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ABSTRACT

Spatial correlation of the ground motion plays a key role in all those applications requiring the definition of the
joint occurrence of ground motion intensities at several locations during the same earthquakes, such as in seismic
risk assessment of portfolios of buildings or spatially distributed infrastructure systems in large urban areas. In
spite the increasing amount of strong-motion records in recent years, the overall number of near source records
(i.e. Rrup < 5-10 km) remains extremely limited. For this reason, the strong ground motion in this region may be
insufficiently constrained in spite of its importance for a proper assessment of the potential losses. Therefore, in
this study we decided to take advantage of the 3D physics-based numerical simulations (3DPBNSs) demonstrating
their capability to reproduce the spatial correlation of the recorded earthquake ground motion. Geostatistical tools
are used to this end. Four different case studies worldwide have been considered: Po Plain (Northern Italy),
Thessaloniki (Greece), Beijing (China) and Istanbul (Turkey). The locations share the following features: (i)
proximity to a well-known mapped fault capable to trigger a severe earthquake, (ii) a relatively good description
of the geotechnical characterization of the soil and (iii) a reliable reconstruction of the deep alluvial structure. The
results obtained are compared against the real ones computed using the large set of stations which recorded the
2012 Po Plain earthquake and against some previously published studies on this topic. The results 3DPBNSs-
based were found consistent with the empirical ones demonstrating that numerical simulations can realistically
represent the real correlation structures at long and short periods.
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1. INTRODUCTION

The description of the ground motion scaling and attenuation plays a key role in the seismic hazard
assessment. Ground motion prediction equations (GMPEs), relations derived empirically from strong
motion databases of past earthquakes that define the distribution of expected ground motion intensity
measures as a function of magnitude, site parameters and distance from the source, are traditionally used
to this end. In most cases, GMPEs are an effective tool, relatively simple, easy to use and requiring
limited computational resources. However, GMPEs have several drawbacks that cannot be disregarded.
One of the most critical limitations is that GMPEs cannot reproduce the spatial correlation of the ground
motion, which is crucial in all those applications requiring the definition of the joint occurrence of
ground motion intensities at several locations during the same earthquakes, such as in seismic risk
assessment of portfolios of buildings or spatially distributed infrastructure systems in large urban areas
(Hong 2000; Park et al. 2007; Weatherill et al. 2015). To overcome this problem, several spatial
correlation models, which provide the intersite separation distance beyond which a given ground motion
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intensity measure can be considered uncorrelated, have been proposed. More specifically, some studies
analyze the recordings of a single earthquake (e.g., Boore et al. 2003; Wang and Takada 2005; Jayaram
and Baker 2009) while other consider observations from multiple earthquakes (e.g. Goda and Hong
2008a; Goda and Atkinson 2009; Goda and Atkinson 2010; Sokolov et al. 2010; Esposito and lervolino
2011 and 2012).

In recent years, stimulated by the increasing development of high performance computing, 3D physics-
based numerical simulations (3DPNBSs) have emerged as a powerful complementary (or alternative)
tool to the classic GMPEs-based approach to provide more detailed ground motion predictions during
real as well as future, realistic earthquakes. 3DPBNSs allow to model for a specific region all factors
that affect earthquake ground motion and that are not properly captured with GMPEs, furthermore they
make feasible the study of a multi-scale simulation from the seismic source to the structural response
within a single computational model (Mazzieri et al. 2013; Isbiliroglu et al. 2015). Thus, 3DPBNSs are
particularly important in regions with limited (or non-existent) observational databanks and also for site-
specific investigations, where the importance of different assumptions on the input parameters can be
studied (Douglas and Aochi 2008). Several authors demonstrated the effectiveness of 3DPBSs at global
(Graves 1996; Wald and Graves 1998; Pitarka et al. 1998; Komatitsch and Tromp 2002a,b) and regional
(Bao et al. 1998; Olsen 2000; Dumbser and Kiser 2006; Day et al. 2008; Tsuda et al. 2011; Smerzini
and Villani 2012; Taborda and Bielak 2014; Villani et al. 2014; Paolucci et al. 2015; Chaljub et al. 2015;
Gatti et al. 2017) scale. Nevertheless, in spite of the advantages of using the numerical simulations, some
drawbacks have been always pointed out as a reasonable justification to limit the use of this kind of
methodology only to few selected case study. More specifically, the main drawbacks of such an
approach are related to: (i) the high level of detail of input data required; (ii) computational cost due to
the large size of the 3D mesh; (iii) complexity to perform such simulations (expert users needed); (iv)
the range of frequencies over which numerical results are reliable is most often limited to lor 1.5 Hz. In
order to overcome the latter limitation, broad-band (BB) waveforms are generally obtained by means of
a hybrid approach, which consists of gluing low-frequency results from 3DPBNSs with high-frequency
signals from stochastic approaches. Despite its wide applications, the hybrid approach suffers also from
some relevant drawbacks due to the incapability of reproducing a realistic spatial correlation of the
ground motion at short period. In this sense, an efficient method based on the use of Artificial Neural
Networks (ANN) has been proposed by Paolucci et al. (2017) and, as a major outcome, was found to
produce the actual spatial correlation of peak values of ground motion both at short and long period.
This procedure will be referred to as ANN2BB in the following.

