼𝑀) and a target value for that 𝐼𝑀, it also necessary to
decide how many ground motions are to be selected, i.e. the number of structural
analyses to perform. This last choice can have a great influence on the design of a
structure as the value of a selected EDP (e.g. Story Drift Ratio - SDR) can be set
equal to the average of the maximum values obtained in the various analyses when
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an appropriate number of analyses, using different ground motions, are performed
(ATC, 2012).

The considered 𝐼𝑀 is often identified by the 5% damped elastic spectral acceleration
(𝑆𝑎𝑒(𝑇 )) for a selected period 𝑇 or over a range of periods of interest (Katsanos et
al., 2010). It is also possible to adopt more complex criteria such as vector-based
Intensity Measures, i.e. a combination of different 𝐼𝑀𝑠. For example it is common
to consider the spectral acceleration (𝑆𝑎𝑒(𝑇 )) for the first vibrational period (𝑇1)
and other parameters that represent the spectral shape (e.g. Baker and Cornell,
2008; Bojórquez and Iervolino, 2011; Theophilou et al., 2016).
Another important tool for the selection of ground motions suitable for structural
analysis is the deaggregation (sometimes refered to also as disaggregation) of the seis-
mic hazard (McGuire, 1995; Bazzurro and Cornell, 1999). Employing this procedure
it is possible to identify the earthquake scenario that gives the greatest contribution
to the seismic hazard for a given 𝐼𝑀 value (𝑖𝑚) and rate of exceedance 𝜆. Typically
earthquake scenarios are represented by means of magnitude-distance or longitude-
latitude couples, where the longitude and latitude values refer to the locations of
the considered seismic sources.

Given the many constrains listed above, properly selecting ground motions for struc-
tural analyses can a very challenging task and usually in practice some of these
constrains have to be dropped or at least relaxed. These difficulties arise from the
fact that the number of available natural records is limited, especially in Europe.
For this reason, for example, when performing the selection of ground motions em-
ploying a target spectrum, it is a common procedure to scale in amplitude in order
to obtain values of the considered 𝐼𝑀 (usually 𝑆𝑎(𝑇 )) that are consistent with this
target spectrum. Needless to say that this kind of modifications of the recorded
ground motions has very little to no physical meaning (important features of the
ground motions, such as frequency and energy contents, get totally disrupted) and
serves solely to overcome the lack of available recorded data, while having a major
impact of structural responses (e.g. Bazzurro and Luco, 2006; Luco and Bazzurro,
2007; Grigoriu, 2011).
In order to overcome the difficulties one has to face when dealing with only recorded
(natural) ground motions, in the next sections it will be shown how it is possible, and
conceptually easy, to perform the selection of ground motions suitable for structural
analyses on the basis of the results of the herein proposed variation on the standard
PSHA procedure (physics-based PSHA). As the proposed procedure is based on
the generation of a great number of synthetic ground motions via (physics-based)
numerical simulations, there is a great abundance of site-specific ground motions
usable for structural analysis, i.e. the selection of ground motions become merely
a matter of identifying a suitable subset of these ground motions. For example all
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the hazard curves shown in this thesis were computed with approximately 105−106
physics-based ground motions.

First it will be shown how the disaggregation (or deaggregation) procedure of the
seismic hazard (McGuire, 1995; Bazzurro and Cornell, 1999) can be applied to the
herein proposed physics-based PSHA (section 5.2.), exactly in the same fashion of
standard PSHA, in order to identify a set of suitable ground motions.
After that another methodology for the selection, referred to as "Direct Method", is
proposed and discussed. The proposed selection methodology aims at getting the
most out of the huge amount of information available when relying on a physics-
based approach and can be implemented in a very intuitive and straightforward way
once the 𝐼𝑀 to be considered is properly defined.

5.3.1 Deaggregation of hazard
The deaggregation (or disaggregation) of the seismic hazard (McGuire, 1995; Baz-
zurro and Cornell, 1999) aims at identifying the earthquake scenario (or scenarios)
that dominates the hazard (has the greatest contribution) at the site for given 𝐼𝑀
value (𝑖𝑚) or rate of exceedance 𝜆. In other terms, such scenario is the one that is
the most likely to cause 𝐼𝑀 > 𝑖𝑚. Hazard scenarios are usually identified in terms
of distance and magnitude, or, as an enhancement of the deaggregation procedure,
in terms of the geographical coordinates of the seismic sources considered in the
PSHA computation (Bazzurro and Cornell, 1999).
It is important to note that 𝑖𝑚 (the value of the considered 𝐼𝑀) and the rate
of exceedance 𝜆 are dependent from each other. In fact 𝜆 should be written as𝜆[𝐼𝑀 > 𝑖𝑚] and, as already mentioned in the previous sections, the correlation
between 𝐼𝑀 and 𝜆[𝐼𝑀 > 𝑖𝑚] is given by the hazard curve, as depicted in figure 5.8.
and in figure 5.9.. In these images is presented what it is generally done for design of
structures and risk assessment, i.e. first a suitable rate of exceedance (𝜆) is selected
and then the related value of the considered 𝐼𝑀 (𝑖𝑚) is identified via the hazard
curve.

From a practical point of view the implementation of deaggregation procedure is
straightforward. As an example, to evaluate the contribution to the seismic hazard,
given an 𝐼𝑀 value 𝑖𝑚, of a single magnitude 𝑚 it is sufficient to evaluate the rate
of exceedance of 𝑖𝑚 associated to the magnitude 𝑚 (𝜆[𝐼𝑀 > 𝑖𝑚|𝑀 = 𝑚]) divided
by the "total" rate of exceedance of 𝑖𝑚 (𝜆[𝐼𝑀 > 𝑖𝑚]). The total rate of exceedance
if that accounted for all magnitudes and is evaluated via the main PSHA equation,
equation 5.3. for the standard PSHA procedure or equation 5.5. for the modified
PSHA procedure herein proposed.
The contribution to the seismic hazard of the magnitude 𝑀 = 𝑚 is expressed by
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equation 5.11.. The evaluation of the numerator of equation 5.11. it is very simple
recalling the general formulation of PSHA. In fact, instead of integrating over the
range of all possible magnitudes (as in equation 5.1.), just one magnitude is con-
sidered (𝑀 = 𝑚), and the summation over the magnitudes is not needed anymore,
i.e. the summation collapses as only one value is considered. This concept can be
expressed via equation 5.12., which is derived from equation 5.2. and equation 5.3..𝑃 [𝐼𝑀 > 𝑖𝑚|𝑀 = 𝑚] = 𝜆[𝐼𝑀 > 𝑖𝑚|𝑀 = 𝑚]𝜆[𝐼𝑀 > 𝑖𝑚] (5.11)

