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Rock sites can be affected by site amplification.
Identification of reference rock site has major implications in the evaluation of median
ground-motion and in site-specific hazard assessment.

Vs 30 value is not able to discriminate between reference and generic rock sites
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Abstract

To assess site-specific ground motion it is common practice to calculate seismic hazard at bedrock
and then multiply it by a deterministic site-amplification factor typically computed from 1D
numerical simulation. For this reason, the ground motion at bedrock should be free from
amplification phenomena and its site response flat. Ground Motion Prediction Equations are
generally calibrated using records at stations classified as rock that, however, can be affected by
site-effects, caused by peculiar morphological/stratigraphic features.

In this work, we propose six proxies based on geological, topographical and geophysical data to
identify reference rock sites. We apply these proxies to the same set of recording stations used to
derive the most recent ground-motion attenuation model for Italy [6] - ITA10. We find that about
half of the analyzed sites, classified as rock on the basis of Vg3 or geological conditions, are
unaffected by amplifications and can be actually considered as reference rock sites.

Then, we re-calibrate the ITA10 prediction equations for horizontal peak ground acceleration at 20
spectral ordinates in the period range 0.04-2s, accounting for sites that we identify as references
rock sites. The resulting reference median values are, on average, 35-40% lower than those
calculated by Bindi et al. (2011) model for rock sites. Conversely, the ground motion variability is
not significantly changed, even if we introduce a new site soil category to describe the reference

rock stations.

Keywords: site effects, reference rock-sites, ground motion prediction equations
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Introduction

It is well known that local soil conditions and, to some extent, topographic irregularities, play a key
role on the characteristics of ground motion observed at a given site during an earthquake.
Therefore, site effects should be taken into account in any site-specific seismic hazard evaluation
[13, 26, 25, 4]. Traditionally, this goal can be reached modifying the hazard results for rock
condition by means of deterministic site-specific amplification factors.

The seismic actions defined in the European (Eurocode 8 - EC8, [9]) and Italian (Norme Tecniche
per le Costruzioni - NTCOS8, [10]) provisions adopt a soil classification scheme based on the
average shear-wave velocity in the uppermost 30 m (Vg 30) and then associate to each soil class a
specific site amplification factor, used to modify the design spectrum at rock. For example, NTCO8
exploits the seismic hazard study by Stucchi et al. [31] and provides the expected maximum
horizontal ground acceleration, evaluated on generic rock conditions and associated with prescribed
return period, on a regular grid covering the national territory. The site effects are then included
either by means of the NTCO8 amplification coefficients or by the results of specific seismic site
response analysis.

Seismic codes identify the generic rock conditions on the base of the Vg 3y value, which, for the
European standards, should exceed 800 m/s (soil category EC8-A). Nevertheless, this assumption
does not imply that the ground-motion recorded at sites having Vg3¢ larger than 800 m/s 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 [28, 5, 27,
18] and polarization [22, 19, 8].

To evaluate the response of different soils, empirical approaches, based on Ground Motion
Prediction Equations (GMPEs), generally define the reference ground motion, i.e. the ground
motion recorded at stations unaffected by site-effects, such that their amplification functions could

be assumed flat with amplitude equal to one.
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In practice, this behavior is associated to the generic rock condition, usually identified only through
the Vg 30 exceeding a given threshold. However, this assumption may cause inaccurate prediction of
the expected motion when hazard is evaluated including site effects, due to the amplified response
of the rock motion. The identification of reference rock sites, where the amplification response is
expected to be negligible, would be of great help to avoid this ambiguity in the predictions.

In this study, we propose a procedure to recognize reference sites according to six proxies, based on
geological, topographical and geophysical indicators. These proxies have been applied to the set of
stations classified as EC8-A, used for the calibration of the most updated GMPEs for Italy (ITA10,
[6]). The impact of the selection of reference rock versus generic rock condition is examined

through the variation of the median and standard deviation associated to the GMPE:s.

Proxies for identification of reference rock sites

We propose six proxies to identify reference-rock sites: 1) Vg3p > 800 m/s; 2) rock conditions on
the base of surface geology; 3) flat topographic surface; 4) absence of interaction with structures; 5)
flat horizontal to vertical spectral ratio of noise measurements without directional effects; 6) flat or
moderately broad-band horizontal to vertical spectral ratio of acceleration response spectra of
earthquake waveforms.

