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A set of 3D physics-based numerical simulations (PBS) of possible earthquakes scenarios in Istanbul along the North 
Anatolian Fault (Turkey) is considered in this paper to provide a comprehensive example of application of PBS to 
probabilistic seismic hazard (PSHA) and loss assessment in a large urban area. To cope with the high-frequency (HF) 
limitations of PBS, numerical results are first post-processed by a recently introduced technique based on Artificial 
Neural Networks (ANN), providing broadband waveforms with a proper correlation of HF and LF portions of ground 
motion as well as a proper spatial correlation of peak values also at HF, that is a key feature for the seismic risk 
application at urban scale. Secondly, before application to PSHA, a statistical analysis of residuals is carried out to 
ensure that simulated results provide a set of realizations with a realistic within-event and between-event variability 
of ground motion. PBS results are then applied in a PSHA framework, adopting both the “generalized attenuation 
function” (GAF) approach, and a novel “footprint” (FP) based approach aiming at a convenient and direct application 
of PBS into PSHA. PSHA results from both approaches are then compared with those obtained from a more standard 
application of PSHA with empirical ground motion models. Finally, the probabilistic loss assessment of an extended 
simplified portfolio of buildings is investigated, comparing the results obtained adopting the different approaches: (i) 
GMPE, (ii) GAF and (iii) FP. Only FP turned out to have the capability to account for the specific features of source 
and propagation path, while preserving the proper physically-based spatial correlation characteristics, as required for 
a reliable loss estimate on a building portfolio spatially distributed over a large urban area. 
 
KEYWORDS 
 
3D Physics based numerical simulations, near-source ground motion, probabilistic seismic hazard assessment, loss 
estimates of a distributed portfolio of assets. 
 
INTRODUCTION 
 
Being rooted in a PSHA framework [Cornell 1968, Esteva 1967,1968], this paper aims at highlighting the impact of 
different approaches used to propagate ground motions from the seismic source to the site. On this regard, empirical 
ground motion prediction equations (GMPEs) and 3D physics-based numerical simulations (PBSs) are generally 
presented as alternative tools, with basic advantages and limitations as summarized in Table 1. While the use of 
GMPEs is well consolidated in PSHA, PBSs are gaining popularity thanks to the ongoing progress in recent years, 
that allowed to validate real earthquake case studies and compare the simulation results with records (e.g. 
Razafindrakoto et al. 2018, Bradley et al. 2017, Evangelista et al. 2017, Taborda et al 2016, Goulet et al. 2015, Paolucci 
et al. 2015, Taborda and Bielak 2013, Smerzini and Villani 2012, Guidotti et al. 2011, Pilz et al. 2011). These studies 
encouraged the use of PBSs for PSHA, with approaches that may roughly be subdivided into two main groups. A first 
class intends to exploit the PBS results to improve the GMPEs hazard estimations. In this perspective, within the 
SCEC’s CyberShake Project, [Graves et al. 2011] computed an interpolated field of residuals between PBSs and 
GMPEs predictions and produced the seismic hazard map by adding such residuals to the original GMPE-based hazard 
map. Furthermore, [Abrahamson and Wooddell 2018] proposed to use 3D simulations to update the nonergodic 
spatially-varying coefficients of the GMPEs to be used in PSHA.  
A second class of research works aims at replacing empirical GMPE by PBS results within site-specific applications 
of PSHA: on the one hand [Villani et al. 2014], [Hutchings et al. 2007] and [Convertito et al. 2006] replaced the 
statistical moments from GMPE by those obtained from probability distribution of simulated ground motion, while 
on the other hand, [Tarbali et al. 2019] and [Stupazzini et al. 2015] directly integrated PBSs results into PSHA without 
postulating any probability distribution, but simply averaging out of the resulting scenarios. A further advantage of 
the latter approach is that it may directly incorporate within each ground motion scenario the site specific factors 
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affecting ground motion at a given site that the 3D numerical simulations allow to account for, such as soil nonlinear 
behavior [Roten et al. 2017, Taborda et al. 2012], geologic/topographic irregularities, basin effects or complex fault 
geometry. 
Owing to their different nature, the alternative between GMPEs or PBSs as tools to describe ground motion in a PSHA 
should be driven by the specific features of each case study [Paolucci et al., 2018a]. As a matter of fact, GMPEs find 
their natural domain of application whenever the tectonic and geologic features governing seismic hazard, as well as 
the earthquake Magnitude and source-to-site distance, fall within the range for which the GMPE was calibrated. When 
this is not the case, PBSs may be considered as a valid and rationale alternative, provided that site-specific information 
is sufficient to constrain a reliable 3D model of the seismic source and of the geology of the area. Validation with 
local records plays a key role to strengthen the adoption of both GMPEs and PBSs to the specific case study.  
With the objective to highlight the impact of seismic hazard and loss assessment by different approaches, either based 
on GMPEs or PBSs, in this work we will exploit the set of broadband PBS presented in [Infantino et al. 2020] to 
provide an application to Istanbul within a (re)insurance framework. Indeed, the concern on the high hazard caused 
by the proximity of Istanbul to the North Anatolian Fault, drove numerous national and international projects aimed 
both to update the Turkish hazard maps (for a comprehensive review see Akkar et al. 2018), and to improve hazard 
estimates (e.g. Spagnuolo et al. 2016, Ince 2012, Kalkan et al. 2009, Erdik et al. 2004, Atakan et al. 2002). Moreover, 
in addition to these GMPE-based studies, examples of seismic hazard and loss assessments from physics-based 
numerical simulations can be found in [Ansal et al.,2009], who coupled the results of simulated ground motions at 
bedrock in Istanbul  with 1D site-specific amplification studies and in [Mert et al. 2016], who provided physics-based 
hazard estimates in a limited number of sites. 
 

