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Abstract In this paper, an overview is presented to motivate the use of 3D phys-
ics-based numerical simulations of seismic wave propagation to support enhanced
Probabilistic Seismic Hazard Assessment. With reference to the case study of Is-
tanbul, we introduce the activities required to construct a numerical model of the
surface geology and topography and to determine the input conditions to trigger
future earthquakes in a physically sound way. Owing to the intrinsic frequency
limitations of the numerical simulations, a post-processing technique to produce
realistic broadband waveforms is introduced, allowing to correlate short-period to
long-period spectral ordinates from an Artificial Neural Network. Finally, the re-
sults obtained in Istanbul from numerous physics-based ground motion scenarios
of M7+ earthquakes allow us to throw light on the potential added value to PSHA
of the 3D numerical simulations. Namely, to provide locally constrained probabil-
istic distributions of ground motion intensity measures, matching the actual foot-
print of a large earthquake in the specific area under study.

Introduction

Empirical ground motion prediction equations (GMPE) and 3D physics-based
numerical simulations (3DPBNS) are generally presented as alternative tools for
earthquake ground motion prediction and for its application to seismic hazard as-
sessment studies. While the use of GMPE:s is well consolidated, in the framework
of both probabilistic and deterministic studies, 3DPBNS seem to be still confined
to a relatively restricted range of applications, where earthquake ground motion
scenarios are produced in an almost deterministic way.

Such dichotomy is obstructive and does not allow to fully exploit those tech-
niques, shading lights on their limitations on one hand and, on the other hand, on



their potential advantages to produce more reliable results, as summarized in Ta-
ble 1. More specifically, the limitation of GMPEs not to be sufficiently well cali-
brated for those conditions, such as large earthquake magnitude, near-source, soft
soil sites, complex geological irregularities, that typically govern seismic hazard at
a site, decreases the reliability of probabilistic seismic hazard assessment (PSHA)
results, typically based on GMPE application as a tool for ground motion predic-
tion. Moreover, 3DPBNS have not been sufficiently developed yet to yield a con-
sensus on the engineering applicability of their broad-band results, also because,
in spite of the ongoing progress in the recent years, there are still relatively few
cases of fully worked out validation exercises on real earthquake case studies and
comparison with records.

Table 1. Advantages and limitations of GMPEs and 3DPBNSs

PROs CONs
- ease-of-use - lack of records to solve important condi-
- calibrated on records tions, such as near-source and complex ge-
- adapted to different tectonic | ological environments
environments and site condi- - only peak values of motion
GMPE : o .
tions - recalibration when new data are available
- no correlation of ground motion intensi-
ties among multiple sites and among differ-
ent spectral periods
- flexibility to produce syn- - high-frequency computational and model-
thetics in arbitrary site and ling limit
source conditions - high computational costs
- parametric analyses allowed | - need of expert users
3DPBNS | - spatial correlation of simu- - hardly available information to construct
lated ground motion a reliable 3D model
- insight into the earthquake - large epistemic uncertainties
physics - few well documented validation case
studies on real earthquakes

In Figure 1, the typical conditions for which GMPEs and 3DPBNSs should be
considered in a PSHA study are sketched: on one hand, GMPE provide reliable re-
sults when the source-to-site distance is sufficiently large, e.g., at least larger than
the size of the fault, and no complex geological conditions are present, while, on
the other hand, the vicinity to the source and the complex geological conditions
should lead to the selection of 3DPBNS as the main tool for earthquake ground
motion prediction.

To capture the potential drawbacks of fully relying on GMPEs for PSHA, typi-
cally expressed in terms of uniform hazard spectra at rock sites, it is worth consid-
ering Figure 2, where the Peak Ground Acceleration (PGA) values from the NGA
2014 dataset (Ancheta et al., 2014) are extracted, for records with magnitude M >



6 and Ry (i.e., distance from the surface projection of fault) < 20 km, and plotted
as a function of Vg3 (i.e., average shear wave velocity in the top 30 meters ac-
cording to seismic norms). The scarcity of suitable records for rock conditions
(e.g., Vs30 > 800 m/s) is evident, as well as the consideration that some of such
records are obtained in conditions (such as the Pacoima and Lexington dam in
Figure 2) far away from the ideal reference free-field rock.
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Fig. 1. Sketches for the optimum conditions of applicability of GMPE and 3DPBNS, depending
on the distance of the site to the seismic source.
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Fig. 2. Selection of earthquake records from the NGA 2014 dataset, with M > 6 and Rjg < 20 km,
as a function of Vs 3. Some of the stations corresponding to “rock” conditions are denoted.