This paper aims at evaluating the spatial correlation of broadband 3DPBNSs, considering different
spectral ordinates, both at short and long periods. Four different case studies worldwide have been
considered: Po Plain (Northern Italy), Thessaloniki (Greece), Beijing (China) and Istanbul (Turkey).
The locations share the following features: (i) proximity to a well-known mapped fault capable to trigger
a severe earthquake, (ii) a relatively good description of the geotechnical characterization of the soil and
(iii) a reliable reconstruction of the deep alluvial structure. These simulations have been carried out
using the numerical code SPEED (http://speed.mox.polimi.it/), already successfully applied to other
case studies (e.g. Stupazzini et al., 2009; Chaljub et al., 2010, Smerzini and Villani, 2012; Evangelista
et al., 2017, Pilz et al., 2011, Guidotti et al., 2011, Paolucci et al., 2015, Paolucci et al., 2016) and
naturally designed to tackle large-scale seismic wave propagation problems including the coupled
effects of a seismic fault rupture, the propagation path through Earth’s layers and localized geological
irregularities such as alluvial basins and topographic relieves (Mazzieri et al. 2013).

The work is organized as follows. After having introduced the geostatistical tool used to evaluate the
spatial correlation, the main results are presented. More specifically, first, the 29 May 2012 Po Plain
earthquake, for which a wide set of near-source recordings at small to intermediate separation distances
is available, is taken as validation case study to compare the spatial correlation estimates from 3DPBNSs
with the observed ones. Secondly, the results obtained for the four cases are discussed and compared
against some previously published works on this topic.

2. OVERVIEW OF GEOSTATISTICS: ESTIMATING SEMIVARIOGRAMS

This section briefly introduces the geostatistical tools commonly used in seismology and in other fields
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to describe the spatial correlation of a random function. Let us consider a spatially distributed random
function Z(X) = (Z:1,Zx2, ..., Zsi, ..., Zxn), Where Z,; is the random variable considered at the site i located at
the place x;. Random variables are spatially correlated at some scale and it can be quantified by means
of the semivariogram y, a geostatistical tool that describes the average dissimilarity of two random
variables as follows:

1 1
V(2 22) = 5Var(Zu — 2) = 5E (i - 23] )

Where Var and E denote the variance and expected value respectively. Residuals of ground motion
intensity measures within a set of sites for a given earthquake are regarded as spatial random variables.
For each site, however, we do not have multiple realizations of a given earthquake, making it impossible
to draw inferences from it. Consequently, to overcome this limitation, researchers generally work under
the hypothesis of stationarity: the random function Z(x) is assumed a second-order (or weaker) stationary
process, which implies: (i) the expected value of the random variable Z, is constant across space: E(Z,)
= u, where u is constant; (ii) the covariance depends only on the separation distance vector h: C(h)=cov
(Zy, Zy+n), where C(h) is independent of x.

With the second-order stationary assumption the semivariogram depends only on the separation vector
h and covariance and semivariogram are equivalent:

YR = SVar(Zy — Zern) = 3 El{Zy ~ Zeaa] @
Y1) = C(0) ~ C(h) = o — C(R) 3

Where C(0) = a2 is the variance of Z.. Moreover, we can introduce the spatial correlation coefficient
defined as:
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p(h) = C)
Modeling the spatial correlation with semivariograms is generally carried out by the following steps: (i)
calculation of the sample semivariogram y(h) from the data set; (ii) selection of the proper
semivariogram model fitting the data; (iii) estimation of the parameters for the chosen model.