Table1 Advantages and limitations of GMPEs and PBSs (after [Paolucci et al. 2018a]) 
 

 GMPEs PBSs 

Advantages 

o Ease-of-use 
o Calibrated on earthquake records 
o Adapted to different tectonic 

environments and site conditions 

o Flexibility to produce time 
histories of simulated ground 
motions in arbitrary site and 
source-specific conditions 

o Naturally accounting for the 
spatial correlation of simulated 
ground motions 

o Numerical laboratory to gain 
insight into the earthquake 
physics and seismic wave 
propagation phenomena 

Limitations 

o Lack of records to constrain important 
conditions, such as near-source and 
complex geological environments 

o Only peak values of motion 
o Recalibration when new data are 

available 
o In most cases, no explicit spatial 

correlation of ground motion intensities 
among multiple sites and among 
different spectral periods  

o High-frequency computational 
and modelling limit 

o High computational costs 
o Need of expert users 
o Need of spatially extended 

information to construct a 
reliable 3D model 

 
The paper is organized as follows. First, the numerical approach is shortly introduced, making reference to [Infantino 
et al., 2020] for a more comprehensive description. Second, an overview of the ANN-based approach to estimate the 
short period response spectral ordinates based on the long period values obtained from PBS is introduced, making 
reference in this case for further details to [Paolucci et al., 2018b]. Before application to PSHA, a statistical analysis 
of the residuals from the set of PBS is carried out in order to ensure that the simulated results provide a set of 
realizations of future ground motions in the Istanbul area with a realistic within-event and between-event variability. 
Subsequently, the PBSs are introduced into a PSHA framework and results critically compared with the outcomes of 
a conventional GMPE–based PSHA [Cornell 1968, Esteva 1967,1968]. 
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Finally, with the objective to provide a simplified example of application demonstrating the relevance of PBSs in 
catastrophic risk modelling, the expected loss on an artificial building portfolio distributed over the entire metropolitan 
region of Istanbul are computed.  
 
OVERVIEW OF THE NUMERICAL APPROACH AND GENERATION OF BROADBAND 
WAVEFORMS 
 
The numerical approach to obtain broadband PBSs couples a full 3D wave propagation scheme for generating low-
frequency waveforms and a method based on the use of Artificial Neural Network (ANN) to enrich the high frequency 
content. Regarding the former contribution, the low-frequency numerical simulations were carried out using the open-
source code SPEED (Spectral Elements in Elastodynamics with Discontinuous Galerkin) which allows to simulate 
the earthquake rupture and the propagation path from the source to the site including localized geological irregularities 
and complex fault geometries. For details on the numerical code, the mathematical formulation and main applications, 
the reader is referred to the relevant publications [Antonietti et al. 2018, Mazzieri et al. 2013] and to the dedicated 
website (http://speed.mox.polimi.it/). The frequency threshold up to which the PBSs can be considered reliable is 
mainly related to the level of detail of both the seismic source description and of the information used to setup a 3D 
soil model. Broadband synthetics, required in several civil engineering applications, are generally obtained coupling 
in the frequency domain the low-frequency (LF) PBS with the high-frequency (HF) waveforms from stochastic 
methods, based either on point- or on finite-source modeling (e.g., Motazedian and Atkinson 2005, Boore 2003) or on 
Empirical Green’s functions (e.g., Mai et al. 2010, Kamae et al. 1998). Despite very popular, such a hybrid approach 
suffers of a twofold drawback which limits its use mainly for regional applications: first, the LF and HF parts of the 
resulting hybrid broadband waveform may lack correlation, because they are typically obtained by independent 
numerical approaches; second, while the spatial correlation of LF peak values of ground motion is ensured by the 
PBS, this may not occur for the HF part, since it is driven by stochastic approaches. For these reasons, we opted for 
the alternative approach already presented and validated in [Paolucci et al. 2018b], referred to as ANN2BB, which 
takes advantage of ANN, generally used to estimate the nonlinear relationship between input and output variables for 
the correlation of which fast- and closed-form rules are not available.  In our case the input variables are the LF spectral 
acceleration (SA) for 𝑇𝑇 ≥ 𝑇𝑇∗, where 𝑇𝑇∗is the threshold period corresponding to the range of validity of PBS, while 
the outputs are the HF SA. The ANN here considered is called multilayer perceptron [Bishop and Roach 1992, Bishop 
1995] and consists of a two-layer (i.e., nodes are grouped in layers) feed-forward (i.e., the arcs joining nodes are 
unidirectional, and there are no cycles) neural network with sigmoid hidden neurons (the so-called activation 
functions) and a linear output neuron (Figure 1a). The number of nodes in the input 𝑁𝑁𝑛𝑛𝑖𝑖  and output 𝑁𝑁𝑛𝑛𝑜𝑜 layer equals the 
number of input variables 𝑁𝑁𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿 and output variables 𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆, respectively. Once specified the ANN design, the ANN2BB 
procedure consists of the three main steps sketched in Figure 1, with details provided in [Paolucci et al. 2018b]: (1) 
the ANN is trained on a strong-motion dataset, to correlate short-period (𝑇𝑇 < 𝑇𝑇∗) spectral ordinates with the long-
period ones (𝑇𝑇 ≥ 𝑇𝑇∗); (2) the trained ANN is used to obtain the short-period spectral ordinates of the physics-based 
earthquake ground motion for periods below 𝑇𝑇∗ (Figure 1b); and (3) the LF PBS are enriched at high frequencies by 
an iterative spectral matching procedure, until the response spectrum approaches within a given tolerance the short-
period target output of the ANN (Figure 1c).  
[Paolucci et al., 2018b] introduced the ANN-based technique taking advantage of a training strong-motion dataset 
within a limited set of magnitude (from 5 to 7) and distance (up to 30 km), specific to the Italian context of seismic 
hazard evaluations. Considering the validation test of the 2012 Mw6 Po Plain earthquake, they showed that the 
treatment of the PBS waveforms by the ANN2BB approach is able to : (i) describe ground shaking spatial variability 
even at short periods incorporating source and geological effects; (ii) produce realistic time histories and peak ground 
values consistent with records; (iii) reproduce the spatial correlation structure of the ground motion also in the HF 
range. Since the range of magnitude and distances considered previously were not sufficiently extended to cope with 
this application to Istanbul, we decided to train the ANN with the Next Generation Attenuation (NGA)-West2 dataset 
[Ancheta et al. 2014], covering distances up to 100 km and magnitude up to 7.7. 
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Figure 1  a) Training scheme of the ANN used in this study: the long-period spectral ordinates 
𝑺𝑺𝑺𝑺(𝑻𝑻 ≥ 𝑻𝑻∗), in which 𝑻𝑻∗ is the minimum period of validity of the physics-based numerical model, represent the 
teaching inputs whereas the short-period ones 𝑺𝑺𝑺𝑺(𝑻𝑻 < 𝑻𝑻∗) are the outputs predicted by the ANN; b) example 
of a broadband spectrum obtained by means of ANN2BB procedure: for a given ground motion, SA at short 
periods (𝑻𝑻 < 𝑻𝑻∗) are obtained through ANN while at long period (𝑻𝑻 ≥ 𝑻𝑻∗) by PBS; c) scaling to obtain 
broadband time histories starting from the LF simulated waveforms. Adapted after [Paolucci et al., 2018b]. 
 