The Marmara Sea region is an ideal area were the potential advantages and lim-
itations of GMPEs and 3DPBNSs can be tested, because of coupling the high
seismic hazard related to the major seismic gap on the North Anatolian Fault, ex-
pected to produce Magnitude 7+ earthquakes (for a comprehensive review see,



among many others, Bohnhoff et al., 2013; Akinci et al., 2017; Aochi et al.,
2017), with the huge seismic risk exposure of Istanbul.

In this paper, we aim at introducing the complete workflow of a PSHA study
carried out in Istanbul, in the framework of updating the seismic hazard model for
reinsurance purposes, where results of a comprehensive set of 3DPBNS were ex-
ploited to provide an enhanced seismic hazard assessment. This paper provides an
overview of such study, regarding in particular:

1) construction of the numerical model for 3DPBNS;

2) simulations of different ground motion scenarios by generating realistic fault-
slip distributions for different scenario earthquakes;

3) construction of broad-band synthetics through an Artificial Neural Network-
based procedure;

4) input of the 3DPBNS results into a PSHA framework.

The simulations were carried out using the numerical code SPEED
(http://speed.mox.polimi.it/), designed for the seismic wave propagation analysis
in large areas, including the coupled effects of a seismic fault rupture, the propa-
gation path through Earth’s layers, localized geological irregularities, such as allu-
vial basins, and soil-structure interaction problems. Based on a discontinuous ver-
sion of the classical spectral element method introduced by Faccioli et al. (1997),
SPEED (Mazzieri et al., 2013) is naturally oriented to solve multi-scale numerical
problems, allowing one to use non-conforming meshes (h-adaptivity) and different
polynomial approximation degrees (N-adaptivity) in the numerical model. By tak-
ing advantage of the hybrid MPI-OpenMP parallel programming SPEED runs on
multi-core computers and large clusters (e.g., Marconi at CINECA,
https://www.cineca.it/en/content/marconi).

SPEED was successfully verified within the Grenoble benchmark (Stupazzini
et al., 2009; Chaljub et al., 2010), validated by comparison with several among the
most recent worldwide earthquakes, including L’Aquila 2009, M6.3 (Smerzini
and Villani, 2012; Evangelista et al., 2017), Chile 2010, M,, 5.2 (Pilz et al., 2011),
Christchurch 2011, M,,6.2 (Guidotti et al., 2011), Emilia 2012, M,, 6.0 (Paolucci
etal., 2015), and also applied to simulate devastating earthquakes of the past, such
as the Marsica 1915, M,,6.7 (Paolucci et al., 2016). A repository of results of the
3DPBNS carried out by SPEED can be consulted at the web site
http://speed.mox.polimi.it/.

From the tectonic and geological framework to the 3D spectral
element model

Leaving details to Infantino (2016), we summarize here the main input data re-
quired and how they are cast into a 3D numerical model, with reference to the Is-
tanbul case.



3D geological model

First, a geological model has been constructed, based on collection of the follow-

ing data:

- digital elevation model and bathymetry, see Figure 3a;

- crustal structure, typically in form of a layered model of S and P wave velocity,
Vs and Vp;

- local shallow geological structure, typically in the form of a spatial model of Vs
and Vp, variable both in the horizontal and vertical direction, and possibly in-
cluding the corresponding models for internal soil damping and local variation
of shear modulus and damping as a function of shear strain (or, in 3D, of the
second invariant of the strain tensor).

Information of the local shallow geology structure is by far the most difficult to
gather in a format suitable for the 3D numerical modelling of the area. However, it
should be kept in mind that the level of detail of input data should be balanced
with the actual computer power limitations: on the one hand, it is useless to get
small-scale details on the local geology, when the numerical mesh is bounded to
resolve up to, say, 2 Hz, in order to make the number of degrees-of-freedom and
the computer time affordable. On the other hand, even with unlimited computa-
tional resources, a detailed in-field survey on a vast area is very seldom available.
For this reason, extending the frequency limit of 3DPBNSs beyond about 2 Hz is
nowadays practically meaningless, unless focus is limited to predicting ground
motions at rock or stiff soil sites.