Referring to the first point, the sample semivariogram is estimated through the method of moments
(Matheron 1965):

N(h)

7 =i ;{zx,. ~ 2 )

where Zy; = Zx;+h is the difference between the data at sites separated by h and N(h) denotes the total

numbers of pairs at lag h. It is worth mentioning that the sample semivariogram can be computed using
the more robust estimator proposed by Cressie and Hawkins (1980), less sensitive to the outliers.
However, in this study, as in other similar works (e.g. Jayaram and Baker 2009; Loth and Baker 2011),
the formulation of Matheron (1965) (Equation 5) is used. Once that sample semivariogram is computed,
a functional form (negative definite) fitting the data has to be selected. The basic models generally used
to this end are the Exponential, Gaussian or Spherical models defined for an isotropic case (i.e. the
vector distance h is replaced by a scalar /) respectively by the Equations 6, 7 and 8 (see Figure 1).

y(h) =a [1 —exp (— Sb—h)] (6)
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Figure 1. Semivariogram models

The parameters definining the models, a and b, are called sill and range, and represent the variance of
the random process and the separation distance at which the data can be considered fully uncorrelated,
respectively.

In this work the exponential model has been used to fit visually the data starting from the least-squares
regression results. Although such “manual” fitting could seem subjective, it allows to define
semivariogram models that are more accurate at short distances, as explained in Jayaram and Baker
(2009).

3. SPATIAL CORRELATION OF STRONG GROUND MOTION FOR SOME CASE STUDIES

The procedure introduced in the previous section allows to estimate the theoretical semivariogram, y(h),
under the assumption of a full random process. The latter can be expressed through Equation 9, where
1 is the mean (assumed to be constant) and &(X) is a random variable of zero mean and covariance C(h).
If the random process has a trend (i.e. a gradual variation in space), such as in the case of ground motion
intensities which attenuate with distance, u varies in a predictable manner depending on the position (X),
see Equation 9, and the semivariogram has to be computed using the residuals g(x) (i.e. replacing Z, —
Zyop With &, — &,,p, in Equation 2 and 5).

Z(x) = u(x) + e(x) 9)

In order to compute the residuals of the ground motions most of the authors (e.g. Wang and Takada
2005, Jayaram and Baker 2009, Esposito and lervolino 2011, 2012) use the median predictions of
existing ground motion prediction models. These latter predict a prescribed spectral ordinate at period
k, at a site s due to the earthquake e and take the general form:

lOg Ysek = lOg 1?sek(l\/l' R’S: 6) + nek+£sek (10)

where Y., denotes the ground motion intensity measure of interest; Y. is the predicted median
function of magnitude (M), distance from the source (R), local-site conditions (S) and others (&); 1, is
the inter-event residual which is a random variable with zero mean constant during the same earthquake
across all the sites for a given period; finally g, represents the intra-event residuals, a random variable
with zero mean variable site-to-site. Thus, the spatial correlation is computed on the intra-event residuals
Esek-

However, other authors (e.g., Goda and Hong 2008a; Goda and Atkinson 2009; Sokolov et al. 2010)
preferred to find a regression relationship specific for the analyzed set of data and use it to compute the
median estimates for residual computations. In this study the same choice has been made to avoid
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dependecy issues from specific GMPEs. Thus, a simple functional form defined by Equation 11 is
adopted and calibrated (using Matlab regression tools) on the specific dataset under consideration for
each soil class.

logloﬁek =cl+ loglO(Rline + CZ) (11)

where c1 and ¢2 are model parameters, while R;;.. is the closest distance from the surface fault projection
of the segment at the top edge of the rupture plan (see definition in Hashemi et al. 2016; Paolucci et al.
2016). Consequently, spatial correlation is estimated on the logarithmic residuals computed as the misfit
between the ground motion intensity values and the trend computed by means of Equation 11.

3.1 Analysis and Results

As already mentioned, the aim of this study is to investigate the spatial correlation features for different
spectral ordinates using the ANN2BB broad-band results, obtained using physics-based simulations.
To this end, the analysis includes the following steps: (1) import the ANN2BB data for a selected
scenario; (2) randomly select a certain number of stations N, and compute the residuals logq¢Yser —
log10Yser for each station; (3) divide the range of separation distance between the pairs of stations A
into bins of width d; (4) all pairs of stations that fall in the same interval are used to compute the sample
semivariogram; (5) sill and range (i.e. parameters a and b) are estimated by fitting the exponential model
to sample semivariogram.