 
3D PHYSICS-BASED NUMERICAL SIMULATIONS 
 
The site-specific physics-based PSHA considered in this work was developed from the set of PBS ground motion 
scenarios, considering earthquake rupture scenarios of Magnitude ranging from 7 to 7.4 along the ~100 km seismic 
gap of the North Anatolian Fault (NAF), offshore of Istanbul (Turkey). While for a detailed overview we refer to 
[Infantino et al. 2020], here we limit ourselves to summarize the main features of the 3D numerical model and the 
most salient outcomes.  
The 3D geological model was constructed combining: (i) the digital elevation and bathymetry model 
(http://www.cgiar-csi.org); (ii) a horizontally layered deep crustal structure [Gürbüz et al. 2000] and (iii) a 3D shallow 
geological model of S and P wave velocities (VS and VP) variable both in the horizontal and vertical direction based 
on the information provided by [Özgül 2011]. A visco-elastic soil model was assumed with a frequency proportional 
quality factor Q = Q0∙f/f0, where Q0 = VS/10 and f0 = 1Hz. 
Such a model was then combined with the source model, constructed based on seismotectonic knowledge. The strike-
slip NAF portion considered, whose geometrical description was obtained from the GEM (Global Earthquake Model) 
platform (https://www.globalquakemodel.org/), is located about 20-30 km South-West and South of Istanbul and 
consists of three main segments extending over a length of ~100 km with a concave shape pointing towards Istanbul 
(Figure 2). A kinematic source description was applied along the fault in terms of a heterogeneous co-seismic slip 
distribution combined with a slip source function with initiation time and length depending on the local rupture 
velocity and rise-time. For this application two kinematic rupture models implemented in SPEED were considered, 
i.e. the model proposed by [Herrero and Bernard 1994], in which the heterogeneities of the slip distribution are 
assumed to present a k-2 spectral decay in the wavenumber domain, and the one proposed by [Schmedes et al. 2012] 
and further elaborated by [Crempien and Archuleta 2015] complying with the SCEC validation criteria. 
Therefore, the source and soil models were condensed into a spectral element numerical model, shown in Figure 2, 
covering an area of 165x100 km2 down to 30 km depth and consisting of hexahedral elements with a fourth order 
spectral degree selected in order to propagate a maximum reliable frequency of about 1.0 Hz. A minimum value of 
Vs,30 of 400 m/s was considered, corresponding to a minimum Vs at ground surface of 250 m/s (Infantino et al., 2020). 

http://www.cgiar-csi.org/
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Figure 2  Top: 3D numerical model, the solid line identifies the portion of North Anatolian fault 
considered in this study consisting of 3 segments; bottom: distribution of the hypocenters of the investigated 
PBSs along the fault segments. 

 
After verification with an independent numerical solution and after model validation with records of the Mw5.7 
earthquake occurred along the Marmara Sea branch of the North Anatolian Fault on Sep 26, 2019, presented elsewhere 
[Infantino et al., 2020; Stupazzini et al., 2020], a set of 66 PBSs (25 of MW7.0, 21 MW7.2 and 20 MW7.4), with different 
rupture velocities, mean rise time, depth of the top edge of the active fault and hypocenters distribution, as illustrated 
in Figure 2, were developed. 
The analysis of results revealed as the ground motion levels are controlled by source parameters such as fault 
geometry, rupture model and directivity phenomena. More specifically, comparison with standard GMPEs showed 
that, while results for MW7.0 are in good agreement, as Magnitude increases PBS tend to provide higher amplitudes 
of ground motion, mostly due to the effect of the geometry of the multi-segment NAF with respect to the city of 
Istanbul, that enhances the probability of forward directivity pulses in the urban area, as discussed in detail by 
[Infantino et al., 2020]. 
 