Three proxies out of six are based on geophysical and seismological data (1, 5 and 6), whereas the
remaining on geologic and geomorphological features (2, 3 and 4).

The first proxy requires that geophysical tests have been conducted in order to evaluate the shear
wave velocity profile, at least in the uppermost 30 m. The second one implies the availability of
geological maps at detailed scale, which are usually produced for specific studies, such as seismic
microzonation or urban planning. The third proxy implies that the site is located on a flat surface or
isolated slopes or reliefs with average ground inclination less than 15 degrees (as in the definition of

NTCOS8-T1 topographic class). This proxy is introduced to exclude sites with amplification effects
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related to topographic settings [21, 19]. The fourth proxy is necessary to remove stations with
possible seismic soil-structure interaction [30, 14].

The last two proxies have been selected as the horizontal to vertical spectral ratios (HV) are good
indicators of the presence of site effects and have low execution costs. The approach proposed by
Puglia et al. [24] is adopted to compute the HV obtained from noise measurements (HVNSR) and
estimate the fundamental frequencies. The spectral ratio from earthquake recordings are calculated
from 5% damped acceleration response spectra (HVRS) rather than S-wave Fourier spectra.

The main advantages on the use of HVRS instead of S-wave Fourier spectra are that no smoothing
is required and that the sharp peaks of the Fourier spectra that would lead to large variability of the
average HV Fourier spectral ratios are not present in the response spectra [32]. Even though the use
of damped response spectra not guarantee that only the S-wave portion of a record contributes to
the spectral analysis, they can be efficiently employed to characterize the site response of a large
number of station using all available records [32, 7]. That means substantial reduction of the
computational cost in calculating spectral ratios.

As an example, we consider three stations (Sortino, IT.SRT; L’ Aquila Pettino, IT.AQP; Mormanno,
IT.MRM) classified as EC8-A in the Italian Accelerometric Archive (ITACA 2.2,
http://itaca.mi.ingv.it; [17, 20]) on the basis of measured shear-wave velocity profiles (Vgs3o = 871,
836 and 1906 m/s, respectively). Figure 1 shows the HVNSRs and HVRS for the three stations. We
can observe that IT.SRT and IT.AQP have a peculiar site response: HVNSR of IT.SRT exhibits a
high amplitude peak (about 8.0) at 5.6 Hz and IT.AQP shows a broad-band amplification in the
frequency range 1.5-5 Hz. The peak detected at IT.SRT by HVNSR is also detectable by HVRS,
even if with a lower amplitude (about 4.0). Although, the shape of the curves are similar, HVRS is
less accurate in the recognition of the fundamental frequencies since the response spectra are
computed using earthquakes records that are affected by source and path effects. IT.MRM has a flat

response for both spectral analysis.
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In this study, we attribute the same importance to each proxy for the individuation of reference-rock
sites and assume as criterion that, at least, four out of the six proxies are satisfied. Nevertheless, the
application of the proposed proxies depends on the availability of information on seismic site
characterization. When data are not available to verify one of the proposed proxies, we assume that
this proxy is temporarily not considered.

In the next section, to perform the analysis for reference-rock-site detection, we use the station set
selected by Bindi et al. [6] to calibrate the ground-prediction at EC8-A class of the GMPEs for

Italy.

Dataset

The GMPEs developed on the Italian accelerometric data set (ITA10; [6]) were calibrated on 134
stations classified as EC8-A.

Recently, a large number of sites have been investigated in Italy and the information related to those
studies are available in ITACA 2.2 and in the Engineering Strong Motion database (ESM,

http://esm.mi.ingv.it; [15]). Indeed, the site classification of Italian recording stations has been

updated [12] and, after this revision, the ITA10 data set includes 47 stations classified as EC8-A out
of the original 134. Figure 2 shows the stations distribution, grouped according to the subsoil
categories before and after the reclassification. About 2/3 of the EC8-A stations of ITA10 changes
the soil category: the majority falls EC8-B class, while a small number is distributed among EC8-C,
EC8-D and EC8-E classes.