For the Istanbul case, according to the geotechnical site characterization pro-
vided by Ozgiil (2011), the following procedure has been adopted to define the 3D
soil model. First, the maps presented by Ozgiil (2011) have been digitized to ob-
tain the distribution of Vs 30 and rock/soil classification for the whole Istanbul re-
gion. Second, by making use of three sets of data, namely, Vs 30, rock/soil map and
slope information, six site classes have been assigned ranging from Vs 3o =250 m/s
to Vs30 = 1350 m/s, see Figure 3b and, for each class, a Vs profile has been consid-
ered, as shown in Figure 3c.

Although a non-linear visco-elastic model is available in SPEED, as introduced
by Stupazzini et al. (2009), this was not used in the present numerical simulations,
and results presented in this work refer to the linear visco-elastic case, where qual-
ity factor correlation of ground motion intensities among multiple sites and among
different spectral periods is not accounted for.

The seismic source model

The second set of input data refers to the seismic source model. Two basic fami-
lies of models exist: (1) dynamic source models, where rupture is initiated by
specifying a stress perturbation within a given, more or less irregular, area of the
fault to reach a yield condition and introducing suitable friction relationships be-



tween stress and the resulting fault slip (Madariaga and Olsen, 2002); (2) kinemat-
ic source models, where a more or less heterogenous distribution of co-seismic
slip is applied along the fault, together with a slip source function, typically in the
form of a sigmoid function, with initiation time and length depending on the local
rupture velocity and rise-time, respectively. As shown in Figure 4, a kinematic
source model, requires to input, on each node of the fault plane, both the mechani-
cal properties of the fault material (e.g. shear modulus) and the kinematic proper-
ties for the characterization of the space-time evolution of seismic slip.
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Fig. 3. Top: bathymetry and digital elevation model of the Marmara Sea area adopted in SPEED.
Bottom: map of classes of Vg3 based on Ozgiil (2011) and simplified velocity profiles for each
Vs 30 class, adopted in SPEED.

The kinematic approach is preferred in most engineering applications of 3DPBNS,

because it complies with the following key features:

- it is cost-effective, i.e., it does not imply a significant increase of the computer
time;

- it can be adapted to model effectively not only the low-frequency, but also the
high-frequency seismic energy radiation.



The latter feature requires the spatial slip distribution along the fault, as well as
the other fault parameters, such as the rise time, the peak time of the slip, the rup-
ture velocity, to fulfill spatial correlation constraints derived from dynamic rupture
simulations (see e.g., Mai and Beroza, 2003; Gallovi¢ and BrokeSova, 2004;
Causse et al., 2009). In the SPEED code, the kinematic approaches proposed by
Herrero and Bernard (1994) and by Crempien and Archuleta (2015) were imple-
mented. In the first one, the heterogeneities of the slip distribution are assumed to
present a k™ spectral decay in the wavenumber domain, leading to the Brune
(1970) spectrum @ fall-off in the frequency domain, while in the second one a
comprehensive recipe was proposed for broadband seismograms generation based
on correlation of fault parameters, complying with the SCEC validation criteria
(Goulet et al., 2015).
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Fig. 4. Sketch of kinematic numerical modeling of an extended seismic source.

Both kinematic approaches mentioned above are then suitable to generate broad-
band input motions for future earthquakes with prescribed Magnitude along a giv-
en fault, by setting random variability of the fault parameters. In Figure 5, the
sketch of the Marmara Sea area under study is provided, together with the North
Anatolian Fault (NAF) segmentation and the slip distribution models for the sam-
ple M,,7 scenario earthquakes considered in the following. Three modes of fault
rupture propagation are selected, with reference to directivity condition with re-
spect to Istanbul: forward (scenario 1), neutral (scenario 2) and backward (scenar-
io 3) directivity.

The SPEED numerical model of the Marmara Sea region

Finally, the information above is condensed into a spectral element numerical
model (Figure 6), consisting of more than 2 million hexahedral elements and cor-
responding, with a spectral degree N=4, to about 500 million degrees of freedom.
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Fig. 5. (a): Tectonic setting of the North Anatolian Fault, reproduced from Bohnoff et al. 2013.
The fault segment investigated, the bold red line, is the eastern part of the current Marmara seis-
mic gap. The black line marks the observed rupture zone of the 1999 Izmit event, while the
dashed red line indicates its potential link with the Princes Islands segment. (b) Geometric
scheme of the fault considered in this study and location of Istanbul identified by grey points. (c)
Three fault slip distributions generated according to Herrero and Bernard (1994) approach for a
Mw 7.0 earthquake scenario and different directivity conditions with respect to Istanbul: forward
(scenario 1), neutral (scenario 2) and backward (scenario 3) directivity. The epicenter locations
are represented by black stars.