 
STATISTICAL ANALYSIS OF THE 3D NUMERICAL SIMULATION RESULTS  
 
Before integrating the PBSs into the PSHA framework, we addressed two key issues to check the applicability of such 
results, i.e., (i) whether the number of PBS is sufficient to provide stable estimates of the moments of ground motion 
and (ii) whether the complexity and variability of kinematic models of slip distribution is sufficient to provide a 
realistic between-event and within-event variability. 
 
Statistical moments of ground motion 
 
First, we estimated the lognormal distribution of peak ground motion at each site of the study area, together with the 
number of simulations for each scenario to provide stable measures of the first statistical moments.  
As an example, Figure 3 shows, for the Ayasofya site located at some 20 km distance from the NAF and with Vs,30 
around 650 m/s, the histograms of the frequency distribution of simulated horizontal PGV and PGA values according 
to the PBSs of MW7.0 (25 scenarios), 7.2 (21) and 7.4 (20) earthquakes, together with the lognormal distribution fit of 
the numerical results as well as the corresponding distribution from the CHYO14 [Chiou and Youngs 2014]  and 
BRRM04 [Bray and Rrodriguez-Marek 2004] GMPEs. Note that BRRM04 do not provide predictions in terms of 
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PGA. For the reasons thoroughly discussed in [Infantino et al. 2020] and shortly mentioned below, this comparison 
shows that the median predictions from the lognormal distribution (𝑚𝑚𝑦𝑦) according to the PBSs (black solid lines) and 
CHYO14 (black dashed lines) distributions are close for MW7.0 and 7.2, while they differ substantially for MW7.4, 
with the PBSs median (0.46 m/s) twice as large as the CHYO14 (0.23 m/s) but relatively close to the median value 
predicted by BRRM04 (0.36 m/s). 
 
 

 

 
 
Figure 3  Histogram and lognormal distributions (solid lines) fitting the PGV (top) and PGA 
(bottom) simulated in Ayasofya station using the set of PBSs of MW7.0 (left), MW7.2 (center) and MW7.4 (right). 
For each magnitude, the distributions estimated by CHYO14 (black dashed line) and BRRM04 (blue dashed 
line) are added, as well as the corresponding values of 𝒎𝒎𝒚𝒚 and 𝝈𝝈𝒍𝒍𝒍𝒍 (median and standard deviation, respectively, 
of the lognormal distribution). Predictions of PGA by BRRM04 are not available. 
 
We also notice that the standard deviation (𝜎𝜎𝑙𝑙𝑙𝑙) of the lognormal distribution from PBS results is generally smaller 
than provided by GMPEs, but that it is in reasonably good agreement with the fully non-ergodic values of about 0.4 
reported by [Al Atik et al., 2010] for both PGA and PGV. Furthermore, values of 𝜎𝜎𝑙𝑙𝑙𝑙 for PGA (driven by the ANN2BB 
procedure) are slightly less than those of PGV (driven by PBS), suggesting that the current version of ANN2BB may 
slightly underestimate the variability of short period ground motion with respect to the long period numerical 
simulations. 
 
To throw further light on these results, the values of 𝑚𝑚𝑦𝑦 and of 𝜎𝜎𝑙𝑙𝑙𝑙 from PBSs were estimated for the entire region of 
Istanbul, as shown in Figure 4.  
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Figure 4  Median (top) and Standard deviation (bottom) PGV maps considering the set of 
scenarios of MW7.0 (left), MW7.2 (center) and MW7.4 (right). The values were obtained assuming a lognormal 
distribution of the ground motion.  
 
As expected, the largest peak velocity median values occur at short distance from the rupture area, but it is also worth 
noting that the area subjected to the largest median values (up to about 1 m/s) extends significantly towards the interior 
of the Istanbul metropolitan area. It is important to remark here that the fault rupture of the MW7.4 scenarios entirely 
affects the portion of the NAF segments investigated. In fact, as shown by [Infantino et al., 2020], the convex shape 
of the NAF in front of Istanbul and its location relative to the megacity are playing a crucial role, enhancing the 
probability that the realizations of the MW7.4 scenario present forward directivity effects throughout the urban area of 
Istanbul (extending both on the East and West side of the Bosphorus Straits). This evidence provides a convincing 
explanation of the reason why the PBS results fit better the BRRM04 forward-directivity-based GMPE at Mw7.4 rather 
than CHYO14, while, as magnitude decreases, the conditions for prevailing forward-directivity in Istanbul tend to 
disappear and PBS results fit much better the CHYO14 predictions. 
Moreover, the variability changes significantly as a function of magnitude and of location. As a matter of fact, for a 
given MW, the largest values are found at the edges of the fault, probably because of the influence of source rupture 
directivity. This is suggested by observing the PGV variability obtained by the MW7.2 scenarios Southeast of Istanbul 
(bottom panel of Figure 4): indeed, depending on the slip distribution and hypocenter location along the fault segments, 
the area may lie within forward or backward directivity conditions with high event-to-event variability of ground 
motion. 
 
