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Abstract: Over the past decade, spatial correlation of earthquake ground motion has become 
increasingly important for seismic hazard and risk assessments, particularly when applied to 
portfolios of buildings or spatially distributed infrastructures. Indeed, not only do these studies 
require the estimation of ground motion intensity measures at multiple sites, but also the 
quantification of the correlation structure. 
Several spatial correlation models have been published and common findings suggest that intra-
event correlation decreases quite rapidly with increasing separation distances. Nevertheless, 
significant differences among the proposed models exist, leading to large uncertainties in the 
assessed seismic risk. This suggests that different correlation estimation methods, earthquake 
type and magnitude, as well as region and local site conditions might play first-order roles in the 
observed differences. 
The aim of this study is to identify factors that influence the correlation structure of ground-motion 
measures and quantify the variability of spatial correlation among different events within the same 
region and with the same local site conditions. In order to investigate this, we carry out a thorough 
geostatistical analysis of the intra-event correlation structure, taking advantage of the 2016-2017 
Central Italy seismic sequence database, which include nearly 1,600 records from nine Mw ≥ 5.0 
events that occurred over a time period of five months. 
Our preliminary results could be used to improve seismic loss estimation as well as for more 
informed risk management and decision making in this region. 

Introduction 

The seismic risk assessment of spatially distributed urban infrastructures and buildings is of 
paramount importance for more informed risk management and decision making designed to 
reduce economic and human losses (Weatherill et al., 2014, 2015). Conversely to seismic risk 
analysis of a single structure, these studies require not only the estimation of ground motion 
intensity measures (IMs) at multiple sites during the same earthquake, but also the quantification 
of the correlation structure (Goda and Atkinson, 2009, 2010; Jayaram and Baker, 2009; Esposito 
and Iervolino, 2011, 2012; Weatherill et al., 2014, 2015; Wagener et al., 2016; Heresi and 
Miranda, 2018). Traditional seismic hazard and risk analysis techniques often determine the 
ground motion caused by an earthquake through ground motion prediction equations (GMPEs). 
GMPEs provide an estimate of the ground shaking and its associated aleatory variability at a 
given site, without any insight on the spatial correlation of the IM of interest. Besides, conventional 
tools are grounded on the hypothesis of considering independent IMs at different sites. However, 
modelling the joint IMs prediction, and thus defining the spatially correlated random ground motion 
fields, is a fundamental prerequisite for the assessment of earthquake effects on a region (Goda 
and Atkinson, 2009; Jayaram and Baker, 2009; Esposito and Iervolino, 2011). Park et al. (2007) 
and Sokolov and Wenzel (2011) demonstrated that neglecting the spatial correlation may cause 
bias in loss estimation, overestimating the most likely losses and leading to differences in the 
prediction of up to 40%.  

The generation of a spatially correlated ground motion field is a demanding task (Weatherill et al., 
2014), and over the past decade studies on spatial correlation have played an increasingly 
important role. Several models have been published and common findings suggest that: (1) intra-
event correlation decreases quite rapidly with increasing separation distances, and (2) ground 
motion IMs associated to lower frequencies feature larger correlation (Goda and Hong, 2008; 
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Jayaram and Baker, 2009; Esposito and Iervolino, 2012; Wagener et al., 2016). Nevertheless, 
significant differences among the proposed models exist, leading to large uncertainties in the 
assessed seismic risk. This suggests that different correlation estimation methods, earthquake 
type and magnitude, as well as region and local site conditions play first-order roles in the 
observed differences. 

The aim of this study is to identify factors that influence the correlation structure of ground-motion 
measures and quantify the variability of spatial correlation among different events when the same 
seismic region is considered. In order to investigate these factors, we carry out a geostatistical 
analysis of the intra-event correlation structure using the 2016-2017 Central Italy seismic 
sequence database, which includes nearly 1,600 records from nine Mw ≥ 5.0 events that occurred 
over a time period of five months.  

Intra-event spatial correlation model 

The correlation of ground motion IMs from an earthquake includes three main elements, namely: 
(1) the spatial correlation between intra-event residuals of the same IM for adjacent sites; (2) the 
correlation between intra-event residuals of different IM at the same location; and (3) the spatial 
cross-correlation between intra-event residuals of different IM for closely spaced sites (Weatherill 
et al., 2015). This study focuses on the first of the above-mentioned elements. 