The spectral degree was selected in order for the maximum frequency to be ac-
curately propagated by the numerical integration scheme to be about 1.5 Hz (using



a rule of thumb of about 5 grid points per minimum wavelength in heterogeneous
media modelled by spectral elements, according to Faccioli et al., 1997). The runs
were carried out at the Fermi supercomputer (now replaced by Marconi) at
CINECA, Italy, requiring about 24 h with 8192 cores for simulating T=60 s of
wave propagation with a time step At=0.001 s.

Thirty earthquake ground motion scenarios were generated, with M,, ranging
from 7.0 to 7.4, by randomly generating the kinematic slip distribution according
to either Herrero and Bernard (1994) or Crempien and Archuleta (2015) ap-
proaches. For most of M,,7.0 earthquakes, only segment 1 in Figure 5b was acti-
vated, while, for all M, 7.2 and 7.4 earthquakes, rupture extended to the three
segments of the NAF facing Istanbul. As shown by Infantino (2016), the convex
shape itself of the NAF along the Marmara Sea and its relative position with re-
spect to Istanbul makes it more likely that a directive scenario may occur in the
city.
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Fig. 6. Sketch of the SPEED numerical model.

Producing broad-band synthetics from 3DPBNS

One of the main drawbacks of 3DPBNS is that synthetics are reliable only in
the long period range, typically above 0.75-1 s, owing to the limitations posed
both by computational constraints as well as by lack of detailed data to con-
strainthe soil model as well the source at high frequency (see overview in Paolucci
et al., 2014). On the other hand, earthquake engineering applications need broad-
band (referred to as BB hereafter) ground motion time histories with realistic fea-
tures in a range of frequencies that is broad enough to cover the vibration charac-
teristics of fundamental and higher modes of the structures, say from 0 to 25 Hz.
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The most commonly used approach to produce BB waveforms relies on a hy-
brid modelling which combines in the frequency domain the low-frequency wave-
forms from 3DPBNS with high-frequency signals from stochastic approaches,
based either or point- or finite- source modeling (e.g., Boore, 2003; Motazedian
and Atkinson, 2005) or Empirical Green’s function (e.g., Kamae et al., 1998; Mai
et al., 2010). The main disadvantages of such an approach, especially when ap-
plied for hazard assessment at regional scale, are the lack of correlation between
the low and high frequency parts of ground motion and the strong impact of the
choice of the transition frequency over which the deterministic and stochastic
parts of the Fourier spectrum are glued.

In this work, an approach based on Artificial Neural Networks (ANN), referred
to as ANN2BB, has been adopted. Referring to Paolucci et al. (2017) for a thor-
ough introduction of the method and verification tests against real case studies, we
summarize herein its key points. Denoting by T* the minimum period of the
3DPBNS-based synthetics, the ANN2BB approach consists of the following steps:

a) an ANN is trained based on a strong motion records dataset (namely,
SIMBAD, see Smerzini et al. 2014), separately for horizontal (geometric
mean) and vertical components. The ANN allows to predict short period hori-
zontal/vertical spectral ordinates (T < T*) taking as input the long period ones
obtained from the 3DPBNS (T > T*);

b) for each simulated waveform, a target ANN2BB response spectrum is gener-
ated by application of the previously trained ANN: therefore, the resulting
spectrum is equal to that simulated by 3DPBSN at long periods, while at short
periods it consists of the ANN outputs;

c) a hybrid 3DPBNS-stochastic modeling is applied to inject high-frequency in
the simulated low-frequency waveform and, hence, to make it usable for the
following step;

d) finally, the hybrid waveform is iteratively modified in the frequency domain,
with no phase change, until its response spectrum matches the target
ANNZ2BB spectrum.

In Paolucci et al. (2017) it has been demonstrated by comparison with earth-
quake observations that this approach allows: (i) to obtain realistic waveforms
both in time and frequency domains, in line with earthquake observations; (ii) to
predict maps of short-period peak values of ground motion incorporating those ef-
fects reproduced by the physics-based simulations, such as source directivi-
ty/directionality and complex basin effects; (iii) to preserve the spatial correlation
features of ground motion, of particular interest for seismic hazard assessment at
regional scale.