A key issue to limit the computational effort in the future is to evaluate the minimum number of scenarios required to 
capture such variability. To this end, we evaluated the stability of the estimates of 𝑚𝑚𝑦𝑦 and 𝜎𝜎𝑙𝑙𝑙𝑙 of simulated PGVs by 
making the number of scenarios per magnitude (#PBS) variable from a minimum of 5 up to the total number available 
(e.g.: for magnitude 7.2 the total number available is 21, therefore 5 ≤ #PBS ≤ 21). This process was randomly repeated 
50 times per each #PBS, creating 50 different permutations with repetition of #PBS scenarios. 
Figures 5 shows the mean, standard deviation and min and max values of 𝑚𝑚𝑦𝑦 and 𝜎𝜎𝑙𝑙𝑙𝑙 of PGV as a function of the 
number of simulations (#PBS) for each magnitude considered for the Ayasofya site, as shown in Figure 4. Moreover, 
the corresponding values predicted according the CHYO14 and BRRM04 GMPEs are indicated. It can be inferred 
that stable estimates of the moments of the lognormal distribution of ground motion can be obtained for a number of 
simulations equal to about 15, although in some cases such number may even be significantly lower. Although this 
cannot be considered as a general result, since different effects are not fully explored here (e.g.: average rupture speed 
variation, fault length and down dip width, rupture progress through the fault bend) it is interesting to note as such 
values are consistent with the findings of [Villani et al. 2014] who, carrying out a Physics-based PSHA in the Sulmona 
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area (Italy), by means of statistical analysis found that 15 is the minimum number of PBSs to obtain stable 𝜎𝜎𝑙𝑙𝑙𝑙 
estimates, while only 5 PBSs were found sufficient to achieve a stable estimate of 𝑚𝑚𝑦𝑦. 
 

 
 

 
 

Figure 5  Trend of the median, 𝒎𝒎𝒚𝒚, and standard deviation (ln), 𝝈𝝈𝒍𝒍𝒍𝒍, as a function of the 
number of MW7.0, 7.2 and 7.4 PBSs. For each value #PBS, 50 permutations with repetition were randomly 
selected. The mean (squares), standard deviation (red thick lines) and min and max values (grey thin lines) 
are shown and compared with the corresponding values predicted according the CHYO14 (black dashed line) 
and BRRM04 (blue dashed line) GMPEs.  
 
 
Analysis of between-event and within-event residuals 
 
As a second important test towards applicability of PBS results to PSHA, we verified whether the simulated scenarios 
provide a realistic picture of the different components of ground motion variability. For this purpose, the analysis of 
the ground motion residuals from the Istanbul PBSs dataset was conducted. 
Following the notation in [Rodriguez-Marek et al. 2011] and denoting by Yes the observed (or simulated) value of 
ground motion amplitude (logarithm) at station s from event e, by μes the corresponding predicted value, by 𝛿𝛿𝛿𝛿𝑒𝑒 and 
𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒 the between–event and within–event residuals, respectively, we can write:  

𝑌𝑌𝑒𝑒𝑒𝑒 = 𝜇𝜇𝑒𝑒𝑒𝑒 + 𝛿𝛿𝛿𝛿𝑒𝑒 + 𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒                                                                                                                                             (1) 
 

𝛿𝛿𝛿𝛿𝑒𝑒  represents the average misfit, computed among all stations, of the observed ground motion in an individual 
earthquake e from the median predicted by a GMPE. It is assumed to be a normally distributed random variable with 
zero-mean and variance τ2. On the other hand, the within-event residual, 𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒, is the misfit between an individual 
observation at station s and the event-corrected median estimate. It is assumed to be normally distributed with variance 
ϕ2

SS,s, where ϕSS,s is generally referred to as the event-corrected single-station standard deviation of the within-event 
residuals. Knowing ϕSS,s for each individual station s, the event–corrected single station standard deviation ϕSS of the 
within-event residuals for the entire dataset can be computed by averaging over all the stations and attributing equal 
weight to each of them. Then, assuming that 𝛿𝛿𝛿𝛿𝑒𝑒 and 𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒  are statistically independent variables [Rodriguez-Marek 
et al. 2011], the standard deviation of the total residuals for the entire dataset can be computed as: 
 
𝜎𝜎𝑆𝑆𝑆𝑆 =  �𝜙𝜙𝑆𝑆𝑆𝑆2 + 𝜏𝜏2                                                                                                                                                         (2) 
 
Following this procedure, an event-corrected single-station analysis of the standard deviation of Istanbul PBS results 
was carried out and compared with other published results based both on recorded [Lin et al. 2011, Chen and Faccioli 
2013, Villani and Abrahamson 2015] and simulated [Villani and Abrahamson 2015] datasets. More specifically, a 
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first comparison was made with the findings by [Chen and Faccioli 2013] based on records of the Christchurch seismic 
sequence, that is one of the very few recorded datasets within an urban area affected by earthquakes with different 
magnitude but from roughly the same seismic source. The dataset selected by [Chen and Faccioli 2013] consists of 
551 records obtained in 65 earthquakes recorded by 14 strong motion stations within the Christchurch area from 2010 
to 2012 from events in the Canterbury Plains (New Zealand) with MW ranging from 4.0 to 7.1, and hypocentral distance 
from about 10 to 100 km. While [Chen and Faccioli 2013] computed the residuals with respect to the GMPE proposed 
by [Faccioli et al. 2010], the PBSs residuals of this study were computed with respect to CHYO14. Figure 6 shows 
the standard deviation components obtained by our PBS results and by [Chen and Faccioli 2013]. Results are in 
reasonable agreement, considering that they come from two different regions and from datasets of different nature. 
 

 

 
 
Figure 6  Components of single-station standard deviation of simulations by this study (thick 
lines), Chen and Faccioli (thin lines) and by [Villani and Abrahamson 2015] (triangle and squares) and [Lin et 
al. 2011] (diamonds). 

 
Moreover, in Figure 6 the sigma terms obtained by [Lin et al. 2011] and [Villani and Abrahamson 2015] are denoted 
by markers. More specifically, [Villani and Abrahamson 2015] carried out the analysis for Spectral acceleration (SA) 
at 3s considering both records (1776 recordings) in Southern California and Cybershake PBSs [Graves et al. 2011] in 
the Los Angeles Basin (∼ 415,000 simulations x 63 sites) while [Lin et al. 2011] performed an analysis on the Taiwan 
records (4756 recordings from 64 earthquakes and 285 strong motion stations). With few exceptions, these results are 
in general good agreement, especially in terms of the between-event term τ, revealing as the set of realizations of fault 
slip distribution considered in our work ensures a realistic variability of earthquake ground motion, in good agreement 
with the findings from other independent researches. 
 