𝜆[𝐼𝑀 > 𝑖𝑚|𝑀 = 𝑚] = 𝑁𝑠𝑜𝑢𝑟𝑐𝑒𝑠∑𝑖=1 𝜆(𝑀𝑖 > 𝑚𝑚𝑖𝑛) 𝑛𝑅𝑖∑𝑘=1 𝑃 [𝐼𝑀 > 𝑖𝑚|𝑚, 𝑟𝑘]𝑃 [𝑀𝑖 = 𝑚]𝑃 [𝑅𝑖 = 𝑟𝑘]
(5.12)

Exactly the same approach can be applied when assessing the contribution to the
seismic hazard of, say, a single seismic source (e.g. the 𝑗𝑡ℎ subsource of the 𝑖𝑡ℎ seismic
source equation 5.4. and equation 5.5.). In this case, in order to evaluate the rate of
exceedance related to the considered seismic subsource (𝜆[𝐼𝑀 > 𝑚|𝑆𝑆 = 𝑆𝑆𝑗]), it
is sufficient to refer to equation 5.10. and omit the summation over the subsources
(∑𝑁𝑆𝑆𝑗=1 ).
The same concept can be extended to any other parameter for which the variability
is accounted for, (e.g. via equation 5.5. and equation 5.10.), i.e. when we are
interested in assessing the contribution (the likelihood of causing 𝐼𝑀 > 𝑖𝑚) to the
seismic hazard of a single value of a certain parameter we just need to omit the
summation related to that parameter, as shown in equation 5.12..

This methodology is conceptually easy and straightforward to implement when re-
lying on physics-based simulations: the results of the the numerical simulations
(expressed in terms of 𝐼𝑀 values 𝑖𝑚) have just to queried (i.e. only the 𝐼𝑀 values
related to a given value of a certain parameter are considered) before applying the
counting process presented in section 5.2. and formalized as in equation 5.9.
As an example, in figure 5.10. are presented some results related to the deaggre-
gation of the seismic hazard for a site in the municipality of the city of Gorizia
(Friuli-Venezia-Giulia region, Italy). The considered site has geographical coordi-
nates (13.6221, 45.9405) and the 3 seismic zones within a distance of 150𝑘𝑚 from
the site have been considered for assessing the seismic hazard at the site, namely904, 905 and 906 (Barani et al., 2009). The parameters for zones (range of magni-
tudes and the parameters of the GR) are taken from Barani (Barani et al., 2009)
and discretizations considered for the seismic zones (step of the grid) and for the
magnitude are 0.1 deg and 0.1 respectively.
The results are expressed both in terms of "magnitude-distance" couples (left side
of the images) and in terms of geographical coordinates of the considered seismic
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sources, "longitude-latitude" couples (right side of the images) and refer to 3 dif-
ferent values of the considered 𝐼𝑀 (𝑆𝑎𝑟𝑒𝑠(𝑇 = 0.5𝑠)), 200𝑐𝑚/𝑠2, 500𝑐𝑚/𝑠2 and1000𝑐𝑚/𝑠2. As one would expect, with an increase in value 𝑖𝑚 of the considered𝐼𝑀 the dominating events are associated to higher magnitudes and shorter dis-
tances. This is also related to the choice of the considered 𝐼𝑀 as 𝑇 = 0.5𝑠 can be
considered to be a short period, i.e. not much influenced by distant earthquakes
which usually affects longer periods.
The kinds of deaggregation ("distance-magnitude" and "longitude-latitude") here
presented are very commonn ways to (graphically) represent the various contri-
butions to the seismic hazard. It important to note that it would be possible to
use different and more refined kinds of deaggregations, especially when relying of
physics-based simulations of the ground motion. For example it would be possible
to employ deaggregations of the seismic hazard in higher dimensions considering
additional parameters and various ranges of their values, e.g. various parameters
describing the focal mechanism (that have a major influence on the resulting ground
motions), such as the directivity. However not much work was done in that direction
as the "Direct method", proposed in this thesis and presented in the next section
(section 5.3.2.), is believed to offer a much more viable solution to ground motions
selection, especially when one considers the (arbitrarily) huge amount of ground
motions that is available when relying on numerical procedures.
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a b

c d

e f
Figure 5.10 Deaggregation of the seismic hazard for 3 values of the considered𝐼𝑀 𝑆𝑎𝑟𝑒𝑠(𝑇 = 0.5𝑠): 200𝑐𝑚/𝑠2 (a and b), 500𝑐𝑚/𝑠2 (c and d) and 1000𝑐𝑚/𝑠2.
The images on the left side (a, d, e) shows the deaggregation in terms of "distance-
magnitude", while the images on the right side (b, d, f) shows the deaggregation
in terms of geographical coordinates "longitude-latitude" of the considered seismic
sources and the site is identified by a triangle.



129

5.3.2 Direct method
As already stated in the previous sections, the identification of proper ground mo-
tions to be used for structural analyses (e.g. NLTHA) is a very important aspect
as usually the variability in ground motion parameters are more relevant than the
variability in the structural parameters (FIB, 2012), at least for new construction.
For that reason ground motions used for structural analyses should be the ones that
best characterize the seismic hazard at the site of interest (e.g. in terms of mag-
nitude, distance, focal mechanis, local soil conditions and other features of ground
motions).

The herein proposed procedure for performing the selection of ground motions for
structural analyses is a simple application of the one of the requirements for ground
motions selection expressed at the beginning of this section (section 5.3.2.) that
could be summairzed as "consistency should be guaranteed between the values of
the considered 𝐼𝑀 (each ground motion can be associated to a unique value 𝑖𝑚 of
the considered 𝐼𝑀) and a target value of the same 𝐼𝑀". It is important to note that
the statement "each ground can be associated to a unique value 𝑖𝑚 of the considered𝐼𝑀" holds always true while the association in the other direction is in general pos-
sible, i.e. the statement "each value 𝑖𝑚 of the considered 𝐼𝑀 can be associated to a
unique ground motion" does not hold true. The reason being that when a GMPEs
relations (or other kinds of empirical relations) are employed the ground motions
themselves are not available and only the 𝐼𝑀 (for which the empirical relations are
specifically calibrated) values are given.
On the other hand, when employing a physics-based simulation procedure both the𝐼𝑀 values and ground motions, from which those 𝐼𝑀 values were derived, are avail-
able. // However, even when employing a physics-based, there is not a biunivocal
relation between ground motions and the related values of the considered intensity
measure 𝐼𝑀, as several ground motions can lead to the same 𝐼𝑀 value.
It is possible to define a biunivocal relation between ground motions and the related
intensity measures considered (𝐼𝑀), not just their value. In this context the con-
sidered intensity measure can be though as a vector in which the value represents
one of its components, while the other components are related to other properties
associated to ground motions (e.g. source, station, magnitude, realisation of the
rupture process and others). Thus, even though two intensity measures have the
same numerical value (e.g. 100𝑚/𝑠2 when an acceleration is considered as 𝐼𝑀),
they will always be distinguishable due to the other features associated to ground
motions from which the intensity measures are computed (e.g. magnitude or reali-
sation of the rupture process).
Using a "function" terminology, it could be said that, definining as 𝐹 : 𝐺𝑀 ↦ 𝐼𝑀
the function that associates to each ground motion (an element of the 𝐹 function’s
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domain 𝐺𝑀) a unique 𝐼𝑀 (an element of the 𝐹 function’s codomain 𝐼𝑀). The
function 𝐹 is invertible and thus it is possible to define its inverse function (𝐹−1)
so that 𝐹−1 : 𝐼𝑀 ↦ 𝐺𝑀. The function terminology is here because the problem
of ground motions selection is, when a physics-based approach is employed, simply
a matter of definining a suitable subset 𝐺𝑀𝑠 of the domain of the function 𝐹 just
defined. 𝐺𝑀𝑠 is a set (e.g. Kunen, 1980) in his own regards and is comprised of the
selected ground motions.