3.1.1. Po Plain earthquake

The first case study thoroughly investigated is the numerical simulation of the Mw 6 Po Plain earthquake
in Northern Italy occurred on 29 May 2012. This event has been selected because it provides a dataset
of more than about 30 near-source strong-motion records at epicentral distances less than 30 km (Figure
4), which is very relevant for validation purposes. Moreover, the accuracy of the 3D physics-based
numerical simulations in predicting the observed ground motion has been already demonstrated in
Paolucci et al. (2015, 2017), to which the reader is referred for more detailed information. In the current
paper we focus on the validation between simulated and recordings in terms of spatial correlation.

In this respect, Figure 2 shows the semivariograms for different spectral ordinates (PGA, SA 0.2s, SA
1.0s and SA 2.0s) computed at the available accelerometric stations (for further details see Paolucci et
al. 2015) both for records and broadband simulated ground motions (ANN2BB). More specifically,
diamonds and circles denotes the sample semivariograms using ANN2BB data and records (REC)
respectively, while the blue solid and red dashed lines identify the corresponding exponential models.
A good agreement is found between observations and synthetics, as, in both cases, the range (i.e., the
distance beyond which the spatial correlation is lost) is approximately 19-25 km. The relative error
between the two range estimations is bounded between 1% (for SA(0.2s)) and 20% (for PGA).

Note that the simulated ground motion intensities for T >= 0.75 s are derived entirely from the
3DPBNSs, while for T <0.75s they are the result of the ANN2BB procedure. Thus, Figure 2 highlights
the ability of the ANN2BB methodology of reproducing accurately the spatial correlation structure at
short spectral ordinates. Moreover, the top panels of Figure 2 (PGA and SAO0.2s) show the sample
semivariograms (black plus symbols) and semivariogram model (black dashed line) computed with the
standard hybrid (HYB) approach in which the high-frequency contribution was obtained with Sabetta
and Pugliese (1996) approach (SP96). This hybrid method produces a semivariogram which is almost
flat, denoting a zero correlation coefficient at all interstation distances. Such a behavior is due to the fact
the SP96 approach does not involve rigorous considerations of the physics of the earthquake, rather it
produces time histories with peak ground motion values and spectral features compliant with median
estimates of GMPEs. Therefore, it suffers from the inherent limits of GMPEs in reproducing the actual
spatial variability of ground motion. Contrary to the ANN2BB approach where important factors
affecting ground shaking, such as source directivity and site effects, described by the simulations at long
periods are reflected also in the short period range, in the hybrid case the low and high frequency parts
turn out to be uncorrelated, being generated through independent methods.
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Figure 2. Semivariograms obtained using records REC (circles) and the ANN2BB approach (diamonds) for PGA
(top left), SA(0.2s) (top right), SA(1.0s) (bottom left) and SA(2.0s) (bottom right). The corresponding best-fitting
exponential models are denoted by continuous line and dashed line for ANN2BB and REC, respectively.
Moreover, for the short period response spectral ordinates (see top panel) the semivariograms (plus symbols) and
the corresponding best-fitting model from HYB results are also shown for comparison. (After Paolucci et al. 2017)

One of the remarkable advantage of using results of numerical simulations is the possibility to simulate
realistic ground motions at an arbitrarily large number of sites, differently from real earthquakes,
allowing to investigate potential anisotropy phenomena in the spatial correlation structure. For instance,
even if the Po Plain earthquake provides one of the widest set of near-source records from moderate-to-
large earthquakes worldwide, the number of records is still hardly sufficient to identify proper subsets
and to investigate possible anisotropies.

Figure 3 shows the correlation models for PGA (left-hand side), and SA1.0s (right-hand side), computed
by means of Equation 4 using a large set of simulated ground motions values located in the northern
(black dashed line) and southern (black dot dashed line) sector with respect to the fault, specifically, at
distances Riine lower than 10 km (N and S set, respectively). Finally, the blue solid line denotes the
correlation models obtained on ANN2BB motions at the accelerometric stations considered previously.
With reference to the right side of Figure 3, it is evident that for intermediate-to-long period spectral
ordinates (i.e. SA 1s) the ranges are significantly shorter when only the near-fault receivers, with Rjine <
10 km both in the North and South direction, are considered. On the other hand, at short period (left-
hand side of Figure 3, referring to PGA) the decrease of the correlation with distance is less pronounced
and it is evident only for the receivers lying at south of the fault projection. The rapid decay of the spatial
correlation close to the fault can be directly linked to the peculiar ground motion in the near field,
characterized by small-scale spatial variability associated with the heterogeneous rupture process.