Table 1 lists the 47 analyzed stations and the available metadata; those corresponding to the six
proxies are indicated as: 1) V3g; 2) surface geology; 3) topography; 4) free-field; 5) HVNSR; 6)
HVRS.

After the application of the six proxies, 23 stations (grey rows in Table 1 and white bar in Figure 2)

out of 47 can be considered as reference rock-sites. These stations are hereinafter identified by Aref.
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As an example, in Figure 3 we show the geological map and the cross-section, HVNSR and HVRS
of IT.MNN (Manfredonia) station that fulfils all the proposed proxies. IT.MNN, classified as EC8-
A on the base of Vg3, is installed in free-field condition and it is located on limestones layer with
flat topography. Furthermore, empirical spectral ratios exhibit flat curves, without directional
effects.

In the next sections, we re-calibrate the Italian GMPEs, assuming the 23 rock-sites of Table 1 as the

reference level to derive the coefficients of the other site classes.

Calibration of GMPEs for reference rock site

The functional form used for the regression is the same adopted by ITA10:
logioY =a+ Fp(RM) + Fy(M) + Fs+ Fgof (1)

a is the constant term and Fp (R, M), Fy (M), Fs, Fy,y are the correction terms related to distance,
magnitude, site amplification and the style of faulting. In Eq. (1), M is the moment magnitude and R
is the Joyner—Boore distance (in km). The distance and magnitude scaling and the correction for
style of faulting are identical to those used for ITA10.

The strong motion parameters Y considered for the regressions are the geometric mean of the
horizontal components of the peak ground acceleration (PGA, cm/s?) and the 5%-damped absolute
acceleration response spectra (Sa, cm/s?) in the period range 0.04-2s. The regressions are
performed by applying the random effect approach [1], separating the total standard deviation into
the between-event and within-event components [3].

The term Fs represents the site amplification and it is given by Fs = s; C;, for j = 1,...,n, where s; are
the coefficients to be determined through the regression analysis, C; are dummy variables and #n is
the number of site classes, corresponding to the EC8 soil categories.

Further details of the regression equations are provided in the Electronic Supplement (ESUPP1).
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In this analysis, we perform two regressions using the same records of ITA10, updating the soils
categories on the base of the revised classification (Figure 2):

- MODI1: the regression is developed considering the 5 ECS site categories and constraining
the coefficients of class EC8-A to zero.

- MOD2: the regression is developed considering 6 site categories, splitting the EC8-A into
reference rock sites (A.r) and generic rock sites (A); the regression is performed
constraining the coefficients of class A to zero. The class A (generic rock site) of this
model is composed by stations classified as EC8-A in MODI, that are not identified as
reference sites according to the proposed six proxies.

The coefficients of the regression analysis for MOD1 and MOD?2 are given in ESUPP2.

Figure 4 illustrates the magnitude — distance distribution of the adopted dataset, highlighting the A
and A, records with grey and white circles, respectively. Although the revised classification of the
[talian stations reduces the number of EC8-A sites, the corresponding the records sample the entire
distance and magnitude ranges used in the regressions.

To evaluate the predictions by different GMPEs [26], median response spectra for the reference soil
categories A..r are compared with the EC8-A values of MODI1 and ITA10 (Figure 5a), for different
magnitudes and distance ranges. The predictions of ITA10 and MODI are quite similar: small
differences are observed at short distances in the period range 0.07-0.25s, where MODI1 spectral
values are larger than ITA10. Conversely, the median amplitudes of reference rock sites spectra
(MOD2) are always smaller than the others. Figure 5b shows the same comparison for EC8-B
response spectra: the re-classification of the stations caused that the median predictions of MOD1
and MOD?2 exhibit lower values than ITA10. For the other site categories, no significant differences
are found, this is shown in the plots for EC8-C, EC8-D and ECS8-E provided in the ESUPP3.

Figure 6 quantifies the reduction between the predictions of ITA10 for EC8-A and those of MOD2-

Aref for two magnitudes (M5 and M6) and distances (10 and 50km), as a function of period. The
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range of variation is between 15 and 40% with the largest values in the period range 0.2-0.4s. This
reduction increases with distance and decreases with magnitude.