 
PHYSICS-BASED SEISMIC HAZARD ASSESSMENT IN ISTANBUL 
 
Physics-based PSHA formulations 
 
In a nutshell, probabilistic seismic hazard assessment (PSHA) at a site can be set in the form: 

𝑃𝑃[𝐼𝐼𝐼𝐼 ≥ 𝑥𝑥] = ∑ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�𝐼𝐼𝐼𝐼 > 𝑥𝑥|𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗�𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗�𝑗𝑗=1,𝑁𝑁                                                                                        (3) 
 
where 𝐼𝐼𝐼𝐼 is a parameter of ground motion intensity, 𝑥𝑥 denotes its possible values and 𝑁𝑁 is the number of considered 
earthquake scenarios. 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃[𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗] may typically be given according to a Gutenberg and Richter relationship 
[Gutenberg and Richter 1944] and the ground motion attenuation model is defined by 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�𝐼𝐼𝐼𝐼 > 𝑥𝑥|𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗�, 
which is often provided through a GMPE.  
GMPEs are usually developed under the ergodic assumption, according to which the GMPEs can be used at a given 
site even though they are based on statistical evaluation of datasets of strong motion records from other regions of the 
world with a similar tectonic framework. However, when using a fully non-ergodic (i.e., site-specific) approach as in 
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this work, the uncertainty may be strongly reduced, with important implications on the seismic hazard assessment 
[Abrahamson and Wooddell 2018]. 
Within a non-ergodic strategy, the term 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�𝐼𝐼𝐼𝐼 > 𝑥𝑥|𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗� of Equation (3) may be obtained by repetition 
of PBSs of scenario earthquakes at the site, in a number sufficient for a reliable evaluation of the probability 
distribution. Although physics-based PSHA provides an obvious advantage to the standard approaches based on 
GMPEs, as already discussed in the Introduction, there are few examples in the literature of practical applications of 
such physics-based PSHA. This is mostly because of the large computational efforts required  to carry out a sufficiently  
large number of numerical simulations for a reliable estimate of 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃�𝐼𝐼𝐼𝐼 > 𝑥𝑥|𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗�, from low to large 
magnitude earthquakes. For this reason, it is wise to limit the application of the physics-based PSHA to those contexts 
where seismic hazard is dominated by few near-source scenarios, from few known seismic fault and/or fault segments, 
with a relatively narrow range of possible magnitudes.  
In this study two approaches are adopted for the application of the physics-based 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 lognormal distribution fitting the 
frequency histogram of PBSs 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). 

In the second approach, denoted in this paper as footprint-based PSHA, the probability distribution is replaced by the 
frequency-histogram itself of occurrences of 𝐼𝐼𝐼𝐼 values at a given site. This is implemented in practice by averaging, 
with equal weight, all realizations of the scenario earthquake (Figure 7). In the perspective of seismic hazard 
assessment alone, i.e. without loss estimations, the main difference of the two approaches is that in the footprint-based 
an upper bound limit for the ground motion distribution is implicitly placed in the PSHA (e.g. McGarr and Fletcher 
2007, Bommer et al. 2004, Abrahamson 2000), consisting of the maximum value of the intensity measure among all 
simulations of the scenario earthquake. On the other hand, when using a GAF approach, a non-zero probability is 
assigned also to the occurrence of very high (and possibly unrealistic) values of IM, with potential impact on the 
evaluations at very long return periods. In the following, the effect of such difference will be explored on the Istanbul 
case study.  
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Figure 7  Integration of the PBSs into a classic logic tree approach (MW: magnitude, Li: 
location, Di: depth, GMPEi: ground motion prediction equation, PBSi: 3D physics-based scenario, wi: weight).  
 
 
APPLICATION TO ISTANBUL 
 
A multiple PSHA in Istanbul was carried out according to the two physics-based PSHA approaches previously 
outlined, with additional consideration of a standard GMPE-based PSHA, considering the empirical equation of 
[Chiou and Young 2014], CHYO14, which include a detailed description of the fault, site effects and multiple distance 
metrics. Of course, even if not considered in the present study, a further mixed approach aiming to incorporate both 
PBSs and GMPE estimations as different branches of the logic tree would be also possible for the purpose of SHA. 
To accomplish a consistent comparison, in the GMPE-based PSHA the background seismicity was neglected and the 
NAF segment shown in Figure 2 was taken as the only seismic source. The occurrence exceedance rates were set 
equal to 9.1·10-3 y-1, 5.9·10-3 y-1 and 4.0·10-3 y-1 for MW7.0, 7.2 and 7.4, respectively, according to representative 
values in the literature [Sesetyan et al. 2019; Bohnhoff et al. 2016]. 

For the GAF and GMPE approaches, an integration across the lognormal scatter of the ground-motion distribution 
(e.g. Bender 1984) up to 3σ was applied, which was found by [Bommer et al. 2004] to provide negligible discrepancies 
with respect to the whole-range integration down to annual frequencies of exceedance of the order of 10-4.  
Figure 8 shows the PGV seismic hazard maps using the different PSHA approaches for return periods of 475 years 
and 975 years. Results from GAF and footprint–based approaches are in good agreement, while they both produce 
systematically higher results than GMPE-based PSHA especially in the Eastern region and for long return periods, 
because of the source-directivity effects mentioned previously. Indeed, as discussed in detail by [Infantino et al., 
2020], the Eastern side of Istanbul and Prince Islands are the areas mostly affected by forward-directivity (FD) effects, 
especially for large magnitude.  
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Figure 8  PGV Hazard Maps for a return period of 475y (top) and 975y (bottom) according the 
different PSHA approaches envisaged in this study. From left to right: footprint, GAF and CHYO14 –based 
PSHA. 
 