3.1.2. Other case studies: Thessaloniki, Istanbul and Beijing

This section presents the spatial correlation estimates obtained for the Thessaloniki, Istanbul and Beijing
physics-based numerical ground motion simulations. More specifically, the Thessaloniki simulation,
presented in Smerzini et al. (2017), considers the earthquake ground motion in the Thessaloniki urban
area during the destructive Mw 6.5 event occurred on June 20" 1978, better known as Volvi earthquake.
On the other hand, Istanbul and Beijing simulations of Mw 7.0 and Mw. 6.5, are selected from two large
set of possible earthquake ground motion scenarios simulated in order to perform seismic risk
evaluations in Istanbul (Infantino, 2016) and Beijing (Antonietti et al. 2017) urban areas respectively.
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Figure 4 shows the average shear-wave velocity for the upper 30 m depth (Vs30) map, the monitors
selected (black circles), the superficial projection of the active fault (red line) and epicenter (red star)
for each case investigated.
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Figure 3. Correlation models obtained with ANN2BB values (blue solid line) at the considered stations. The black
dash and dash dot lines show the correlation models computed using a larger number of ANN2BB receivers with

Riine < 10 km at the Northern (N) and Southern (S) side respectively.
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Figure 4. Vs 30 Maps, monitors selected for computing the semivariogram (black circles), superficial projection
of the active fault (red line), epicenter (red star) for the Mw 6.0 Po Plain (top left), Mw 6.5 Thessaloniki (top

right), Mw 6.5 Beijing (bottom left) and Mw 7.0 Istanbul (bottom right) simulations

Contrary from the Po Plain simulation described in the previous section, for the case studies presented
herein observed ground motion records are not available for validation purposes. Thus, we will limit to
investigate the ranges of the semivariograms obtained from the synthetics and to compare them with
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other published studies. For each simulation a number of 400 monitors was randomly selected and
consequently about 79800 pairs were used to estimate correlation of the geometric mean of the
horizontal components for different spectral ordinates. The bin width was chosen so that there is a stable
trend of correlation with at least 30 pairs per bin (Journel and Huijbregts 1978). Figure 5 shows the
results for the case of Thessaloniki and for two spectral ordinates, SA(0.5s) and SA(1.0s).

SA 0.50s SA 1.00s
012 0.12

range: 34.5 km range: 42.8 km

0 -
T T I T | |
0 20 40 60 80 100 0 20 40 60 0 100

h (km) h (km)

Figure 5. Sample semivariograms and fitted exponential models for the Thessaloniki simulation for SA 0.50s
(left) and SA 1.0s (right).

The results of all case studies are presented in Figure 6 (filled colored dots), where the trend of range
versus periods is depicted. The Po Plain results have been also included in this plot. The ranges are
computed for five spectral ordinated: PGA, SA 0.2s, SA 1.0s and SA 3.5s. Moreover, the ranges
estimated with independent literature studies, based on ground motion recordings, are also shown. More
specifically, grey symbols refer to the ranges computed by Esposito and Iervolino (2012) using Italian
Accelerometric Archive (ITACA), and the European Strong-Motion Database (ESD), while in red the
ranges obtained by Jayaram and Baker (2009) using data from Anza, Alumn Rock, Parkfield, Chi-Chi,
Northridge, Big Bear City and Chino Hills earthquakes are represented. The results of the present study
seem to be in reasonable agreement with those from literature. The ranges estimated in this work
generally increase with period, similarly to other studies (e.g. Jayaram and Baker 2009, Esposito and
Iervolino 2011, 2012, Goda and Hong 2008). As highlighted by Jayaram and Baker (2009) and Esposito
and lervolino (2012), this is consistent with past studies on spatial coherency of ground motion (e.g.
Zerva and Zervas 2002). Given that the coherency is a measure of similarity between two recordings,
the aforementioned studies prove that this parameter decreases at increasing distance between two points
and at higher frequencies. In fact, high-frequency waves are more affected by small-scale
heterogeneities and therefore they turn out to be less coherent, compared to low-frequency waves
(Kiureghian 1996). Regarding Figure 6, the results reveal different correlation decay rates. However,
the high variability of the range values is comparable with that one found in literature works. The
differences of the correlation structures among the different locations are mainly related to the frequency
content of ground motion (e.g. Baker and Jayaram 2008 or Goda and Hong 2008a) and to peculiarities
of the local geology and of the propagation path (Sokolov et al. 2010). Observing Figure 6, it can be
noted that the ranges estimated for Po Plain, Istanbul and Beijing at short period (i.e. T = Os and 0.2s)
are similar (i.e. between 20-30 km) differently from Thessaloniki where the range turns out to be much
higher (about 55 km). This may be a consequence of the local site conditions: most of the monitors
selected in Thessaloniki are located on homogeneous hard rock with Vs30=2000 m/s (see top right of
Figure 4) where the ground motion is expected to be more coherent. On the other hand, most monitors
considered for the other three cases are located on highly variable ground conditions (Istanbul, bottom
right of Figure 4) or deep soft soil (Po Plain and Beijing, left top and bottom right of Figure 4). In the
latter case it should be also considered that, even if the soil conditions are homogeneous in term of Vs 3o,
the sediment depth is strongly variable, thus affecting ground motion variability. Differences in the
range values are apparent especially at short period intensity measures, where site effects are expected
to be more significant, while they become less significant at increasing periods.