The ANN2BB approach was used to process all ground motion scenarios pro-
duced by SPEED. In Figure 6 a sample of results is shown, consisting of the NS
acceleration (top) and velocity (bottom) time histories at four sites in the Istanbul
area, for the 3 selected scenarios (see Figure 5). Realistic time histories can be ap-
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preciated, together with the consistency of arrival times and dependency of simu-
lated ground motion on the directivity features of the rupture scenario, with largest
values corresponding to Scenario 1, where the largest asperities are aligned along
the pathway from the hypocenter to Istanbul.
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Fig. 7. NS components of acceleration (top) and velocity (bottom) time histories at four sites in
Istanbul, obtained with three different earthquake scenarios (1, 2 and 3) of M,, 7.0 identified by
different colors. The fault is shown with a continuous black line while the epicenter positions are
represented by stars. Slip distributions are illustrated in Figure 4.

In Figure 8, the effect of ANN2BB post-processing is illustrated in detail, with
reference to the Scenario 2 synthetics at the Ayasofya site. It is clear that pro-
cessing enriches the high frequency portion of the waveform, while keeping the
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medium-to-low frequency portions practically invariant, as can be seen by the ve-
locity and displacement time histories.
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tude Spectra and Response Spectra for the three components at the site of Ayasofya obtained
with the 3D PBNS (thin red line) and ANN2BB (black line) for Scenario 2 (Fig. 5b).

Finally, we show in Figure 9 the maps of horizontal (geometric mean) peak
ground velocity (PGV) for the three considered scenarios, together with the medi-
an PGV map for the whole set of M,,7 scenarios, as well as the median PGV map
according to the GMPE proposed by Cauzzi et al. (2015), referred to as CEA15. It
can be observed that there is a good agreement in terms of median values provided
by the GMPE for the M,,7 scenarios, with the median map approaching the neutral
directivity Scenario 2, especially in the western part of Istanbul. It should be noted
that, as discussed by Infantino (2016), such agreement is not found any more for
those scenarios involving rupture along the three segments of the NAF (M,,7.2 and
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7.4), for which only the incorporation of forward directivity effects in GMPEs
(such as Bray and Rodriguez-Marek, 2004) can explain the high ground motion
values obtained in Istanbul area.
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Fig. 9 Top: horizontal (geometric mean) PGV maps of the M,,7 scenarios considered in this
work. Bottom: median PGV map based on all the 30 M,,7 scenarios (left) compared with the cor-
responding map based on the GMPE by Cauzzi et al. (2015) — CEA15.

How to take advantage of 3DPBNS in the framework of
probabilistic seismic hazard assessment

In a nutshell, probabilistic seismic hazard assessment (PSHA) at a site can be set
in the form

[IM > x] = Z Prob[IM > x|scenarioj]Prob[scenarioj] €))
j=LN

where IM is a given ground motion intensity measure. In the classical PSHA, the
N scenario earthquakes may occur throughout a seismic zone with annual proba-
bility Prob[scenario;] given by a frequency-Magnitude relationship set in the form
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of the classical Gutenberg-Richter relationship, or other forms, including e.g. the
characteristic earthquake model. The ground motion attenuation model is defined
within the first factor at the right-hand side of eq. (1), and it is typically provided
through a GMPE. Therefore, in the classical PSHA, eq. (1) is typically expressed
in the form, referred for simplicity to a single seismic zone:

Prob[IM > x] = fff Prob[IM > x|m,r, &l fyy(m) fr(r) f(&)dmdrde (2)

where f() denotes a probability density function, R is the distance from the site of
a small area within the seismic zone where a magnitude M earthquake occurs, and
¢is the spread of the GMPE.

In principle, moving from a GMPE-based to a 3DPBNS-based PSHA implies
only the different evaluation of the term Prob[IM>x|m,r,&]. In the first case, this
term is computed based on the ergodic assumption that the probability distribution
of IM can be obtained based on statistical evaluation of datasets of strong motion
records from other regions of the world with similar tectonic framework. In the
second case, it is computed by repetition of 3DPBNS of a given scenario earth-
quake at the site, in a number sufficient for a reliable evaluation of the probability
distribution. For simplicity of notation, we will denote by PSHAe the enhanced
seismic hazard assessment based on 3DPBNS.

