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ABSTRACT 
 

Although rock sites are generally classified as A, according to the Eurocode 8, they can be affected by site-effects, 

caused by particular stratigraphic and/or morphological features. A common, and sometimes critical, assumption 

is to consider class EC8-A as representative of reference rock sites; for example, typically waveforms recorded by 

stations classified as EC8-A are used to calibrate the soil amplifications of the Ground Motion Prediction 

Equations. 

We propose six proxies based on geological, topographical and geophysical data to discriminate reference rock 

sites. We applied these proxies to reclassify the EC8-A stations of the data-set used to calibrate the more recent 

Italian ground motion predictions equation (Bindi et al., 2011). Furthermore, we recalibrated a new set of 

predictive equations for reference sites, testing their performance against those obtained by Bindi et al. (2011) for 

the EC8-A sites. 
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1. INTRODUCTION  

 

It is well known that site effects may affect the amplitude and frequency content of ground motion 

observed at a site during an earthquake. Therefore, they should be taken into account in any site-specific 

seismic hazard evaluation (Field et al. 2000, Romeo et al. 2000, Rodriguez-Marek et al. 2014, Barani 

and Spallarossa 2017). 

The European (Eurocode 8 – EC8, CEN 2004) and the Italian (Norme Tecniche per le Costruzioni – 

NTC08, CS.LL.PP, 2008) seismic codes classify the sites on the basis of the average shear-wave velocity 

in the uppermost 30 m (VS,30) and associate to each soil class a specific site amplification factor, used to 

modify the design spectrum at rock. Rock sites are identified as the sites that have a VS,30 value greater 

than 800 m/s (soil category EC8-A), although this assumption does not imply that the ground-motion 

recorded at EC8-A sites is completely unaffected by amplification. There are several cases in literature 

that describe site-effects observed at rock-sites, such as amplification at intermediate and high-frequency 

(Steidl et al. 1996, Bindi et al. 2009, Felicetta et al. 2017) and polarization (Pischiutta et al. 2011, 

Marzorati et al. 2011, Burjanek et al. 2014).  

Empirical Ground Motion Prediction Equations (GMPEs) generally define the reference ground motion 

to evaluate the relative response of different soils. The reference ground motion is commonly associated 

to the generic rock condition, with the assumption that the reference sites have a flat amplification 

function, with amplitude equal to one. However, this hypothesis may cause inaccurate prediction of the 

expected motion when hazard is evaluated including a generic rock site. For this reason, the 
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identification of rock site with negligible seismic response (reference rock site) would be of great 

interest in the field of engineering seismology. 

In this work, we describe a procedure to recognize reference sites according to six proxies, based on 

geological, topographical and geophysical indicators. We applied these proxies to the set of stations 

classified as EC8-A, used for the calibration of the most recently GMPEs for Italy (ITA10, Bindi et al., 

2011). Hence, we calibrated a new set of predictive equations for reference sites testing their efficiency 

against those obtained by Bindi et al. (2011) for the EC8-A sites. 

 

 

2. REFERENCE ROCK SITES 

 

2.1 Proxies for reference rock sites identification 

 

Six proxies are proposed to identify reference-rock sites: 1) VS,30 ≥ 800 m/s; 2) surface geology 

description; 3) flat topographic surface; 4) absence of interaction with structures; 5) flat horizontal to 

vertical spectral ratio from noise measurements and absence of directional effects; 6) flat or moderately 

broad-band horizontal to vertical spectral ratio from acceleration response spectra of earthquake 

recordings. 

In our analysis, we attribute the same weight to each proxy and we assume that a site can be considered 

as reference-rock if four out of the six proxies are satisfied. When data are not available for one proxy, 

we assume a score equal to zero. 

Geophysical and seismological data are the base of three proxies of reference-rock conditions (1, 5 and 

6), whereas geologic, geomorphological and structural features are related to the remaining ones (2, 3 

and 4). 