The herein proposed method for the selection of ground motions can be summairzed
as follows and it is easy to see why this method is called "Direct Method" as it uses
directly the hazard curve for the selection of ground motions, no proxies such as the
deaggregation of the seismic hazard are needed.

1. Set a target value of the considered 𝐼𝑀 (𝑖𝑚𝑡𝑎𝑟𝑔𝑒𝑡) or, equivalently as the two
are related via the hazard curve defined by the expression 𝜆[𝐼𝑀 > 𝑖𝑚], a target
value of the rate of exceedance (as it is usually the case in practice) 𝜆𝑡𝑎𝑟𝑔𝑒𝑡.

2. Identify the intensity measures that are the most consistent with the target value
of the the considered 𝐼𝑀 𝑖𝑚𝑡𝑎𝑟𝑔𝑒𝑡. This step permits to identify a subset of the𝐹’s codomain (𝐹−1’s domain), 𝐼𝑀𝑠, and requires to set a priori the number of
ground motions one wishes to select (which is usually the case in practice) or the
maximum level of lack of consistency (e.g. a distance) between the 𝐼𝑀 values
and 𝑖𝑚𝑡𝑎𝑟𝑔𝑒𝑡. The consistency can be expressed simply in terms of distance (as
in this work), i.e. the consistency decreases as the "distance" between the 𝐼𝑀
values and 𝑖𝑚𝑡𝑎𝑟𝑔𝑒𝑡 increases, but, of course, other definitions are possible. Note
also that 𝐼𝑀 is not restrained to be a scalar, it could also be a vector or any
kind of mathematical entity for which a measure of consistency (e.g. distance)
can be defined.

3. Identify the ground motions associated to the intensity measures identified in the
previous step, i.e. apply 𝐹−1 : 𝐼𝑀 ↦ 𝐺𝑀 to the intensity measures previously
identified.

In figure 5.11. are presented some results related to the selection of ground mo-
tions, using directly the hazard curve, for 2 values of 𝜆𝑡𝑎𝑟𝑔𝑒𝑡 (1/200𝑦𝑒𝑎𝑟𝑠 (a) and1/1000𝑦𝑒𝑎𝑟𝑠 (c)) for which the corresponding values of the considered 𝐼𝑀 are eval-
uated via the hazard curve, as depicted in the same figure. This figure refers to
a case in which the considered 𝐼𝑀 is 𝑆𝑎𝑟𝑒𝑠(𝑇 = 0.5𝑠) and the number number of
ground motions we wish to select is 11 (e.g. ATC, 2012; BSSC, 2015) On the right
side of the figure, (b) and (d), is shown a detailed view (for (a) and (b) respectively)
in which the 11 selected 𝐼𝑀 values (5 of them having a value less than 𝑖𝑚𝑡𝑎𝑟𝑔𝑒𝑡 and6 of them greater) are depicted as black points on the hazard curve.
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In figure 5.12. is presented another example application of the direct selection
procedure herein proposed. As in the previous example, the considered 𝐼𝑀 is𝑆𝑎𝑟𝑒𝑠(𝑇 = 0.5𝑠) and the number number of selected ground is 11 (5 of them having
a value less than 𝑖𝑚𝑡𝑎𝑟𝑔𝑒𝑡 and 6 of them greater). This time 𝑖𝑚𝑡𝑎𝑟𝑔𝑒𝑡 has been
defined on the basis of the median (50𝑡ℎ percentile) spectrum of all the computed
spectra (≈ 105). This is thus a hazard spectrum associated to certain percentile of
the values of the considered 𝐼𝑀 (𝑆𝑎𝑟𝑒𝑠(𝑇 = 0.5𝑠) in this case), i.e. a "non Uniform
Hazard Spectrum" obtained as explained section 5.2.2. and depicted in figure 5.9..
This spectrum is shown in red, while in black are shown the 11 (selected) spectra
associated to the 11 selected 𝐼𝑀 values. In gray are shown all the 105 spectra eval-
uated via numerical simulation.
It is interesting to note how the results depicted in figure 5.12. (graphically) closely
resemble the results that may derive from a selection performed via a conditional
spectrum (Baker and Cornell, 2006a; Baker, 2011), rather that via a UHS. A major
difference with respect to the conditional spectrum approach, and the UHS approach
as well, is that no constrains are prescribed for values of the natural periods (e.g.
the UHS prescribes consistency with the target spectrum over a range of periods).
These additional constrains could be enforced as well by the herein proposed proce-
dure and it would only require to properly define a measure of consistency which,
as said in 2), could also handle vector 𝐼𝑀s. This however has not been yet im-
plemented because the selection of ground motions via the direct method herein
proposed does not require a target spectrum or any other kind of proxy as it relies
directly on the hazard curve (thus the name "Direct") and it could be applied con-
sidering an 𝐼𝑀 that is better correlated to structural response and damage than the
spectral acceleration is.
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c d
Figure 5.11 Application of the direct method for 2 values of 𝜆𝑡𝑎𝑟𝑔𝑒𝑡 (1/200𝑦𝑒𝑎𝑟𝑠
(a) and 1/1000𝑦𝑒𝑎𝑟𝑠 (c)) and 𝐼𝑀 = 𝑆𝑎𝑟𝑒𝑠(𝑇 = 0.5𝑠). On the right side, (b) and
(d), are shown as black points on the hazard curve (for (a) and (b) respectively) the11 selected 𝐼𝑀 values (5 of them having a value less than 𝑖𝑚𝑡𝑎𝑟𝑔𝑒𝑡 and 6 of them
greater).