Although PSHAe provides an obvious advantage to the standard GMPE, as al-
ready discussed in the Introduction, there are few examples in the literature of
practical applications of such PSHAe (see e.g., Convertito et al., 2006; Graves et
al., 2011; Villani et al., 2014), especially because of the large computational effort
implied by computing the term Prob [IM>x|scenario], extended to all potential
scenarios, from low to large magnitude earthquakes.

For this reason, it is wise to limit application of the PSHAe to those contexts
where seismic hazard is dominated by few near-source scenarios, for example a
characteristic earthquake from a known seismic fault, with a relatively narrow
range of possible magnitudes. The resulting framework for PSHAe may be set as
in Figure 10, where GMPE-based and 3DPBNS-based PSHA are combined and
applied selectively in their suitable ranges of magnitude.

Two different approaches may be envisaged for application of the PSHAe.
With reference to Figure 11, the histograms at four sites in the Istanbul area are
considered, showing the frequency distribution of computed PGV values accord-
ing to 30 realizations through 3DPBNS of a M,,7 event along the North Anatolian
Fault segment considered in this work. Frequency histograms are compared with
the lognormal distribution, fit on the numerical results, as well as the correspond-
ing distribution from two GMPEs (Cauzzi et al., 2015 — CEA15; Chiou and
Youngs, 2008 — CHYOO08).
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Fig. 10. A frequency-magnitude relationship explaining the range of applicability of different
ground motion prediction models in the framework of an enhanced PSHA.

The first approach was called high-resolution PSHA by Villani et al. (2014)
and consists, for the considered scenario earthquake, of replacing the moments of
the lognormal distribution from the GMPE with those obtained from the 3DPBNS
at each site of interest. This approach was implemented in the CRISIS software
(Ordaz et al., 2013) through the so-called generalized attenuation functions
(GAF). Of course, this GAF-based PSHAe is expected to provide different results
from the GMPE-based PSHA, if the resulting probability distributions are signifi-

cantly different.
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Fig. 11. Frequency histograms of simulated PGV for the 30 M,,7 earthquake ground motion sce-
narios simulated by SPEED at the 4 Istanbul sites considered in this study. Superimposed are the

lognormal models based on the GMPEs by Cauzzi et al (2015) and Chiou and Youngs (2008).
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However, comparing the frequency histograms with the probability density
functions, it turns out that maximum PGVs from 3DPBNS are bounded, while
those resulting from the extrapolation based on the probability model are not. This
poses a well-known problem in the PSHA: whether or not bounded upper limits
for the intensity ground motion measures should be placed in the PSHA (e.g.,
Abrahamson, 2000; Bommer et al., 2004; McGarr and Fletcher, 2007). Especially
for the rare events implied by long return periods, integration along an unbounded
range of variability of the ground motion parameters may provide in some cases
very (and possibly unrealistically) conservative results. 3DPBNS may be helpful
to provide site-specific limits for such upper bounds, if a sufficiently large set of
realizations of the scenario is considered.

These arguments support consideration of a different approach for PSHAe,
which takes full advantage of the 3DPBNS results, without postulating a probabil-
ity model for ground motion. In this footprint-based PSHAe approach (Stupazzini
et al. 2015), all realizations of the scenario earthquake are considered within a log-
ic-tree framework, each with the same weight (Figure 12). This means that the
probability distribution will be the same as provided by the frequency histogram,
avoiding the extrapolation to assign non-zero probabilities to values of IM not re-
sulting from the 3DPBNS. Furthermore, another potential added value of such an
approach is that the spatial correlation structure of the results of PSHA is better
maintained than with other approaches, since it does not suffer of the smoothing
effects of the assumed probability model.
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Fig. 12. Integration of the 3D PBNSs into a logic tree approach according to Stupazzini et al.,
2015 (M,: magnitude, Lj: location, Dj: depth, GMPE;: ground motion prediction equation, 3D
PBNS;: 3D physics-based scenario, wj: weight).