In Figure 7a, the comparison between the soil coefficients of MOD?2 for generic rock sites (A) and
ECS8-B is shown. The generic rock class A is amplified at all periods with respect to the A, sites
and shows similar behavior to the EC8-B at short periods (up to 0.2s) while, at longer periods, it is
about 10% lower. Figure 7b represents an example of acceleration spectra predicted by MOD?2 for
Acr, A and EC8-B. As expected, the spectrum for reference rock sites (A.y) is noticeably lower than
the predictions for generic rock sites and results in a reduction of up 43% at 0.3s, on average the
generic rock ground motions are about 30% higher than those predicted for reference rock sites
(Figure 6, black curve).

Figure 8 shows the site coefficients of class EC8-B, EC8-C, EC8-D and ECS8-E as a function of
period for ITA10, MOD1 and MOD?2. The trends of the coefficients are similar among the three
models. The results for ITA1I0 and MOD2 can be directly compared, because there are not
significant differences in the reference median ground motion, corresponding to the EC8-A class.
The MODI1 coefficients for EC8-B are lower than those provided for ITA10, similar for EC8-C and
higher for EC8-D. For sites in EC8-E, the MODI coefficients are lower than ITA10 at short periods
and similar at long periods. As expected, the site amplifications estimated with MOD?2 are always
higher than the others at all periods for all site classes, since the reference median predictions (Aef)
are lower than the other models (Figure 8).

Figure 9 shows the total (o), the between-event (t) and within-event (¢) standard deviation as
function of period, for the three GMPEs. Small differences are observed among the three models.
We estimate the variability for EC8-A sites of ITA10 (ogcs.a), for generic rock A (64) and Ay
(Carer), associated to the MOD2 equation. Figure 10 shows the comparison among these
variabilities, including the total sigma of ITA10 as reference variability (o) of the ground motion.
The ogcs.a are higher at short periods (up to 0.3s) and lower at long periods, with respect to the o.

The oarer 18, on average, 15% lower than oy, especially at periods shorter than 0.7s; on the contrary,
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the 6 values calculated for generic rock sites are the largest in the period range 0.04-0.25s, with the

maximum value of 0.5 at 0.1s.

Final considerations

The European structural codes introduce reference ground motions at rock sites, defined by Vg3
values larger than 800m/s (EC8-A class). The ECS site classification scheme has been largely used
to calibrate European GMPEs and to account for site effects in the prediction models [2, 6], among
others). In addition, seismic hazard maps commonly provide the expected ground motion using the
prediction for EC8-A class as representative of the rock condition. However, several recording
stations belonging to the EC8-A soil category are affected by relevant site effects (e.g. IT.AQP and
IT.SRT in Figure 1), due to the presence of topographic irregularities, weathered surface material
and fractured rocks. This issue might cause over-prediction of the expected motion at rock sites and,
as consequence, an over-estimation of the expected motion at soil sites, if the amplification is
computed with respect to an ideal rock site. The identification of reference rock site may also have
major implications in GMPEs calibration and in site-specific hazard assessment.

To tackle this issue, in this study we proposed six proxies to identify rock reference stations,
identified as A, in which the site effects are negligible. Three proxies out of six are based on
geophysical and seismological data (Vg 39, HVRS, HVNSR), whereas the remaining on geologic and
geomorphological features (outcropping rocks, flat topography and absence of interaction with
structures).

We applied these proxies to the same accelerometric stations used to calibrate the ground motion
model for Italy (ITA10; [6]) and we evaluated the impact of introducing the new site class Aes in
the GMPEs calibration.

As a result, we showed that: 1) median predictions for reference sites (A.f) are significantly reduced

down to 40% over the entire period range (0.04-2s) with respect to the EC8-A median ground
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motion of ITA10 (Figure 6), confirming that the only Vg 3 value is not able to discriminate between
reference and generic rock sites; ii) the total standard deviation calculated only for reference rock
sites, is remarkably reduced at short and intermediate periods (T < Is) in comparison to the total
variability of ITA10.