133

a b
Figure 5.12 Application of the direct method considering 𝑖𝑚𝑡𝑎𝑟𝑔𝑒𝑡 = 𝑆𝑎𝑟𝑒𝑠,50(𝑇 =0.5), where 𝑆𝑎𝑟𝑒𝑠,50 represents the median (50𝑡ℎ percentile) (non UHS) spectrum
(in red) of all the computed spectra (in gray). In black are shown the 11 (selected)
spectra associated to the 11 selected 𝐼𝑀 values.
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5.4 Multi-site PSHA (MSPSHA)
When designing civil structures typically probabilistic seismic hazard analysis (PSHA)
for one location (typically the site where the structure is or is expected to be lo-
cated) can be considered a suitabile tool for assessing the value 𝑖𝑚 of the considered
(Intensity-Measure) 𝐼𝑀 to be used for the design, as a function of a desired mean
return period (the reciprocal of the mean annual rate of exceedance of 𝑖𝑚). As it
was pointed out in the previous sections, this is performed by first computing the
hazard curve for the site of interested modelling the stochastic process causing the
exceedance of ground-motion tresholds 𝑖𝑚 of the considered 𝐼𝑀 (employing equa-
tion 5.2. for the standard PSHA procedure and equation 5.10. in the case of the
physics-based PSHA procedure proposed in this thesis).
There are however cases in which one may be interested in assessing the rate of
exceedance of given 𝐼𝑀 treshold 𝑖𝑚 at more than one location (site), e.g. when
assessing seismic hazard or risk for spatially a distributed system (Esposito et al.,
2015) or for a portfolio of buildings. In this situations the classical PSHA procedure
(hazard is assessed at each site indipendently) is not guaranteed to give accurate
results and "Multi-site PSHA (MSPSHA)" (e.g. Chioccarelli et al., 2018) shall be
employed instead. In fact one may be tempted, in assessing the rate of exceedance
of 𝐼𝑀 treshold 𝑖𝑚 for multiple sites, to apply the formulation for a single-site (equa-
tion 5.2. or equation 5.10.) indipendently for each site and then evaluate the rate
of exceedance simply as the sum over the considered sites. However this approach
could result in an overestimation of the rate of exceedance due to the fact that, in
general, stochastic dependence arises among the processes counting multiple earth-
quake exceedances of IM at the sites (e.g. Giorgio and Iervolino, 2016). In other
words, the number of times the treshold value 𝑖𝑚 is (𝑁[𝐼𝑀 > 𝑖𝑚]) exceeded at
one of the considered sites is not indipendent from the number of times the treshold
value 𝑖𝑚 is exceeded at the others considered sites, i.e. the same scenario (realisa-
tion when considering PBS) may cause the exceedance of the treshold value 𝑖𝑚 at
more than one site. From a probabilistic standpoint, the PSHA formulation does
not apply to the multi-site case because, even when each process counting the oc-
currence over time of seismic events causing exceedance of the 𝐼𝑀 treshold 𝑖𝑚 at
a single site is a homogeneous Poisson process (HPP), the process describing the
total number of exceedances, when all sites are considered at same time, in a given
time period is not a Poisson process due to the stochastic dependence among the
site-specific processes (Giorgio and Iervolino, 2016).
When ground-motion prediction equations (GMPEs) are used to assess the level of
ground-motion at the sites, in order to properly account for the dependence among𝐼𝑀𝑠 at multiple sites related to the same earthquake scenario it is necessary to
consider and quantify the spatial correlation of the 𝐼𝑀𝑠 and thus additional models
(spatial-correlation models) are needed alongside the GMPEs (e.g. Jayaram and
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Baker, 2009; Esposito and Iervolino, 2012) (Paolucci et al., 2018). However the
quantification of the contribution of spatial dependence when hazard assessment
when many sites are considered when assessing the seismic hazard is far from an
easy task to perform and its formalization can be considered as not fully addressed
in the seismic field (Giorgio and Iervolino, 2016).

In this section it is shown how it is possible, and conceptually very easy, to extend the
modified PSHA procedure (physics-based PSHA) presented in the previous section
of this chapter to the case in which hazard assessment is performed for more than
one site at the same time. Moreover it will be shown here how the formulation
presented in section 5.2. can be considered simply as a special case of the "multi-
site" formulation here presented: when only one site is considered, the formulation
here presented returns exactly the same results as the one presented in chapter 5.2..
One additional benefit of the formulation here presented is that it does not use
or require any sophisticated, and complicated, mathematical concept. It is built
entirely on elementary concepts from set theory (e.g. Baumgartner and Kunen,
1980) and all the needed concept are presented and described in the following.

a b
Figure 5.13 Intersections of 2 (a) and 3 (b) sets (Venn diagrams).

For the sake of simplicity only 2 sites are considered. For each site it is possible to
evaluate the probability of exceedance of a given value 𝑖𝑚 of 𝐼𝑀 (𝐼𝑀 = 𝑖𝑚) via
equation 5.10 (i.e. counting the number of events, over the total number of events,
for which 𝐼𝑀 > 𝑖𝑚) and we are interested in evaluating the same probability of
exceedance for the two sites considered as a unit, the probability of exceedance of𝐼𝑀 = 𝑖𝑚 in at least one of the two sites (equation 5.19.).
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A formulation for this probability can be easily derived using set-theory (e.g. Kunen,
1980) and the analogy can be expressed as follows:

• If set 𝐴 represents the probability of exceedance of 𝐼𝑀 = 𝑖𝑚 for the first site.

• If set 𝐵 represents the probability of exceedance of 𝐼𝑀 = 𝑖𝑚 for the second site.

• Then the probability of exceedance of 𝐼𝑀 = 𝑖𝑚 in at least one of the two sites
is simply the union of the two sets, 𝐴 ∪ 𝐵.

This probability can be evaluated using equation equation 5.13. and, referring to
figure 5.13a., it could be explained as follows: the area (a proxy for the probability
in this context) of the union is not simply the sum of the areas of the two sets but
the intersection (if any) of the two sets has to be subtracted, otherwise the area of
the intersection would be counted twice.𝐴 ∪ 𝐵 = 𝐴+𝐵 −𝐴 ∩ 𝐵 (5.13)𝐴 ∪ 𝐵 ∪ 𝐶 = 𝐴+𝐵 +𝐶− (𝐴 ∩ 𝐵 −𝐴 ∩ 𝐵 ∩ 𝐶)− (𝐴 ∩ 𝐶 −𝐴 ∩ 𝐵 ∩ 𝐶)− (𝐵 ∩ 𝐶 −𝐴 ∩ 𝐵 ∩ 𝐶)− 2𝐴 ∩ 𝐵 ∩ 𝐶

(5.14)

𝐴 ∪ 𝐵 ∪ 𝐶 = 𝐴+𝐵 +𝐶 −𝐴 ∩ 𝐵 −𝐴 ∩ 𝐶 −𝐵 ∩ 𝐶 +𝐴 ∩ 𝐵 ∩ 𝐶 (5.15)