Finally, it can also be noted that the ranges obtained from the Po Plain simulation at long periods are
rather small compared to the other three locations, most likely because receivers in the Po Plain are all
located at very short distances from the fault, where near-source effects are predominant, increasing the
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variability of ground shaking.

5. CONCLUSIONS

This paper aims at demonstrating the capability of broad-band physics-based numerical simulation to
reproduce the real spatial correlation structure of earthquake ground motion. Given that ground motion
correlation structure is highly dependent on local geology and on the propagation path, a single
generalized spatial correlation model may not adequately represent large areas, as shown by Sokolov et
al. (2010) for the Taiwan case. Thus, the spatial correlation models proposed in literature, based on the
analysis of large sets of strong motion recordings, can be hardly representative of all the possible
situations. In this regard, this work highlights that 3D physics-based numerical simulations represent a
powerful tool to cope with the aforementioned limitation and to provide a better understanding of the
physical factors affecting the spatial variability of ground motion.

The spatial correlation of different response spectral ordinates was evaluated based on standard
geostatistical tools, based on the computation of the semivariogram. From the semivariogram, the
separation distance at which the spatial correlation can be considered lost, referred to as range, was
computed. The numerical dataset analyzed in the present study includes four different regions
worldwide, namely: Po Plain (Northern Italy), Thessaloniki (Northern Greece), Beijing (China) and
Istanbul (Turkey). In each area a large set of synthetic broadband seismograms, usable in the entire
frequency range of interest for engineering applications, was produced by means of physics-based
numerical simulations coupled with artificial neural network technique (Paolucci et al., 2017).
Additionally, for the Po Plain case study, a large set of high quality near source records is available.
Hence, for this case study, it was possible to perform a validation study by comparing the spatial
correlation structure reproduced by the simulation with the real one computed using the recorded strong
motion data. Instead, for the other case studys, results from 3D simulations were compared with some
previously published research studies based on ground motion observations.
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Figure 6. Comparison of the ranges estimated in this study against the results of Esposito and Iervolino (2012)
and Jayaram and Baker (2009).

The most salient results can be summairzed as follows: (i) ranges estimated based on Po Plain simulation
are consistent with the ranges based on real data recorded during Po Plain earthquake in 2012,
demonstrating that numerical simulations can realistically represent the real correlation structures at
long and short periods (Figure 2); (ii) overall, our range estimates are comparable with the available
literature on the topic (Figure 6); (iii) however, these estimates shows a marked variability across the
different case studies investigated, especially at short periods, consistently with independent works
(Figure 6); (iv) such a variability in range values seems to be mainly related to the peculiarities of the
local geology and of the near source conditions.



Provided that this work demonstrates the ability of the 3D broad-band simualtions to reproduce the
actual correlation structure, future studies will address the systematic investigation of the effects of the
following factors on spatial correlation structure of ground motion: (i) site conditions (homogeneous
versus heterogeneous, rigid versus soft soil, effect of alluvial basins etc.); (ii) near-source conditions:
influence of the distance from the source (near field versus far field), source-to-site azimuth and focal
mechanism.

To conclude, this paper confirms and corroborates the strength of 3DPBNSs especially for those regions
characterized by a limited or non-existent observational dataset where it is difficult to define a model
able to describe the spatial correlation in a proper manner.
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