In general, the similarity of ground motion IMs at two different sites depends on: (1) the 
earthquake; (2) the propagation path from the source to the sites; (3) the position of closely 
spaced sites in near-source conditions with respect to the main fault asperities (Park et al., 2007). 
The first of these aspects is commonly accounted for by the inter-event residual term provided by 
the GMPE. GMPEs relate a ground motion IM (e.g. peak ground acceleration, PGA; peak ground 
velocity, PGV; peak ground displacement, PGD; or pseudo-spectral acceleration for 5% of critical 
damping, SA) to a set of explanatory variables describing the source (e.g. magnitude and focal 
mechanism), wave propagation path (e.g. distance metric and regional effects) and site response 
(e.g. soil classification) (e.g. Douglas and Edwards, 2016). In general, such parameters are 
modelled as lognormally distributed random variables; therefore, GMPEs take the form: 

   10 ij 10 ij jij= (M,R,SLog Y L )+o Y , +g  (1) 

where ijY  is the IM of interest at the ith site due to the kth event, whereas ijY  is the predicted 

median function of magnitude (M), distance from the source (R), local-site conditions (S) and 
others explanatory variables (δ). εij and ηj are the intra-event and inter-event residual terms, 
respectively. It is assumed that these terms are independent and normally distributed random 
variables with zero mean and standard deviation σε and ση, respectively. The inter-event 
component denotes the variability between different earthquakes and does not depend on the 
site. Conversely, the intra-event component is site dependent as it accounts for differences from 
the average model due to the path and local site effects. Consequently, the total residual terms 
εij+ ηj provide insight only on the intra-event spatial correlation, being ηj constant across all sites 
when a single event is considered (Jayaram and Baker, 2009; Heresi and Miranda, 2018). 

Generally, either an existing GMPE or an ad hoc regression model are used to compute the intra-
event residuals at each site in order to assess the intra-event spatial correlation ρε(h). This can 
be estimated with two different approaches, namely: (1) computing directly the covariance and 
the correlation coefficient (e.g. Wang and Takada, 2005; Sokolov et al., 2010); or (2) calculating 
the sample semivariogram (e.g. Jayaram and Baker, 2009; Goda and Atkinson, 2010; Esposito 
and Iervolino, 2011, 2012; Heresi and Miranda, 2018). It is worth mentioning that we assume the 
hypothesis of stationarity and isotropy, so that the expected value of the random variable is 
constant for all the sites and the covariance depends only on the separation distance between 
two sites and not on their absolute position. 

In the first method, the spatial correlation is estimated as: 
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where COV denotes the covariance function, whereas ij  and kj  are the intra-event variability 

for the site ith and kth during the jth event with zero mean and standard deviation  . 
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The second method implements two different estimators: 

1. Method of moments (Matheron, 1962) 
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where N(h) represents the number of pairs separated by h. Following Jayaram and Baker 
(2009), ε’ij denotes the normalized intra-event residual with respect to the standard 
deviation of the intra-event residual at the ith site. 

2. Estimator proposed by Cressie and Hawkins (1980) 
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Both the covariance and the semivariogram are calculated for each pair of stations (xi,xj) whose 
inter-site spacing falls in a distance bin defined as −   −  + / 2 / 2i jh h x x h h . In this study we select 

a bin size of 4 km in order to have at least 30 pairs per bin as proposed by Esposito and Iervolino 
(2011, 2012). Furthermore, the definition of σε is of primary importance; indeed, it can be 
estimated either from the sample semivariogram at large separation distances, where the intra-
event residuals are assumed to be uncorrelated, or as the standard deviation of the intra-event 
residuals for a given event (Goda and Atkinson, 2010). Alternatively, Esposito and Iervolino 
(2011) employ the standard deviation related to the GMPE as σε. However, this approach is 
strongly discouraged by Heresi and Miranda (2018) who assert that using a constant value of σε 
for different events might lead to a biased intra-event correlation. The experimental values must 
be fitted to a theoretical functional form to retrieve semivariogram values for any distance h. We 
employ an exponential model that takes the form: 