The outcomes of this study show that the evaluation of seismic site response is fundamental also for
recording station located on rock conditions and the definition of reference rock site by values of
Vs30 > 800, as presently stated in EC8 code, is not exhaustive to recognize sites unaffected by
amplification effects. The introduction of further proxies is recommended for this purpose,
especially those based on the seismological analysis of records, such as the horizontal to vertical
spectral ratios (HVSR and HVNSR).

Given the large number of seismic stations actually installed in Europe, further efforts should be
made to identify reference sites through the proposed and other possible geophysical (e.g. rock
mechanical properties) and seismological proxies (e.g. vertical amplification; high frequency
attenuation parameter) that can be easily applied to a large dataset. Since information on site
response may be limited for large strong motion datasets, a possible strategy is to assign a
hierarchical index to the proposed proxies, so that only a restricted number (e.g. Vs 3 larger than a
certain threshold and fundamental frequency [16, 23]) should be adopted to identify reference rock

sites.

Acknowledgments
The Authors wish to thank Editor and the two anonymous manuscript Reviewers for the useful

comments and suggestions that improved the quality of our manuscript

Reference

10



252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284

[1] Abrahamson NA, Youngs, RR. A stable algorithm for regression analyses using the random
effects model. Bull. of the Seismol. Soc. of Am. 1992; 82(1): 505-510.

[2] Akkar, S., and J. J. Bommer (2010). Empirical equations for the prediction of PGA, PGV,
and spectral accelerations in Europe, the Mediterranean region, and the Middle East.
Seismol. Res. Lett. 2010; 81, no. 2, 195-206. DOI: 10.1785/gssrl.81.2.195

[3] Al Atik, L, Abrahamson N, Bommer JJ, Scherbaum, F, Cotton F, Kuehn N. The variability
of ground-motion prediction models and its components. Seismol. Res. Lett. 2010; 81(5):
794-801. DOI: 10.1785/gssrl.81.5.794

[4] Barani S, Spallarossa D. Soil amplification in probabilistic ground motion hazard analysis.
Bull. of Earthq. Eng. 2017; 15(6): 2525-2545. DOI 10.1007/s10518-016-9971-y

[5] Bindi D, Pacor F, Luzi L, Massa M, Ameri G. The Mw 6.3, 2009 L'Aquila earthquake:
source, path and site effects from spectral analysis of strong motion data. Geophys. J. Int.
2009; 179(3): 1573-1579. DOI: 10.1111/1.1365-246X.2009.04392.x

[6] Bindi D, Pacor F, Luzi L, Puglia R, Massa M, Ameri G, Paolucci R. Ground motion
prediction equations derived from the Italian strong motion database. Bull. Earthq. Eng.
2011; 9(6): 1899-1920. DOI 10.1007/s10518-011-9313-z

[7] Bindi D, Spallarossa D, Pacor F. Between-event and between-station variability observed in
the Fourier and response spectra domains: comparison with seismological models. Geophys.
J. Int. 2017: 210(2): 1092—1104, https://doi.org/10.1093/gji/ggx217

[8] Burjanek J, Edwards B, Fah D. Empirical evidence of local seismic effects at sites with
pronounced topography: a systematic approach. Geophys. J. Int. 2014; 197(1): 608-619.
DOI: 10.1093/gji/ggu014

[9] CEN (Comite Europe en de Normalisation) Eurocode 8: design of structures for earthquake
resistance-Part 1: general rules, seismic actions and rules for buildings, Comite Europe en
de Normalisation Brussels, May 2004, http://www.cen.eu/cenorm/homepage.htm.

[10]CS.LL.PP - DM 14 Gennaio 2008. Norme Tecniche per le Costruzioni. Gazzetta Ufficiale
della Repubblica Italiana 2008; 29 (in Italian).

[11] D1 Capua G, Lanzo G, Pessina V, Peppoloni S, Scasserra G. The recording stations of the
[talian strong motion network: geological information and site classification. Bull Earthq
Eng 2011; 9: 1779-1796. doi:10.6092/INGV.IT-CPTI11

[12] Felicetta C, D’Amico M, Lanzano G, Puglia R, Russo E, Luzi L. Site characterization of
Italian accelerometric stations. Bull. Earthq. Eng. 2017; 15(6): 2329 — 2348. DOI:
10.1007/s10518-016- 9942-3

11


http://www.cen.eu/cenorm/homepage.htm

285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316

[13] Field EH, SCEC Phase III Working Group. Accounting for site effects in probabilistic
seismic hazard analyses of southern California: overview of the SCEC phase I1I report. Bull.
of the Seismol. Soc. of Am. 2000; 90.6B: S1-S31.