Figure 13 illustrates the results of the footprint-based PSHAe based only on 3D
PBNS:s (i.e. assigning zero weight to the GMPE branch, see Figure 12) in terms of
horizontal (geometric mean) PGV hazard maps, for the return periods Tg = 475
and 975 years, compared with the corresponding hazard maps obtained using the
GMPEs by Chiou and Youngs (2008), Cauzzi et al. (2015) and Bray and Rodri-
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guez-Marek (2004). The latter was calibrated only adopting nearfield accelero-
grams presenting clear forward-directivity effects. Therefore, the predicted PGV
tends to differ substantially from the prediction of Chiou and Youngs (2008) and
Cauzzi et al. (2015). Another peculiar feature of the Bray and Rodriguez-Marek
(2004) work, is that it distinguishes only between rock and soil and therefore it
takes into account the variation of Vs 3o only up to a limited extent. This explains
the more homogeneous maps obtained with this GMPE.
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Fig. 13. Seismic Hazard Analysis based on 3D PBNSs, Chiou and Youngs (2008), Cauzzi et al.
(2015), Bray and Rodriguez-Marek (2004) (from left to right). The hazard maps are presented in
terms of PGV (m/s), geometric mean of the horizontal components, for Tg = 475 years (top) and
975 years (bottom).

It is worth noting that, for T = 475 years, the hazard map based on 3D PBNSs
is lower than that obtained adopting Bray and Rodriguez-Marek (2004), while it
agrees relatively well with the hazard map obtained using the other two GMPEs.
On the contrary, for T = 975 years, the hazard map obtained adopting Bray and
Rodriguez-Marek (2004) shows amplitudes of ground shaking similar to the haz-
ard map produced by 3DPBNSs, while the two hazard maps based on the other
GMPE:s are systematically lower. As already mentioned and discussed in Infantino
(2016), these results are due to the lack of back-directivity events of large magni-
tude (i.e. My, 7.2 and 7.4), associated with the convex shape of the fault trace and
its position with respect to the urban area of Istanbul, that controls the ground mo-
tion intensities for the longer return periods.

As already mentioned the footprint-based PSHAe is an extremely CPU inten-
sive methodology and therefore the number of the 3DPBNSs to be simulated plays
a crucial role in terms of its applicability. In the recent time we are exploring dif-
ferent strategies that seems to be quite promising in order to reduce the computa-
tional effort by wisely selecting “a priori” the 3DPBNSs and successively
weighting them differently within our logic three.
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Conclusions

“For a large earthquake, the epicenter is not as helpful for engineers as is the
footprint” (Housner, 1999). With these words, one of the fathers of earthquake
engineering commented the evidence from the August 17 1999 Turkish earth-
quake that the damage distribution could only be understood based on information
of the dimensions of the faulted area and its position with respect to the site.

As a matter of fact, creating realistic realizations of future strong earthquake
ground motions from known seismic faults and thus providing credible input mo-
tions for applications has been for long time a dream of engineering seismology.
Within an application to future earthquake ground motions in Istanbul from the
North Anatolian Fault branch crossing the Marmara Sea, we have shown in this
paper the different and complicated steps involved, on the one side, in the creation
of a fully 3D physics-based seismic model, and, on the other side, in the pro-
cessing of numerical results and in their use for advanced applications of seismic
hazard analyses.

Many of such steps are not fully resolved yet, but we have given in this paper
some hints on how to cope effectively with them, within the intrinsic limitations of
the 3DPBNS approach, but preserving its undeniable advantage over standard em-
pirical approaches based on GMPEs.

More specifically, among the most important indications of this work, we list
the following:

- even in the presence of an unlimited computer power and of a vast
amount of knowledge, both on the seismotectonic, geological and geophysical
context, the level of detail of available input data for 3DPBNS will be very hardly
sufficient to solve frequencies larger than about 1.5 Hz: beyond this threshold, tak-
ing advantage of stochastic or hybrid methods is almost unavoidable;

- the proposed creation of broad-band synthetics based on an artificial neu-
ral network trained on strong motion records to provide a correlation between long
and short period spectral ordinates seems to be an effective approach to create
earthquake ground motion scenarios presenting a realistic spatial correlation struc-
ture and incorporating near-source and 3D site effects in a broad frequency range;

- to use results of 3DPBNS for seismic hazard analyses, a sufficient num-
ber of realizations is required to provide reliable distribution models to compute
the probability of exceedance of given ground motion intensity measures (IMs):
for this purpose, realistic random models for the kinematic co-seismic slip distri-
bution along the fault should be provided;

- with respect to the GMPE-based approaches, the probability distribution
models from 3DPBNS are expected to be more reliable, because they comply with
the specific characteristics of the area.
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Besides, it has been shown that the 3DPBNS approach allows one to avoid in-
troducing in the PSHA a more or less arbitrary probabilistic model of the IM, with
the well-known problem of assigning finite probabilities to extreme and unrealistic
values of ground motion.
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