   = − −( ) 1 exp( 3 / )h a h b  (5) 

so that the hypothesis of a stationary and isotropic field is fulfilled. a and b are the sill and the 
range of the semivariogram, respectively. The sill equals the variance of the data, whereas the 
range represents the distance over which the correlation between sites is negligible. The range 
is given as the distance at which γ(h) equals 0.95 times the sill. It is worth mentioning that the sill 
should be equal to 1 as the normalized intra-event residuals have a unit variance (Jayaram and 
Baker, 2009). It has been demonstrated (e.g. Webster and Oliver, 2007) that the semivariogram 
is related to the correlation coefficient, so that: 

  = −( ) [1 ( )]h a h  (6) 

Consequently, assuming a = 1 due to the normalization, we have that: 

  = −( ) exp( 3 / )h h b  (7) 

In this study, we employ the approach based on the semivariogram to infer the range, after 
verifying that the covariance method provides similar results. The results are not reported here 
due to the limited space. 

Strong motion network and data 

Starting from 24th August 2016, one of the most important seismic sequences ever recorded in 
Italy struck the Central Apennines between the municipalities of Amatrice and Norcia, causing 
widespread damages, thousands of homeless and invaluable losses for the historical heritage of 
the region. The first mainshock (Mw 6.0) struck on August 24th 2016 at 01:36 UTC near Amatrice 
and it was followed, within less than an hour, by a Mw 5.4 aftershock (Chiaraluce et al., 2017). 
After two months, two other large earthquakes occurred: a Mw 5.9 on October 26th 2016 at 19:18 
UTC, near the village of Ussita and a Mw 6.5 on October 30th 2016 at 06:40 UTC with epicentre 
close to Norcia (Luzi et al., 2017). Four other Mw ≥ 5.0 earthquakes occurred on January 18th 
2017 near the villages of Campotosto and Montereale (Figure 1). Origin times, hypocentral 
coordinates and magnitude for these events are listed in Table 1.The seismic sequence affected 
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an area characterized by NW-SE striking normal and normal oblique faults, consistent with the 
SW-NE extension measured by GPS stations in this sector of the Apennines (Cheloni et al., 
2016). In the past decades, the area has been struck by other large magnitude events, such as 
the 1984 Mw 5.6 Gubbio earthquake, the 1997 Mw 6.0 Colfiorito earthquake and the 2009 Mw 
6.3 L’Aquila earthquake. All the events were recorded by about 250 stations mainly belonging to: 
the Italian strong-motion network (Rete Accelerometrica Nazionale, RAN), operated by the Italian 
Department of the Civil Protection (DPC), the Italian National Seismometric Network (INSN), 
operated by the Istituto Nazionale di Geofisica e Vulcanologia (INGV), and a temporary network 
of strong motion stations installed by INGV and DPC after the Mw 6.0 Amatrice earthquake (Luzi 
et al., 2017). Temporary stations were set up to monitor the seismic sequence at a higher 
resolution and to retrieve more accurate observations of the ground shaking in the near-source 
region (Luzi et al., 2017). 

 

Figure 1. Epicentral locations (yellow stars) of the nine Mw ≥ 5 earthquakes of the sequence. 
Strong-motion stations (triangles) are also mapped and color-coded following the EC8 soil 

classification. In the zoom-view the epicentral locations are reported along with the Mw ≥ 2.5 
aftershocks for one year after the Amatrice mainshock. Events and stations metadata are from 

Lanzano et al. (2018). 

Event Event Time Latitude [°] Longitude [°] Depth [km] Mw # Records 

Amatrice 24/08/2016 01:36 42.7 13.23 8.1 6.0 158 

Amatrice 
Aftershock 

24/08/2016 02:33 42.79 13.15 8 5.3 138 

Visso I 26/10/2016 17:10 42.88 13.13 8.7 5.4 158 

Visso II 26/10/2016 19:18 42.91 13.13 7.5 5.9 166 

Norcia 30/10/2016 06:40 42.83 13.11 9.2 6.5 159 

Montereale I 18/01/2017 09:25 42.55 13.26 9.2 5.1 127 

Montereale II 18/01/2017 10:14 42.53 13.28 9.1 5.5 141 

Pizzoli I 18/01/2017 10:25 42.49 13.31 8.9 5.4 129 

Pizzoli II 18/01/2017 10:33 42.48 13.28 10 5.0 124 

Table 1. Main characteristics of the largest magnitude events of the Central Italy sequence. 
[source: Lanzano et al. (2018)]. 
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In this study we select data from 232 strong-motion stations within an epicentral distance of 200 
km. Events and stations metadata are from Lanzano et al. (2018). The site conditions at each 
recording site are expressed through the EC8 subsoil categories (Eurocode 8, 2005), which is 
based either on the average shear-wave velocity of the upper-most 30 m (VS,30) or on the available 
geological information. For all those stations without an estimate of the VS,30, we assume the VS,30 

values inferred from the slope, using the approach of Wald and Allen (2007), as included in the 
ESM flat-file (Lanzano et al. 2018).  