[14] Gallipoli MR, Mucciarelli M, Castro RR, Monachesi G, Contri P. Structure, soil-structure
response and effects of damage based on observations of horizontal-to-vertical spectral
ratios of microtremors. Soil Dyn. and Earthq. Eng. 2004; 24(6): 487-495. DOI:
10.1016/j.s0ildyn.2003.11.009

[15] Luzi L, Puglia R, Russo E, D'Amico M, Felicetta C, Pacor F, Lanzano G, Ceken U, Clinton
J, Costa G, Duni L, Farzanegan E, Gueguen P, Ionescu C, Kalogeras I, Ozener H, Pesaresi
D, Sleeman R, Strollo A, Zare M. The Engineering Strong-Motion Database: A Platform to
Access Pan-European Accelerometric Data. Seismol. Res. Lett. 2016; 87(4): 987-997. DOLI:
10.1785/0220150278

[16] Luzi L, Puglia R, Pacor F, Gallipoli MR, Bindi D, Mucciarelli M. Proposal for a soil
classification based on parameters alternative or complementary to Vs 3o. Bull. Earthq. Eng.
2011; 9: 1877-1898. DOI 10.1007/s10518-011-9274-2

[17] Luzi, L, Hailemikael S., Bindi D, Pacor F, Mele F, Sabetta F. ITACA (ITalian
ACcelerometric Archive): A Web Portal for the Dissemination of Italian Strong-motion
Data. Seismol. Res. Lett. 2008; 79(5), 716—722. DOI: 10.1785/gssrl.79.5.716

[18] Marzorati S,-Ladina C,- Falcucci E, Gori S, Saroli M, Ameri G, Galadini F. Site effects “on
the rock™: the case of Castelvecchio Subequo (L’Aquila, central Italy). Bull Earthq. Eng
2011; 9: 841-868. DOI 10.1007/s10518-011-9263-5

[19] Massa M, Barani S, Lovati S. Overview of topographic effects based on experimental
observations: meaning, causes and possible interpretations. Geophys. J. Int. 2014; 197(3):
1537-1550. DOI: 10.1093/gji/ggt341

[20] Pacor F, Paolucci R, Luzi L, Sabetta F, Spinelli A, Gorini A, Nicoletti M, Marcucci S,
Filippi L, Dolce M. Overview of the Italian strong motion database ITACA 1.0. Bull
Earthquake Eng 2011; 9(6), 1723—-1739. DOI: 10.1007/s10518-011-9327-6

[21] Paolucci R. Amplification of earthquake ground motion by steep topographic irregularities.
Earthq. Eng. Struct. Dyn. 2002; 31:1831-1853.

[22] Pischiutta M, Rovelli A, Vannoli P, Calderoni G. Recurrence of horizontal amplification at
rock sites: a test using H/V based ground motion prediction equations, 4th IASPEI / IAEE
International Symposium, Santa Barbara (CA), August 23- 26, 2011.

12



317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348

[23] Pitilakis K, Riga E, Anastasiadis A. New code site classification, amplification factors and
normalized response spectra based on a worldwide ground-motion database. Bull. Earthgq.
Eng. 2013; 11(4): 925-966. DOI 10.1007/s10518-013-9429-4

[24] Puglia R, Albarello D, Gorini A, Luzi L, Marcucci S, Pacor F. Extensive characterization of
Italian accelerometric stations from single-station ambient-vibration measurements. Bull.
Earthq. Eng 2011; 9: 1821-1838 DOI 10.1007/s10518-011-9305-z

[25] Rodriguez-Marek A, Rathje EM, Bommer JJ, Scherbaum F, Stafford PJ. Application of
single-station sigma and site-response characterization in a probabilistic seismic-hazard
analysis for a new nuclear site. Bull. Seismol. Soc. Am. 2014; 104:1601-1619. DOI:
10.1785/0120130196

[26] Romeo R, Paciello A, Rinaldis D. Seismic hazard maps of Italy including site effects. Soil
Dyn. and Earthq. Eng. 2000; 20(1): 85-92.