The first proxy indicates that the station should be classified as EC8-A (VS,30 ≥ 800 m/s)  on the base of 

the measured shear wave velocity profile. Geological maps at detailed scale are necessary to verify the 

second proxy. The third one implies that the site is located on a flat surface, or on an isolated slope or 

relief with average slope angle less than 15 degrees (from a definition of NTC08-T1 topographic class). 

This proxy excludes sites with amplification effects due to topographic settings (Paolucci et al. 2002, 

Massa et al. 2014).  

The fourth proxy (free-field condition) is necessary to remove stations that may be affected by the 

interaction with nearby structures (Stewart et al. 1999, Gallipoli et al. 2004). 

The remaining two proxies have been selected as the horizontal to vertical spectral ratios (HVSR) can 

be considered as good indicators of the presence of site effects at low costs of execution. In this work, 

we applied the approach proposed by Puglia et al. (2011) to compute the HVSR from microtremor 

measurements (hereinafter HVNSR) and to estimate the fundamental frequencies. The HVSR from 

earthquake recordings are calculated from 5% damped acceleration response spectra (hereinafter 

HVRS).  

Figure 1 shows the example of HVNSR and HVRS for two Italian stations: IT.LSS (Leonessa) and 

IT.SRT (Sortino), classified as EC8-A according to the ITalian ACcelerometric Archive (ITACA 2.2, 

http://itaca.mi.ingv.it; Luzi et al. 2008, Pacor et al. 2011) and in the Engineering Strong Motion database 

(ESM 1.0, http://esm.mi.ingv.it; Luzi et al. 2016). The VS,30 values are 1091 and 871 m/s, respectively. 

Station IT.SRT exhibits peaked spectral ratios centered around 5.5 Hz, whose amplitude reaches about 

8.0 for HVNSR, whereas IT.LSS has a flat response. This station has been selected as reference rock 

site to perform the Generalized Inversion Technique to calculate the empirical amplification functions 

of the sites analysed within the recent microzonation studies carried out in Central Italy after the 2016-

2017 seismic sequence (Pacor et al, 2017).  

 

   

 

 

http://itaca.mi.ingv.it/
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Figure 1 Horizontal to Vertical Spectral Ratios (HVNSRs) from ambient vibrations measurement (upper panel) 

and Horizontal to Vertical Acceleration Response Spectra (HVRS) from earthquakes (bottom panel) of IT.LSS 

(left) and IT.SRT (right). VS,30 values, EC8 subsoil categories, number of records and fundamental frequencies (f0) 

are also reported. 

 

2.2 Classification of recording stations 

 

After a careful revision of the Italian recording stations (Felicetta et al., 2016, results available in ITACA 

2.2, itaca.mi.ingv.it, and ESM 1.0, esm.mi.ingv.it), 134 stations classified as EC8-A in Bindi et al. 

(2011) and used to calibrate the reference GMPE for Italy (hereinafter ITA10), reduced to 47 stations, 

due to the availability of new data. We apply the proposed procedure to individuate reference-rock sites 

to the 47 stations (Felicetta et al., accepted), classified as EC8-A on the basis of VS,30 value, or on the 

base of surface geology description, according to Di Capua et al. (2011). 

After applying the six proxies proposed in this paper, only 23 stations (out of 47) can be considered as 

reference rock-sites. Table 1 lists the analyzed stations and the score obtained from the six proxies. 

These stations hereinafter will be identified as class Aref. The IT.LSS station, for example, fulfils 5 of 

the proposed proxies: it has VS,30 value greater than 800 m/s, it is located on limestones and far from 

structures, and the HVNSR and the HVRS curves are flat.  

 

 



 

 

 

Table 1. List of the 23 stations classified as reference rock-site (class Aref). IT and IV network codes refer to Rete Accelerometrica Nazionale and Italian National Seismic 

Network, respectively. (°) Site classes inferred from surface geology, assigned according to Di Capua et al. (2011); (~) T1: flat surfaces, isolated slopes or relief with average 

ground angle less than 15 degrees; T2: average slope angle greater than 15 degrees; (†) position of the station with respect to a structure that may affect the seismic site response; 
(-) HVSR from ambient vibration measurements; (#) HVSR from earthquakes recordings. 