Evaluation of the intra-event spatial correlation 

Computation of the semivariogram 

We apply the procedure previously described to all the Mw ≥ 5.0 earthquakes of the 2016-2017 
Central Italy seismic sequence. We use the geometric mean of the two horizontal components of 
PGA and 5%-damped SA at periods of vibration equal to 0.2, 0.5, 1, 2, 3 and 4s. For each event, 
we develop a ground motion model based on the observations in order to avoid any dependency 
on the chosen GMPE. We decided not to account for different local site conditions in this 
preliminary analysis; thus, the equation is: 

 = − +2 2

10 1 2 10 , 3ij rup ijLog Y b b Log r b  (8) 

where Yij is the PGA or SA(T) expressed in cm/s2 and rrup is the rupture distance (or the 
hypocentral distance for those events where the fault plane is not defined and the point-source 
approximation holds). b1, b2 and b3 are the model coefficients inferred through a 1-stage ordinary 
regression (which is justified as only data from a single earthquake are used). Figure 2a illustrates, 
as an example, the PGA model obtained for the Mw 6.5 Norcia earthquake and Figure 2b shows 

the spatial distribution of the intra-event residuals computed as −10 10ij ijLog Y Log Y . 

 

Figure 2. (a) GMPE fitted to the PGA values of the Norcia event; (b) Intra-event residuals 
obtained from the PGA data of the Norcia event. 

We evaluate the sample semivariogram through equations (3) and (4) in order to compare the 
performance of both the estimators and we fit the values using equation (5). As already 
mentioned, the intra-event correlation is strongly affected by the intra-event standard deviation; 
therefore, its estimation is crucial (Goda and Atkinson, 2010; Sokolov et al., 2012). In light of this, 
we consider two alternative values inferred from both the sample semivariogram at large 
separation distances and the intra-event standard deviation of regression residuals. The model 
parameters are retrieved through a weighted least squares method; the weights are computed 
depending on the inverse of the number of station pairs in each bin, so that smaller separation 
distances are weighted higher. Figure 3 summarises the outcomes for SA (1 s) for the Norcia 
event. The observed trends feature a decreasing degree of spatial dependence with increasing 
separation distance, as supported by the literature. Furthermore, in this case, the two σε values 

are almost identical; consequently, the inferred ranges are very similar. However, alternative 
estimates of the correlation distances based on σε computed from both regression residuals and 
semivariogram feature slightly different values (Figure 4). This discrepancy may partly be 
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explained by: (1) the subjectivity on the definition of large separation distance; (2) the correlation 
among residuals of closely spaced sites (Goda and Atkinson, 2010; Sokolov et al., 2012). 

Besides, we notice discrepancies on the outcomes obtained using equation (3) and (4) for the 
evaluation of the sample semivariogram. This might be because the estimator of Cressie and 
Hawkins is less sensitive to outliers (Esposito and Iervolino, 2011). 

 

Figure 3. Semivariogram fitted to the data of the Norcia event for SA (1s), using both the 
estimator of Matheron (1962) and Cressie and Hawkins (1980): (a) σε is the standard deviation 

of the intra-event residuals for a given event; (b) σε is estimated as the sample semivariogram at 
a large separation distance. 

Relationship between range and magnitude 

The relation between the magnitude and the range is one of the most controversial points in 
ground motion correlation. Some authors (e.g. Sokolov et al., 2012; Heresi and Miranda, 2018) 
argue that the correlation distance tends to increase with increasing magnitude because larger 
events are characterized by lower frequency contents. Conversely, other studies (e.g. Jayaram 
and Baker, 2009) did not find any correlation between these two parameters. Figure 4 compares 
the ranges obtained for each earthquake as a function of magnitude. The outcomes are rather 
surprising. The largest correlation distances are detected for the four events that occurred in 
January 2017, which have small magnitudes, whereas the largest earthquake shows quite a short 
range. On the contrary, the results obtained for the first four events (Amatrice mainshock and 
aftershock and Visso I and II) support the hypothesis of a positive correlation between the range 
and the magnitude. 