[27] Rovelli A, Caserta A, Marra F, Ruggiero V. Can seismic waves be trapped inside an
inactive fault zone? The case study of Nocera Umbra, Central Italy. Bull. Seismol. Soc. Am.
2002; 92(6): 2217-2232.

[28] Steidl HJ, Tumarkin AG, Archuleta RJ. What Is a Reference Site? Bull. of the Seismol.
Soc. of Am. 1996; 86(6): 1733-1748

[29] Stewart JP, Douglas J, Javanbarg M, Bozorgnia Y, Abrahamson NA, Boore DM, Campbell
KW, Delavaud E, Erdik M, Stafford PJ. Selection of ground motion prediction equations for
the Global Earthquake Model. Earthq. Spectra 2015; 31(1): 19-45.

[30] Stewart P, Fenves L, Seed B. Seismic Soil-Structure Interaction in Buildings. I: Analytical
Methods. J. of Geotech. and Geoenvironmental Eng. 1999; 125(1): 26-37.
DOI: 10.1061/(ASCE)1090-0241(1999)125:1(26)

[31] Stucchi, M., C. Meletti, V. Montaldo, H. Crowley, G. M. Calvi, and E. Boschi. Seismic
hazard assessment (2003-2009) for the Italian Building Code. Bull. Seismol. Soc. Am.
2011; 101, no. 4, 1885-1911. DOI: 10.1785/0120100130

[32] John X. Zhao, Kojiro Irikura, Jian Zhang, Yoshimitsu Fukushima, Paul G. Somerville,
Akihiro Asano, Yuki Ohno, Taishi Oouchi, Toshimasa Takahashi, Hiroshi Ogawa; An
Empirical Site-Classification Method for Strong-Motion Stations in Japan Using h/v
Response Spectral Ratio. Bull. Seismol. Soc. Am 2006; 96 (3): 914-925. doi:
https://doi.org/10.1785/0120050124

13


http://dx.doi.org/10.1061/(ASCE)1090-0241(1999)125:1(26)

349

350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368

369
370
371
372

373
374
375

376

377
378

379
380

381
382

Captions

Figure 1. Spectral analysis at IT.SRT (left), IT.AQP (centre) and IT.MRM (right) stations. Top:
Horizontal to Vertical Spectral Ratios (HVNSRs) from ambient vibrations measurement. Bottom:
Horizontal to Vertical acceleration Response Spectra (HVRS) from earthquakes. Vg 3o values, EC08
subsoil categories, number of records and fundamental frequencies (f) are also reported.

Figure 2. Distribution of stations according to the ECS8 site classification, before and after the
updating of the site information.

Figure 3. Geological map and geological cross-section, HVNRS and HVRS of IT.MNN
(Manfredonia) station that fulfils all the proposed proxies to identify a reference rock-site. The is
installed in free-field condition and it is classified as A on the base of Vg 3 value equal to 815 m/s.

Figure 4. Magnitude — distance distribution of the ITA10 data set (black circles). Grey and white
circles represent the records of generic rock sites (A) and reference rock sites (Aref), respectively.

Figure 5. Acceleration response spectra (SA) predicted the GMPEs for normal faulting
earthquakes: a) site EC8-A ITA10, EC8-A MODI and A, MOD2; b) EC8-B ITA10, EC8-B
MODI and EC8-B MOD2.

Figure 6. Percentage of reduction between the predictions of ITA10 for EC8-A and those of
MOD2-Aref for two magnitudes (M5 and M6) and distances (10 and 50km), as a function of
period. The black line represents the reduction between the prediction of MOD2 for generic rock
site and reference rock site.

Figure 7. a) MOD?2 soil coefficient for classes A and EC8-B; b) Acceleration response spectra
(SA) for large magnitudes and short distances normal faulting earthquakes related to MOD?2 soil
classes A, A and EC8-B.

Figure 8. Site coefficients obtained for the soil classes of ITA10, MODI1 and MOD2.