To clarify this point, we also considered PSHA results obtained using the GMPE by [Bray and Rodriguez-Marek 
2004], BRRM04, developed to characterize the near-source FD ground motions, and compared them in terms of PGV 
hazard curves (Figure 9) computed for the 3 sites shown in Figure 8 and Figure 11. A clear trend is visible, with the 
physics-based PSHA results almost bounded on the lower side by the GMPE of CHYO14 and on the upper side by 
that of BRRM04. At the Airport site, which is seldom affected by FD effects, physics-based results are closer to 
CHYO14, while at Ayasofya and especially at Burgazada, on the Prince Islands, PBS results get closer to BRRM04. 
The key role that plays directivity in hazard assessment in Istanbul was highlighted also by [Spagnuolo et al. 2016] 
who applied the directivity correction factors for long periods developed by [Spudich and Chiou 2008] implementing 
them in four GMPEs to improve the PSHA in Istanbul. They found that the contribution of rupture directivity leads 
to an increase of seismic hazard up to 25%, while we found larger values for such an increase, reaching up to about 
80% in Burgazada, in the area mostly affected by rupture directivity, in terms of PGV and for annual probability 10-

3.  
Moreover, it is evident that the footprint hazard curves present an upper bound, because of the truncation to the 
maximum value, as discussed previously, while the GAF and GMPE hazard curves extend their prediction to very low 
annual probabilities of exceedance. 
 
 



Pre-print version. Published in Earthquake Engng Struct Dyn. 50(1): 99-115, Wiley, 2021. 
 

 

Figure 9  PGV Hazard Curves according to the different PSHA approaches considered for three 
samples sites shown in Figure 8. 
 
LOSSES CONSIDERING AN ARTIFICIAL PORTFOLIO OF ASSETS  
 
Besides being one of the key ingredients for definition of seismic actions for design, seismic hazard analysis is also 
preparatory to seismic risk assessment, allowing decision makers to determine the adverse consequences, typically 
measured in terms of fatalities and/or economic losses, that society might suffer as a result of future earthquakes, and 
estimating the probability of these consequences for a given time frame.  

To highlight the impact of the physics-based PSHA approach outlined in this paper, a simplified comparative 
probabilistic seismic risk analysis was performed based on GMPE, GAF and footprint. To this end, the three locations 
in Figure 8 were considered and, for the ease of clarity, it was assumed that a single building typology is present at 
the selected locations, specifically reinforced concrete low-rise (RC-LR) buildings. Furthermore, in order to disregard 
the effect of the spatial correlation of the ground motion at scenario level, it was decided to consider three different 
portfolios, each consisting of assets exclusively located in one of the previously mentioned sites (e.g.: the “Airport 
(Atatürk)” curves have been computed considering only assets located at that site and nowhere else). For this purpose, 
we considered the fragility curve proposed by [Özcebe et al. 2014] for RC-LR buildings, that provides the loss ratio, 
defined as the cost of repair to cost of replacement, as a function of PGV. Risk curves, shown in Figure 10, were 
therefore obtained in terms of Loss Exceedance Curves (LEC) normalized with respect to the Total Sum Insured TSI 
[Cardona et al., 2008], as typically defined in the (re)insurance industry. As expected, the LEC curves replicate the 
results obtained in terms of hazard (Figure 9): as a matter of fact, the curves based on GAF or footprint are similar 
and almost systematically bounded by CHYO14 on the lower side and by BRRM04 on the upper side.  
 

 
Figure 10  LEC results as function of the return period according to the different PSHA 
approaches for three representative sites shown in Figure 8 and adopting the Reinforced Concrete (RC) low-
rise (LR) vulnerability curve as proposed by Özcebe et al. (2014). 
 
It is worth to remark that the assumption of assets located at a single site at a time implies that the overall losses 
coincide with the individual loss at each site. 
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Conversely, the situation changes remarkably once that a set of locations, distributed all over the metropolitan area of 
Istanbul, is simultaneously considered, as schematically presented in Figure 11 (left). In this case, the spatial 
correlation of the ground motion plays a crucial role in defining the final loss pattern per scenario. It is worth to remark 
that both GMPE and GAF -based risk analyses were carried out assuming a distribution of the ground motion truncated 
at 3σ and, conversely, the footprint-based approach uses directly the PBS simulated in the area. 
 The LEC curves obtained for a spatially distributed portfolio (Figure 11, right panel) differ now significantly, with 
the following main features:  

- the classical GMPE-based approach shows initially a very steep slope but tends swiftly to a plateau with a 
maximum expected loss fairly below the one predicted by the other two PBSs methods and by [Bray and 
Rodriguez-Marek 2004]; 

- the [Bray and Rodriguez-Marek 2004] loss curve has a shape similar to the one obtained with the standard 
GMPE even if the losses values are remarkably higher; 

- the GAF-based curve (grey continuous line) has a peculiar “step-like” shape, intrinsically related to the 
limited number of simulated magnitudes. Indeed, independently from the location of the slip pattern along 
the fault, all scenarios sharing the same magnitude were adopted to calibrate the GAF parameters. 
Consistently, the spatial correlation existing at scenario level gets lost and the spatial random sampling, 
adopted in order to reproduce the lognormal distribution of the GAF, is unsuitable to recreate it;  

- finally, the footprint-based risk curve is naturally fit to provide realistic loss estimates because each scenario 
accounts for both: (i) the peculiarity of the near-field wave propagation (e.g. directivity effect) and the (ii) 
spatial correlation of ground motion. It is worth noting that at around 1000 years return period, the losses 
estimated with the footprint approach are similar to [Bray and Rodriguez-Marek 2004], due to the similar 
shaking levels predicted for the MW7.4 scenario. 