 

Figure 4. Range as a function of Mw for PGA. 

To interpret our outcomes, we analyse both the spatial variations of the Vs30 values and the spatial 
distribution of the residuals. The intra-event spatial correlation is understood as a non-random 
component in the residuals, which arises from neglecting a number of factors in the GMPEs, such 
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as soil conditions, path and azimuth as well as hanging-wall and foot-wall effects (Sokolov et al., 
2012). Jayaram and Baker (2009) studied the relation between the correlation of PGA residuals 
and Vs30 values, arguing that a correlation between Vs30 measurements, which reflects 
homogeneous site effects, leads to a larger correlation between PGA residuals. Indeed, if local 
site effects are not properly described by the GMPE, adjacent sites will be affected by analogous 
prediction errors that will influence the spatial correlation. We compute the semivariogram of Vs30 
values for each earthquake, following the same approch described for PGA residuals. The 
inferred correlation distances feature some differences, as the number and type of the considered 
stations vary for each event. Neverthless, the results reveal a correlation between Vs30 values, 
which can partially explain the differences in the PGA ranges. It is worth mentioning that most of 
the Vs30 values are inferred from topographic slope and only about 30% of the values are 
measured; therefore, uncertainties in the Vs30 estimation may have affected these outcomes. 
Moreover, deeper analysis on this aspect are required, as Heresi and Miranda (2018) 
demonstrated that the spatial correlation of Vs30 does not provide evidence of the range variability. 

Furthermore, we study the spatial distribution of both the recording stations with respect to the 
fault plane and the residuals. The low intra-event correlation found for the largest event of the 
sequence might be related to the characteristics of the ground motion in near source conditions, 
which feature a small-scale spatial variability due to the heterogeneous rupture process. Indeed, 
this is the only event that was recorded by stations within 5 km from the rupture plane. Besides, 
we analyse the mean and the standard deviation of the intra-event residuals to explain the very 
large ranges retrieved for the four earthquakes that occurred in January 2017. Interestingly, the 
intra-event residual shows a positive average value, in contrast to the Mw 6.0 Amatrice or Mw 6.5 
Norcia events which have a zero mean. Figure 5 provides a comparison between the spatial 
distribution of the intra-event residuals of the Mw 6.0 Amatrice and Mw 5.5 Montereale II events. 
Figure 5b highlights a clear trend: two main clusters can be recognized where closely spaced 
stations have similar values. In particular, negative values are found to the south of the epicentre, 
whereas positive values occur to the north of the fault plane. Conversely, no clearly defined 
patterns are observed in Figure 5a and Figure 2b. A possible explanation for this outcome may 
be the presence of a high non-random component in the residuals, which reflects factors that are 
neglected in the GMPE. In particular, the frequency content of the ground motion, path or 
azimuthal effects along with site and geological conditions may play a first-order role in defining 
the intra-event spatial correlation. Moreover, the same earthquakes feature a higher σε with 
respect to the other events of the sequence. This may contribute to the large correlation distances. 
Sokolov et al. (2012) demonstrated that decreasing the non-random component in the residuals 
leads to a reduction of the correlation and the intra-event standard deviation. Therefore, further 
analyses are required to draw more firm conclusions on the range variability. 

 
Figure 5. Spatial distribution of the intra-event residuals: (a) Mw 6.0 Amatrice event;  

(b) Mw 5.5 Montereale II event. 

Relationship between range and period of vibration 

It has been demonstrated (e.g. Esposito and Iervolino, 2012; Sokolov et al., 2012; Wagener et  
al., 2016) that spatial correlation distances are affected by the structural vibration period 
considered, and that range and frequency are inversely proportionate. Zerva and Zervas (2002) 
investigated the spatial coherency of ground motion and corroborated the hypothesis that the 
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small-scale heterogeneities in the travel path strongly influence the short-period waves (short 
wavelengths), in contrast to the low-frequencies waves. As it can be observed in Figure 6, our 
results agree with those from the literature. In some cases, the comparison between PGA and 
SA at periods up to 0.5 s show very similar ranges, as also shown by Wagener et al. (2016). 
Moreover, for most events the PGA ranges are larger than those obtained for SA at longer 
periods. This was found in the case of the Mw 7.6 1999 Chi Chi earthquake by Jayaram and 
Baker (2009), who explained this behavior by clustering of the Vs30 values. 