 
Network 

code 

Station 

code 

Latitude 

[deg] 

Longitude 

[deg] 

VS,30 

[m/s] 
Surface geology(°) 

Scale 

geol. map 
Topographic(~) Free-field(†) HVNSR(-) HVSR(#) 

IT ALT 40.5584 15.3921 1018 B* 1:50,000 T1 Free-field Flat Flat 

IT AQP 42.3837 13.3686 836 A* 1:5,000 T1 Free-field Picked Picked 

IT ASG 45.8558 11.4739 960 A* 1:10,000 T1 Close to structure Flat  

IV BAG8 45.8228 10.4664  A* 1:100,000 T1 Free-field  Flat 

IT BBN 43.7476 11.8214 1000 A* 1:100,000 T1 Free-field Flat Flat 

IT BNT 37.7808 14.8447  A* 1:100,000 T1 Free-field Flat Picked 

IT BRC 46.1857 12.5519 976 A* 1:10,000 T1 Free-field Picked Picked 

IT BSC 41.0097 15.3761 972 A* 1:100,000 T1 Free-field   

IT CRD 46.5248 12.1172 1001 A* 1:10,000 T1 Free-field Flat Picked 

IT GNV 44.4317 8.9321 1152 B* 1:25,000 T1 Free-field Flat Picked 

IT LRS 40.0466 15.8348 1024 A* 1:50,000 T2 Free-field Flat Picked 

IT LSP 44.0962 9.8079  A* 1:25,000 T1 Free-field Flat Flat 

IT LSS 42.5582 12.9689 1091 A* 1:10,000 T2 Free-field Flat Flat 

IT MNF 43.0597 13.1845  A* 1:50,000 T2 Free-field Flat Flat 

IT MNN 41.6342 15.9113 815 A* 1:10,000 T1 Free-field Flat Flat 

IT NRN 42.5156 12.5194  A* 1:50,000 T1 Free-field Flat Picked 

IT PSC 41.8120 13.7892 1000 A* 1:5,000 T2 Free-field Picked Flat 

IT SBC 41.9132 13.1055 1298 A* 1:10,000 T1 Free-field  Flat 

IT SCN 41.9187 13.8724 839 A* 1:5,000 T1 Free-field Flat Picked 

IT SDG 41.8426 15.5589 800 A* 1:10,000 T1 Free-field Flat Flat 

IT VGG 39.9676 16.0511  A* 1:100,000 T1 Free-field Flat Flat 

IT VSD 41.8808 16.1703 800 A* 1:10,000 T1 Close to structure Flat Flat 

IV ZEN8 45.6378 10.7319  A* 1:100,000 T1 Free-field  Flat 



 

 

 

 

3. CALIBRATION OF GMPEs 

 

The functional form used for the regression is the same as in ITA10: 

 

log10Y = a + FD (R,M) + FM (M) + FS + Fsof                                                                                                                                            (1) 

 

where Y is the geometric mean of horizontal components of peak ground acceleration (PGA, cm/s2) and 

the 5%-damped absolute acceleration response spectra (SA, cm/s2), in the period range 0.04–2s; a is the 

constant term; FD (R, M), FM (M), FS and Fsof are the terms related to distance, magnitude, site 

amplification and style of faulting. M and R are the moment magnitude and the Joyner–Boore distance 

(in km), respectively. Further details are in Bindi et al. (2011). 

The regression is performed by applying the random effect approach (Abrahamson et al., 1992), 

separating the total standard deviation into the between-event and within-event components (Al Atik et 

al., 2010). 

We re-calibrate ITA10, assuming the 23 rock-sites of Table 1 as the reference level for site amplification, 

in order to derive the coefficients of the other classes. The new GMPE, named ITA10ref, is calibrated 

considering the EC8 subsoil categories, where EC8-A is subdivided in reference-rock (Aref) and generic 

rock (A). The regression is performed constraining the coefficients of class Aref to zero.  