In a nutshell, while GAF and footprint-based approaches produce almost identical outcomes in terms of hazard 
assessment, the second one is highly preferable for risk analysis in large urban areas, unless GAF are supplemented 
by site-specific spatial correlation models. 
 
 

 
 
Figure 11   Left: distribution of the insured portfolio within the metropolitan area of Istanbul. 
Right: LEC curves as a function of the return period according to the different PSHA approaches for a portfolio 
of assets distributed as presented on the left side and composed only of Reinforced Concrete (RC) low-rise (LR) 
vulnerability curve as proposed by Özcebe et al. (2014). 
 
 
DISCUSSION AND CONCLUSIONS  
 
Within an application to seismic loss assessment in Istanbul from earthquakes triggered by the North Anatolian Fault 
branch crossing the Marmara Sea, we showed the steps needed to carry out a physics-based PSHA and loss assessment 
including: (i) the creation of a fully 3D physics-based seismic model, verified and validated [Infantino et al., 2020] 
(ii) the processing of numerical results to produce broadband spectral ordinates, (iii) the detailed check of the simulated 
ground motions, including a statistical analysis of the entire set of PBSs. The comparison against NGA-W2 GMPE 
shows a general good agreement for magnitudes 7.0 and 7.2, while large discrepancies have been observed for 
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magnitude 7.4 scenarios. Differences are explained in terms of prevailing forward directivity conditions towards 
Istanbul and the comparison with the GMPE by [Bray and Rodriguez-Marek 2004] supports this argument. 
More specifically, the present paper puts a special emphasis on the statistical analysis of the broadband synthetics and 
their use into a PSHA and loss assessment framework. With this objective, the seismic hazard outputs were first 
illustrated to show the main implications of such an approach, and, secondly, a simplified loss assessment was 
conducted to quantify the impact of the physics-based PSHA compared to the traditional GMPEs-based approach. 
At the end of this work, the advantages and limitations of considering PBSs as an additional tool in support of ground 
motion modelling for seismic hazard and seismic risk assessment may become clearer. As a matter of fact, we are well 
aware that our PBS results cannot yet encompass the variability that nature may provide to the complex physics of 
earthquake source, together with propagation path and local site effects. More particularly, the source parameterization 
range was limited not only by the high computational costs, but also by the difficulty in attributing a realistic 
probability of occurrence to several conditions, such as super-shear fault ruptures, although they may be dealt with 
easily by PBS. In this work we relied on the approach proposed by [Schmedes et al. 2012] as an effective recipe to 
generate realistic slip distributions complying with the results of dynamic fault rupture models and we proved that the 
resulting components of ground motion variability are in good agreement with results from literature of fully non-
ergodic approaches.  
We are also well aware that PBS may not rely on a sufficiently detailed 3D model within a computational domain of 
tens km of extension. However, the experience gained with the Istanbul case study lead us to conclude that coupling 
a crustal model with a comprehensive urban microzonation was sufficient to provide a realistic modelling of the area, 
as confirmed by the successful validation test reported by [Infantino et al., 2020]. Although this may provide 
satisfactory results for spatially distributed portfolios, a site-specific analysis related to a relevant structure or an 
industrial facility should account for a more detailed geological information and possibly involve the coupling of PBS 
results (e.g., at a reference outcropping layer) with a local model. 
Having these limitations in mind, it is worth mentioning that the application of PBS to the loss assessment in Istanbul 
clearly highlighted the key role of forward directivity effects for the Mw7.4 scenario, the occurrence probability of 
which increases because of the specific location of Istanbul with respect to the NAF and because of the shape itself of 
the fault. Neglecting such effects, as it would have been done by a standard application of GMPEs, would have led to 
an underestimation of the epistemic uncertainties and therefore to a substantial underestimation of losses, as shown in 
Figure 11. Furthermore, while PBSs naturally incorporate the spatial correlation of ground motion, that plays a key 
role in risk analysis especially when focused for geographically distributed portfolios (e.g.: [Crowley and Bommer, 
2006], [Akkar and Cheng, 2016]), GMPEs require a significant effort in order to reproduce it in a reliable way. 
We can conclude that integration of verified and validated PBSs within the probabilistic assessment of seismic hazard 
and seismic risk may provide an excellent complementary tool in support to standard approaches based on GMPEs, 
especially where the near-fault effects, fault geometry and/or complex 3D geological configurations, not sufficiently 
constrained by available records, might play a key role. Similar investigations in other urban areas, such as Beijing in 
China [Infantino et al. 2019; Antonietti et al, 2020] and Christchurch in New Zealand [Stupazzini et al. 2019] confirm 
the relevance of integrating PBS results into a PSHA, highlighting major variations in the risk evaluations in areas 
located in the proximity of active faults, especially if such areas are characterized by high population density.  
As a final comment to our work we like to quote [Housner 1999]: “For a large earthquake, the epicenter is not as 
helpful for engineers as is the footprint”. This sentence, related to the impact of the 17 August 1999 Izmit (Turkey) 
earthquake has inspired our research and should drive in our opinion future studies with the aim, based on carefully 
validated and verified PBS approaches, of better understanding and quantifying earthquake ground motion in the near-
source region as a key input to enhanced seismic hazard and seismic risk evaluation. 
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