When considering 3 sets the formulation (equation 5.14. which can be simplified to
obtain equation 5.15. with simple algebraic consideration) is very similar to the one
usable for two sites but considerably longer and complicated. In fact, referring to
figure 5.13b., it is evident than the number of intersections that have to be subtracted
(in order to avoid considering the same area or elements multiple times) grows more
than linearly with the number of considered sets.
For this reason it may be much more convenient to consider the complementary set
to the union, i.e. the set containing all the elements not contained in any of the
considered sets. In fact a union can be evaluated by its complement, for two sets,
via equation equation 5.16.. The formulation can be easily extended to an arbitrary
number of sets, leading to equation 5.17. in which 𝑆1 ∪ 𝑆2 ∪ … ∪ 𝑆𝑁 are the first,
the second up to the 𝑁 𝑡ℎ considered set. In equation 5.16. and equation 5.17. Ω is
a set that contains all the elements under study.𝐴 ∪ 𝐵 ∪ 𝐶 = Ω− (𝐴 ∪ 𝐵 ∪ 𝐶)𝑐 (5.16)
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𝑆1 ∪ 𝑆2 ∪… ∪ 𝑆𝑁 = Ω− (𝑆1 ∩ 𝑆2 ∩… ∩ 𝑆𝑁)𝑐 (5.17)

Switching back from set-theory to probability, the concept expressed by equation 5.17.
can be also expressed via equation 5.18.. In this equation 𝑃𝐸𝐼𝑀=𝑖𝑚,𝑀𝑖,𝑆𝑆𝑗 and𝑃𝑁𝐸𝐼𝑀=𝑖𝑚,𝑀𝑖,𝑆𝑆𝑗 represent respectively the probability of exceeding (𝐸) and the prob-
ability of not exceeding (𝑁𝐸) 𝐼𝑀 = 𝑖𝑚, at any number of sites, when considering
the magnitude 𝑀𝑖 and subsource 𝑆𝑆𝑗.
These two probabibilities can be evaluated, for two sites, as presented in equa-
tion 5.19. and equation 5.20.. While for an arbitrary number of sites (𝑁𝑠𝑖𝑡𝑒𝑠) these
probabilites can be evaluated according to equation 5.21. and equation 5.22..𝑃𝐸𝐼𝑀=𝑖𝑚,𝑀𝑖,𝑆𝑆𝑗 = 1 − 𝑃𝑁𝐸𝐼𝑀=𝑖𝑚,𝑀𝑖,𝑆𝑆𝑗 (5.18)𝑃𝐸2 = 𝑃[𝐼𝑀𝑆1 > 𝑖𝑚 ∨ 𝐼𝑀𝑆2 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] (5.19)𝑃𝑁𝐸2 = 𝑃[𝐼𝑀𝑆1 ≤ 𝑖𝑚 ∧ 𝐼𝑀𝑆2 ≤ 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] (5.20)𝑃𝐸𝑁 = 𝑃[𝐼𝑀𝑆1 > 𝑖𝑚 ∨ 𝐼𝑀𝑆2 > 𝑖𝑚 ∨ … ∨ 𝐼𝑀𝑆𝑁 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] (5.21)𝑃𝑁𝐸𝑁 = 𝑃[𝐼𝑀𝑆1 ≤ 𝑖𝑚 ∧ 𝐼𝑀𝑆2 ≤ 𝑖𝑚 ∧ … ∧ 𝐼𝑀𝑆𝑁 ≤ 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] (5.22)
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5.4.1 Proposed procedure – PBMSPSHA
The procedure here proposed to access the probability of exceedance of a given𝐼𝑀 treshold 𝑖𝑚 when multiple sites are considered at the same time is simply
an extension of the proposed methodology presented section 5.2. that applies to
"single-site" case. Thus the "multi-site" formulation here proposed applies to the
"single-single" case as well, without any modification.

Analogously to what presented in section 5.2., evaluating the probability of exceeding
a certain treshold 𝑖𝑚, for a given magnitude 𝑀 (say 𝑀𝑖) and for a given sub-
source 𝑆𝑆 (say 𝑆𝑆𝑗), is simply a matter of counting how many (simulated) events,
associated to the magnitude 𝑀𝑖 and to the sub-source 𝑆𝑆𝑗, for which 𝐼𝑀 > 𝑖𝑚 is
obsersed (𝑁[𝐼𝑀 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] in equation 5.7. ), this time, at an arbitrary number
of sites. However, in order to properly account for the dependence among 𝐼𝑀𝑠 at
multiple sites related to the same earthquake scenario or event, the realisation of
the rupture process in the context of PBS, it is necessary to modify the the counting
procedure presented in section 5.2., so that realisations for which 𝐼𝑀 > 𝑖𝑚 at
more than one sites are not counted multiple times. The are for sure many ways
to fulfill this requirement, the one here presented seemed the simplest and most
straightforward approach and it is appliable whenever the PSHA calculation are
performed for a finite number of 𝐼𝑀 values.

The basic idea is to modify the counting procedure presented in section 5.2. and
more specifically the 𝜌(𝑖𝑚, 𝑖, 𝑗, 𝑘) function described by equation 5.9. so that all
realisations for which 𝐼𝑀 > 𝑖𝑚 if obsersed at least at one site are counted no more
than once. This can be done by keeping track of the number of times 𝐼𝑀 > 𝑖𝑚 is
observing, for the same event (magnitude, sub-source, realisation) at the different
sites. For this purpose the procedure implemented and presented in this thesis, for
each considered seismic source, uses a 3𝐷 matrix 𝑊 for which the generic element𝑤𝑖,𝑗,𝑘 refers to the magnitude 𝑀𝑖, to the subsource 𝑆𝑆𝑗 and to the realisation 𝑅𝑘.
This matrix has dimensionis (𝑁𝑀, 𝑁𝑆𝑆, 𝑁𝑅) and, for each considered seismic source,
is initialized to 0 and then, for each value 𝑖𝑚 of the considered 𝐼𝑀 it is updated
as follows. Similarly to 𝑤𝑖,𝑗,𝑘, 𝐼𝑀𝑖,𝑗,𝑘 refers to the magnitude 𝑀𝑖, to the subsource𝑆𝑆𝑗 and to the realisation 𝑅𝑘.{𝑤𝑖,𝑗,𝑘 = 𝑤𝑖,𝑗,𝑘 + 1, if 𝐼𝑀𝑖,𝑗,𝑘 > 𝑖𝑚𝑤𝑖,𝑗,𝑘 = 𝑤𝑖,𝑗,𝑘, if 𝐼𝑀𝑖,𝑗,𝑘 ≤ 𝑖𝑚 (5.23)