The comparison between the soil coefficients of generic rock sites (A) and EC8-B sites, resulting from 

the regression ITA10ref, shows that class EC8-B is amplified at all periods with a peak at 0.3s (Figure 

2a). Figure 2b shows the acceleration response spectra predicted by ITA10ref  for Mw 6 and distance 

10km at Aref, A and EC8-B sites. The spectrum of the reference rock site (Aref) is noticeably lower than 

the one predicted for generic rock sites, that is very similar to the EC8-B curve up to 0.3s.  

In Figure 3, the site coefficients of class EC8-B, EC8-C, EC8-D and EC8-E as a function of period for 

ITA10 and ITA10ref are compared. The curves have the similar shapes, but the amplitudes derived by 

ITA10ref  are larger, especially for EC8-C and EC8-D soil categories. 

 

 
 
Figure 2. a) Soil coefficient for class A and EC8-B; b) Acceleration response spectra (SA) for a normal fault 

earthquake and classes Aref, A and EC8-B.  
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Figure 3. Comparison of site coefficients in ITA10 and ITA10ref. 

  

In the last step of the analysis, we compare the total standard deviation (sigma) of the EC8-A sites of 

ITA10 (σEC8-A) with those of the generic rock A (σA) and the reference-rock Aref (σAref) by ITA10ref 

(Figure 4). 

At periods shorter than 0.3s, the standard deviation of class A sites of ITA10ref, is the largest, with a 

peak at 0.1s. On the contrary, σAref is the lowest.  As expected, the standard deviation of EC8-A sites 

of ITA10 is in between the two curves. At periods longer than 0.3s, the trend inverts, where σAref is 

larger than σA. The total sigma of ITA10 (σtot) is used as reference.  
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Figure 4. Standard deviation of ITA10 for all sites (σtot) and EC8-A (σEC8-A) and ITA10ref for A (σA) and Aref 

(σAref). 

 

 

5. CONCLUSIONS 

 

European GMPEs (e.g. Akkar et al., 2010; Bindi et al., 2011) generally assume that sites with VS,30 

larger than 800 m/s (EC8-A) are the reference to evaluate soil amplification.  

Previous studies (i.e. Steidl et al. 1996, Bindi et al. 2009, Felicetta et al. 2017) showed that stations 

classified as EC8-A can be affected by relevant site effects, due to the presence of topographic 

irregularities, weathered materials and fractured rock.  

In our study, we tried to face this task by identifying six proxies to recognize reference stations (Aref). 

Three of them are based on geophysical and seismological characteristics (VS,30, HVRS, HVNSR) and 

the remaining on geologic and geomorphological features (outcropping rock, flat topography and 

absence of interaction with nearby structures). 

We applied the proposed proxies to the class EC8-A stations used to calibrate ITA10 and we evaluated 

the impact of introducing the new site class Aref in the total standard deviation associated to the GMPEs. 

We demonstrate that: i) median predictions for reference rock sites (Aref) are significantly reduced over 

the period range (0.04-2s) with respect to ITA10 median ground motion for EC8-A, confirming that the 

VS,30 is not sufficient to identify reference rock sites; ii) the total standard deviation, associated to 

reference rock sites, is reduced at short and intermediate periods (T < 1s), in comparison to the total 

variability of ITA10.  

An alternative approach to identify reference rock sites could be the cluster analysis, based on the natural 

grouping of the empirical amplification function of sites. In this case, reference rock sites are represented 

by the cluster characterized by the lowest amplification (Puglia et al., 2014). 

Another option could be the definition of the reference rock sites using a VS,30 value larger than 1500 

m/s corresponding to hard rock soil type in NEHRP (National Earthquake Hazards Reduction Program, 

BSSC, 2003). The problem of this approach is the availability of such rock sites; in Italy, for example, 

there is only the IT.MRM station (Mormanno) with VS,30 larger than 1500 m/s and equal to 1906 m/s. 

Further efforts could be done to identify reference rock sites through other proxies (e.g. amplification 

of the vertical component of motion, high frequency attenuation or site-to-site term resulting from the 

residual analysis). 
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