 

Figure 6. Range as a function of the structural period, using both the estimator of Matheron 
(1962) and Cressie and Hawkins (1980). σε is estimated as the sample semivariogram at large 

separation distances. 

Comparison with other intra-event correlation models 

Over the past decade, studies on spatial correlation have played an increasingly important role. 
Several models have been published and common findings suggest that: (1) intra-event 
correlation decreases quite rapidly with increasing separation distances, and (2) ground motion 
IMs associated to lower frequencies feature larger correlation (Goda and Hong, 2008; Jayaram 
and Baker, 2009; Esposito and Iervolino, 2012; Wagener et al., 2016). Nevertheless, significant 
differences on the rate of correlation decay among the proposed models exist. The main reasons 
lie with: (1) datasets (single event, multiple events); (2) component of the ground motion and 
attenuation model (GMPE or ad hoc regression analysis); (3) approach used to compute the 
correlation distance (semivariogram or covariance); and (4) method of estimating σε. In Figure 7 
we compare our correlation models for each analysed event with some of the models reported in 
literature. In particular, we select the models of Jayaram and Baker (2009); Goda and Atkinson 
(2010); Esposito and Iervolino (2012); and Heresi and Miranda (2018). All the analysed 
earthquakes (except for the four events that occurred in January 2017) show a rate of decay 
which falls between the two models proposed by Jayaram and Baker (2009), based on the Vs30 
clustering. Esposito and Iervolino (2012), calibrated on the ITACA database, represent a lower-
bound estimate of 𝜌(ℎ). A possible explanation can be attributable to the large variability in terms 
of the magnitudes of the events they considered; indeed, they selected records with Mw ranging 
from 4.0 to 6.9. Goda and Atkinson (2010) and Heresi and Miranda (2018) feature a different 
decay with respect to the other models. The main causes probably lie with either the exponential 
model or the datasets used, making a direct comparison difficult. 

Conclusions 

This study focuses on the Mw ≥ 5.0 events from the 2016-2017 Central Italy seismic sequence to 
identify factors that influence the correlation structure of ground motion. We derive a GMPE for 
each event to be used in the computation of the intra-event residuals and the correlation distance. 
We use two different estimators to calculate the sample semivariogram and two different 
approaches to estimate the intra-event standard deviation. An exponential model characterized 
by two parameters (range and sill) is used to fit each sample semivariogram. The results are 
rather surprising. Despite considering the same seismic region, the outcomes feature a large 
variability in terms of correlation distance. The four small events that occurred in January 2017 
present larger ranges in comparison to the Mw 6.5 Norcia earthquake. As suggested by Sokolov 
et al. (2012), we interpret these results on account of a high non-random component in the 
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residuals, which reflects factors, such as path and azimuth effects and spatial variation of soil 
condition, that are neglected in the GMPE and contribute to a large correlation. Further analyses 
are required in order to draw firm conclusions and future efforts should be made to investigate: 
(1) local site effects through the definition of an ad hoc site correction for each station; (2) 
hypothesis of isotropy and stationarity, compared to the concept of anisotropy and non 
stationarity; and (3) consideration of the nugget effect. In addition, we find a positive correlation 
between range and the structural period of vibration, as expected  from literature. The comparison 
with other models suggests that a single rate of decay of correlation as a function of the inter-
stations distance is not suitable for seismic hazard and risk analysis as the correlation length 
appears to be regionally-dependent. 

These preliminary results could be used to improve seismic loss estimation for spatially distributed 
infrastructures and portfolios of buildings, as well as for more informed risk management and 
decision making. The implementation of a logic tree (Sokolov et al., 2012) for correlation models 
would be suitable in order to account for the high variability in the ranges. We note that at short 
separation distances (less than 4km) the models are poorly constrained due to a shortage of 
observations (Goda and Atkinson, 2010; Wagener et al., 2016). Therefore, caution must be 
applied when adopting these models. 

 

Figure 7: PGA correlation models obtained in this study compared to different correlation 
models proposed in literature. 
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