It is important, as it will be used in later discussions, to note that the for the generic
element of the matrix 𝑊 it is always 𝑤𝑖,𝑗,𝑘 ∈ [0,𝑁𝑠𝑖𝑡𝑒𝑠], where 𝑁𝑠𝑖𝑡𝑒𝑠 is the number
of considered sites for the "multi-site" PSHA.
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Once the 𝑊 matrix is fully populated, with values ∈ [0,𝑁𝑠𝑖𝑡𝑒𝑠], a new version of
the 𝜌(𝑖𝑚, 𝑖, 𝑗, 𝑘) function, described by equation 5.9., that can properly count the
number of times a given 𝐼𝑀 treshold 𝑖𝑚 is not exceeded at multiple sites, can be
expressed simply as follows. Here probability of not observing the exceedance of a
given 𝐼𝑀 treshold 𝑖𝑚 (𝑃𝑁𝐸[𝐼𝑀 = 𝑖𝑚]) is considered (thus the 𝑁𝐸 subscript in𝜌𝑁𝐸(𝑖𝑚, 𝑖, 𝑗, 𝑘)) as it is much easier to formalize than the probability of observing
the exceedance of the same treshold. The conversion between these two probabilites
is intuitive and straightforward and via equation 5.18..𝜌𝑠,𝑁𝐸(𝑖𝑚, 𝑖, 𝑗, 𝑘) = {1, if 𝑤𝑖,𝑗,𝑘 = 00, if 𝑤𝑖,𝑗,𝑘 > 0 (5.24)

Finally, combining equation 5.10., equation 5.24. and equation 5.18., it is possible
to obtain equation 5.25.. This relation can be used to assess, for a seismic source
characterized by magnitudes [𝑀1,𝑀2,𝑀𝑁] and discretized in 𝑁𝑆𝑆 sub-sources and
for which 𝑁𝑅 realisations of the rupture process were modelled, the probability of
exceedance of any 𝐼𝑀 treshold 𝑖𝑚, at an arbitrary number sites. Moreover, the same
relation can be used in the "single-site", thus can be used in place of equation 5.10..𝑃𝑠[𝐼𝑀 > 𝑖𝑚] = 1 − 1𝑁𝑆𝑆 1𝑁𝑅 𝑁𝑀∑𝑖=1 𝑃 [𝑀 = 𝑀𝑖]𝑁𝑆𝑆∑𝑗=1 𝑁𝑅∑𝑘=1 𝜌𝑠,𝑁𝐸(𝑖𝑚, 𝑖, 𝑗, 𝑘) (5.25)
With the proposed formulation it is also possible to assess other kinds of probabilites
of exceedance. For example, one may be interested in accessing the probability of
exceedance of a given 𝐼𝑀 treshold 𝑖𝑚 at more than one site at the same time,
instead of the probability of exceeding the same 𝐼𝑀 treshold 𝑖𝑚 at least at one of
the considered sites as expressed by equation 5.25.. As an example equation 5.28.
(the actual implemention of the concept expressed by equation 5.27.) can be used to
assess the probability of observing the exceedance of 𝐼𝑀 = 𝑖𝑚 at all the considered
sites at the same time (for the same realisation of the rupture process), thus the
subscript ∩ as it effectively represents the union (see the initial part of this section
discussing set-theory concepts). This relation is also presented because it will be
used in this section, where a numerical validation of the proposed "multi-site" PSHA
procedure is presented.

To properly assess the probability of observing the exceedance of 𝐼𝑀 = 𝑖𝑚 at all
the considered sites it is sufficient to reformulate the 𝜌 function, this time called𝜌𝑠,∩(𝑖𝑚, 𝑖, 𝑗, 𝑘) where, again, the subscript ∩ indicate the union of all the sets rep-
resenting the occurrences of the exceedance at the various sites. It is worth noting
that it is not needed to re-evaluate the coefficients of the matrix 𝑊, thus assessing
this alternative probability of exceedance is very fast and efficient.
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𝜌𝑠,∩(𝑖𝑚, 𝑖, 𝑗, 𝑘) = {1, if 𝑤𝑖,𝑗,𝑘 = 𝑁𝑠𝑖𝑡𝑒𝑠0, if 𝑤𝑖,𝑗,𝑘 < 𝑁𝑠𝑖𝑡𝑒𝑠 (5.26)𝑃𝑠,∩[𝐼𝑀 > 𝑖𝑚] = 𝑃 [𝐼𝑀𝑆1 > 𝑖𝑚 ∧ … ∧ 𝐼𝑀𝑆𝑁 > 𝑖𝑚|𝑀𝑖, 𝑆𝑆𝑗] (5.27)𝑃𝑠,∩[𝐼𝑀 > 𝑖𝑚] = 1𝑁𝑆𝑆 1𝑁𝑅 𝑁𝑀∑𝑖=1 𝑃 [𝑀 = 𝑀𝑖]𝑁𝑆𝑆∑𝑗=1 𝑁𝑅∑𝑘=1 𝜌𝑠,∩(𝑖𝑚, 𝑖, 𝑗, 𝑘) (5.28)

{𝑒𝑖,𝑗,𝑘 ∈ (𝐴 ∪ 𝐵 ∪ 𝐶)𝑐, if 𝑤𝑖,𝑗,𝑘 = 0𝑒𝑖,𝑗,𝑘 ∈ 𝐴 ∩ 𝐵 ∩ 𝐶, if 𝑤𝑖,𝑗,𝑘 = 3 (5.29)

{𝑒𝑖,𝑗,𝑘 ∈ (𝑆1 ∪ 𝑆2 ∪… ∪ 𝑆𝑁)𝑐, if 𝑤𝑖,𝑗,𝑘 = 0𝑒𝑖,𝑗,𝑘 ∈ 𝑆1 ∩ 𝑆2 ∩… ∩ 𝑆𝑁, if 𝑤𝑖,𝑗,𝑘 = 𝑁𝑠𝑖𝑡𝑒𝑠 (5.30)
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5.4.2 Validation

Figure 5.14 Multi-site hazard curves considering 2 sites (A and B). The operand∧ denotes the intersection (i.e. 𝑖𝑚 is exceeded at both the site on the left and on
the right of the operand). The operand 𝑈 denotes the union (i.e. 𝑖𝑚 is exceeded at
at least one site, left or right of the operand).

In order to provided a validation for the formulation proposed in this thesis for the
physics-based MSPSHA (equation 5.25. in section 5.4.), in this section is presented
a comparison between the results, expressed in terms of (multi-site) hazard curves
computed for 2 and 3 sites and obtained in two different ways:

1. The probabilites of exceedance, for each seismic source, are evaluated directly
using the numerical procedure presented in the previous subsection.

2. The probabilites of exceedance, for each seismic source, are evaluated using a
semi-analytical approach which can be described as follows:



142

Figure 5.15 Multi-site hazard curves considering 2 sites (A and C). The operand∧ denotes the intersection (i.e. 𝑖𝑚 is exceeded at both the site on the left and on
the right of the operand). The operand 𝑈 denotes the union (i.e. 𝑖𝑚 is exceeded at
at least one site, left or right of the operand).

a. The probabilities of exceedance are evaluated, numerically as presented in
the previous subsection, for each term of equation 5.13. (2 sites) and equa-
tion 5.15. (3 sites) separately.

b. The probabilities computed in the previous step are combined applying the
same equations, equation 5.13. (2 sites) and equation 5.15. (3 sites).

For this analysis 3 sites, named A, B and C and located in the municipality of
Gorizia (Italy), and 3 seismic zones within a distance of 150𝑘𝑚 from the sites were
considered (904, 905 and 906 (Barani et al., 2009)). In the following are presented
the geographical coordinates of the considered sites:
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Figure 5.16 Multi-site hazard curves considering 2 sites (B and C). The operand∧ denotes the intersection (i.e. 𝑖𝑚 is exceeded at both the site on the left and on
the right of the operand). The operand 𝑈 denotes the union (i.e. 𝑖𝑚 is exceeded at
at least one site, left or right of the operand).

A. (13.6221, 45.9415)
B. (13.6221, 45.9405)
C. (13.6221, 45.9100)
Site B and 3 seismic zones were also considered in the example of deaggregation
applied to physics-based PSHA presented in section 5.3., thus you may refer to
figure 5.10. for the spatial location of the considered sites and seismic zones.

In order to explain approach 2) more clearly, the steps involved when considering2 sites are described. As already said, these steps are repeated for each considered
seismic source (3 in this case) and the final results are obtained via equation 5.10..
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Figure 5.17 Multi-site hazard curves considering all 3 sites (A, B and C). The
operand ∧ denotes the intersection (i.e. 𝑖𝑚 is exceeded at both the site on the left
and on the right of the operand). The operand 𝑈 denotes the union (i.e. 𝑖𝑚 is
exceeded at at least one site, left or right of the operand).

1. The probabilities of exceedance are evaluated for both sites separately as pre-
sented in section 5.2.. 2 hazard curves are obtained in this step, one for each
site.

2. The probabilities corresponding to the last term (intersection) of equation 5.13.
are evaluated. As already said, these are the probabibilities of observing, for a
given event (magnitude, subsource, realisation) and 𝐼𝑀 value, the exceedance
(𝐼𝑀 > 𝑖𝑚) at both sites (intersection).

3. The hazard curves obtained in the previous steps are combined as described by
equation 5.13. obtaining the final hazard curve, which represents the total rate
of exceedance of 𝐼𝑀 > 𝑖𝑚 when 2 sites are considered.

The results of this procedure are presented in figure 5.14., figure 5.16.. These figures
refer to the 3 possible combinations of 2 sites of the 3 considered sites.
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Figure 5.18 Detail of the hazard curves for 2 sites presented in figure 5.15.. The
meaning of the ∧ and the 𝑈 operands are the same as in figure 5.15..

As it can be seen in these figures, the 2 approaches leads to identical results, the
blue hazard curve (first approach - purely numerical) and the orange hazard curve
(second approach - semi-analytical) are basically the same curve.
It is also interesting to note that figure 5.14. is very different from the other 2
(figure 5.16.). In this figure all the curves are very close together and hard to
distinguish. This is due to the fact that the hazard curve representative of the
intersection (𝐴 ∩ 𝐵 - purple line in the figures), taken with a negative sign per
equation 5.13., is almost as high as the other 2 hazard curves. This means that
that, for a given event, the probability of observing 𝐼𝑀 > 𝑖𝑚 at both sites is
almost as high as the probability of observing 𝐼𝑀 > 𝑖𝑚 at each sites considered
separately. In other words, almost every time 𝐼𝑀 > 𝑖𝑚 is observed at one site, it
is also observed at other site as well. This would suggest that the first 2 of the 3
considered sites are not very distant from each other and the soil structures for the
2 sites are also very similar, which is in fact the case.
This confirms the fact that the effects related to the interdependency than arises
when multiple sites are considered can generally be not negligible (e.g. Jayaram
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Figure 5.19 Detail of the hazard curves for 3 sites presented in figure 5.17.. The
meaning of the ∧ and the 𝑈 operands are the same as in figure 5.17..

and Baker, 2009; Esposito and Iervolino, 2012). In this case, for example, the final
hazard curve would be twice higher if the term 𝐴 ∩ 𝐵 were neglected, thus leading
to a relevant overestimation of the seismic hazard at the considered sites.

Analogous results were obtained when all 3 sites were considered for the evaluation
of the (multi-site) hazard curve. The results are presented in figure 5.17. and
again the blue hazard curve represents the first approach (purely numerical) and
the orange hazard curve represents the second approach (semi-analytical). This
time the results of the second approach need to be combined using equation 5.15.,
as 3 sites are considered.

In the last 2 figure of this section, figure 5.18. and figure 5.19., are presented a detail
from figure figure 5.16. and figure 5.17. respectively. From these details it is evident
how the hazard curves obtained via the two approaches, numerical (blue curve) and
semi-analytical (orange curve), are indeed indistinguishable.
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5.5 Discussion
A new procedure to perform PSHA is proposed. Empirical relations (GMPE), are
dropped in favor of physics-based numerical simulations (PBS) of ground motion
(part of the NDSHA framework) in order to estimate the values of the considered𝐼𝑀 for the site (or sites) of interest.
This methodology is thus referred to as physics-based PSHA (PBSPSHA) or syn-
thetic PSHA and aims at combining the strengths of both the NDSHA and PSHA
procedures.
In fact, relaying on PBS, it would be possible to account for many effects that greatly
influence the ground motion, generally not well-constrained by GMPEs, (e.g. effects
related to seismic sources, as well as source-to-site path effects and local soil condi-
tions) and, at the same time, it would be possible to account for the major sources
of uncertainty affecting seismic hazard assessment (e.g. location, size, and intensity
of future earthquakes) and combine them using the simple and powerful formulation
of PSHA.

In addition with PBPSHA it would be possible to supply engineers with a seismic
input that is site-specific and as complete as possible (seismograms in the three
components of motion inclusive of source-, path- and site-effects) and suitable for
both structural analysis and seismic hazard and risk assessment, alleviating some of
the issues related to ground motion selection.
In fact, given the many constrains and the limited availability of natural records
(especially in Europe), ground motion selection can a be a challenging task and
often some of the constrains have to be dropped and scaling becomes necessary.

With the proposed PBPSHA, on the other hand, selecting ground motions becomes
just a matter of identifying a suitable subset of the many physics-based ground mo-
tions computed to assess seismic hazard and in section 5.3. it is shown how the
deaggregation can be applied to PBPSHA.

A different methodology for performing the selection of ground motion is proposed
in section 5.3.2.. Referred to as "Direct Method", the proposed procedure relies
directly on the hazard curve (no deaggregation or other proxy tool is necessary)
and aims at getting the most out of the great amount of information available when
relying PBS.
In addition, this procedure can be implemented in a very intuitive way once the
considered 𝐼𝑀 (which could be also a vector) is properly defined. For example, for
deriving a fragility curve, it is possible to defined a very structure-specific 𝐼𝑀 (even
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for which no GMPE are available) and thus reduce the dispersion of the Engineering
Demand Parameter (EDP) considered for the fragility curve.

It is worth mentioning that the formulation proposed for PBPSHA is conceptually
easy and does not rely on any sophisticated mathematical concept.
This is case even when the formulation is extended to the "Multi-Site" case (MSP-
SHA), leading to a physics-based MSPSHA (PBMSPSHA), presented in section
5.4.1..
The formulation proposed for PBMSPSHA relies solely on simple concept from set-
theory and still it can be used to account for the spatial dependence for hazard
assessment when multiple sites are considered. Even for accessing non-classical
probabilites, or rates, of exceedance, e.g. the probability of exceeding a treshold
value at selected sites, i.e. more than one site.
A validation of the formulation proposed for the PBMSPSHA is presented in sec-
tion 5.4.2., with an example application for 3 sites.
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6 Conclusions

In this thesis the use of physics-based numerical simulations (PBS) of ground motion
has been investigated and proposed as a viable alternative, or complementary tool,
to GMPE relations. The aim is to supply engineers and analysts with a seismic input
that is as realistic and complete as possible, suitable for both structural analyses and
seismic hazard and risk assessment. In fact, when PBS are employed, it is possibile
to describe the ground motion by means of complete seismograms inclusive of the
effects related to the source, to the source-to-site path and to the local site conditions.
The PBS technique employed in this work is part of the NDSHA framework (e.g.
Magrin 2013; Panza et al., 2012; Fasan 2017).

The results of the PBS procedure have been compared to the corresponding assess-
ment obtained via different GMPE relations (Bindi et al., 2011; De Luca et al.,
2014; Sandikkaya and Akkar, 2016) The comparison aimed at verifying whether the
numerical simulations of ground motion are consistent with observed events, em-
ploying the GMPE relations as a proxy.
A large database (86400 events) of physics-based numerically simulated events has
been created considering 3 different seismic sources (faults) and different causes of
variability that may affect the ground motion: the focal mechanism of the seismic
source, the moment magnitude, the rupture process of the seismic source, the char-
acteristics of the soil throughout which seismic waves propagate from the source to
the site of interest (path effects), the characteristic of the soil at the site of interest
(site effects), the source-to-site distance, and the angle between the source and the
receiver at the site of interest.
For each of the 86400 events of the database seismograms in the three components of
motion has been computed and the comparison has been performed in terms of four
parameters which are commonly used to quantify the level of ground motion and of
engineering significance: Spectral acceleration, Arias intensity, CAV, and significant
duration (𝐷5−95).
Moreover, as inelastic 𝐼𝑀𝑠 are very informative for engineering purposes, the re-
sponse of nonlinear SDOF systems, characterized by a bilinear hardening backbone,
has been considered and the comparison with the GMPEs has been performed in
terms of maximum inelastic displacement (𝑆𝑑𝑖) and equivalent number of cycles
(𝑁𝑒).
The comparisons have shown a good agreement between the results of PBS and
the observed data, assessed via GMPE relations and suggest that, on average, no
relevant bias is present and results of PBS are acceptable for engineering purposes.
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The results of PBS procedure have also been compared to the recorded data of a
real seismic event (Aquila (Italy), 04/04/2009, associated with a moment magnitude𝑀𝑤 = 6.3).
The aim of the study was not to the recreate the actual event occurred in Aquila but
rather to verify whether the simulation technique employed is able to, to some extent
and from an engineering perspective, predict a possible earthquake event associated
to a certain seismic source and magnitude.
Records from 6 stations, located at various distances and characterized by different
soils (site-effects), were considered and 300 physics-based events have been simulated
modelling the source via the Extended Source model (ES).
The comparison has been performed in terms of various parameters relevant for
describing the ground motion and structural response: response spectra and various
peak and integral parameters of engineering significance. It must be noted that many
of the considered parameters can be assessed only when complete seismograms are
available.
As in the case of the comparison with GMPE relations, the response of nonlinear
(EPP) SDOF systems has also been considered.
The comparisons have shown a good agreement between the results of PBS and the
recorded data for all the considered stations. This can be thought as a good result,
especially considering the complex geological conditions of the area interested by
the considered seismic event and in which the considered stations are located. In
fact, despite the simplified model employed for the soil (1D modelling), with the
PBS procedure employed it was possible to obtain important informations related
to the recorded event and, as the simulated events were randomly generated, also
to possibile future events associated with the same source and magnitude.

An improvement of the standard PSHA procedure has been proposed and discussed.
In the proposed procedure GMPE are dropped in favor of PBS. This methodology
is, thus, referred as physics-based PSHA (PBPSHA) and aims at combining the
strengths of both the NDSHA and the PSHA procedure.
The procedure accounts for many effects that greatly influence the ground motion
(e.g. effects related to seismic sources, as well as source-to-site path effects and local
soil conditions) and, at the same time, accounts for the major sources of uncertainty
affecting seismic hazard assessment (e.g. location, size, and intensity of future earth-
quakes) and combine them using the simple and powerful formulation of PSHA.
Moreover, the seismic input (associated with a given 𝜆[𝐼𝑀 > 𝑖𝑚]) is available as
seismograms, in the three components of motion and inclusive of source-, path- and
site-effects, suitable for both structural analysis and seismic hazard and risk assess-
ment.
The selection of ground motions has been implemented, which, for the proposed
PBPSHA procedure, becomes just a matter of identifying a suitable subset of the
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large number of ground motions computed in order to assess seismic hazard at
the site. The deaggregation of hazard has been implemented and then a different
methodology for performing the selection has been proposed.
The proposed method, referred to as "Direct Method", relies directly on the hazard
curve (no deaggregation or other proxy tool is necessary) and aims at getting the
most out of the great amount of information available when relying PBS.
This procedure can be implemented in a very intuitive way once the considered 𝐼𝑀
is properly defined. For example, for deriving a fragility curve, it is possible to de-
fined a very structure-specific 𝐼𝑀 (even for which no GMPE are available) and thus
reduce the dispersion of the Engineering Demand Parameter (EDP) considered for
the fragility curve.
The formulation proposed for PBPSHA has been extended to the case in which SHA
is performed considering more than one site (MSPSHA), leading to a formulation
for physics-based MSPSHA, called PBMSPSHA.
This formulation does not rely on any sophisticated mathematical concept. It relies
solely on simple concept from set-theory and still it can be used to account for the
spatial dependence for hazard assessment when multiple sites are considered.
A validation of the formulation proposed for the PBMSPSHA has also been pre-
sented with an example application for 3 sites.
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