Figure 9. Standard deviations of GMPEs (between—event t, within-event ¢ and total o) as a
function of period.

Figure 10. Total standard deviations of ITA10, MODI1 for EC8-A, and MOD2 for reference (A.ef)
and generic rock (A).
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Table 1. List of analyzed stations. IT, IV and 4A network codes refer to Rete Accelerometrica Nazionale, Italian National Seismic Network and
Emersito Seismic Network for Site Effect Studies in L'Aquila town (Central Italy), respectively. )The site classes from geological surface are
assigned according to [10]; ®NTCO8 — T1 topographic class corresponds to flat surfaces, isolated slopes or relief with average ground inclination
less than 15 degrees; the site are classified as T2 if the average ground slope is greater than 15 degrees; (PPosition of stations with respect to
structures that may affect the seismic site response; ) HVSR from ambient vibration measurements; * HVSR from earthquakes recordings. Stations
that can be considered as reference rock-site are in grey.

Network Station Latitude Longitude Vs.30 © Scale . ) - o @®
code code [deg] [deg] (m/s] Surface geology geol. map Topographic Free-field HVNSR! HVSR

IT ALT 40.5584 15.3921 1018 B* 1:50,000 Tl Free-field Flat Flat
IT ANT 42.4181 13.0786 A* 1:5,000 T1 Close to structure Picked Picked
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 Tl Close to structure Flat
IT ATN 41.6203 13.8012 A* 1:25,000 T1 Inside structure Picked
IT AUL 44.2088 9.9731 A* 1:100,000 Tl Inside structure Flat Picked
v BAGS8 45.8228 10.4664 A* 1:100,000 Tl 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 Tl Free-field Picked Picked
IT BSC 41.0097 15.3761 972 A* 1:100,000 Tl Free-field
IT CAG 43.0544 12.8289 A* 1:50,000 T2 Free-field Picked
IT CESM 43.0047 12.9033 A* 1:100,000 T1 No information Picked
IT CGL 43.5353 12.6292 800 C* 1:10,000 T2 Close to structure Flat
IT CRD 46.5248 12.1172 1001 A* 1:10,000 T1 Free-field Flat Picked
IT CSv 42.2975 13.6292 A* 1:100,000 Tl Free-field
IT FHC 42.7611 13.2103 A* 1:50,000 Tl Inside structure Picked
IT FORC 42.9610 12.9520 A* 1:100,000 T1 No information Picked
IT GNL 40.8433 16.0331 A* 1:100,000 Tl Free-field Picked Picked
IT GNV 444317 8.9321 1152 B* 1:25,000 T1 Free-field Flat Picked
IT GRD 42.1785 14.1799 A* 1:5,000 T2 Free-field Picked Flat
IT GRR 37.7261 15.1628 A* 1:50,000 Tl Free-field Picked
IT GVD 45.6100 10.3836 A* 1:100,000 Tl Free-field
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
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Network Station Latitude Longitude Vs.30 © Scale . ) - o @
code code (deg] (deg] (m/s] Surface geology geol. map Topographic Free-field HVNSR! HVSR

IT LSS 42.5582 12.9689 1091 A* 1:10,000 T2 Free-field Flat Flat
4A MI05 42.2895 13.5253 A* 1:100,000 Tl Free-field Picked
IT MNF 43.0597 13.1845 A* 1:50,000 T2 Free-field Flat Flat

IT MNG 41.7035 15.9580 A* 1:20,000 Tl Free-field Picked Picked
IT MNN 41.6342 159113 815 A* 1:10,000 Tl Free-field Flat Flat

IT NRN 42.5156 12.5194 A* 1:50,000 T1 Free-field Flat Picked
IT ORT 41.9561 13.6458 A* 1:100,000 Tl Free-field

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

IT RIP 42.2650 13.5992 A¥* 1:100,000 T1 Free-field Picked
IT SBC 41.9132 13.1055 1298 A* 1:10,000 Tl Free-field Flat

IT SCN 41.9187 13.8724 839 A* 1:5,000 Tl Free-field Flat Picked
IT SDG 41.8426 15.5589 800 A* 1:10,000 Tl Free-field Flat Flat

IT SGR 41.2720 14.9261 849 B* 1:5,000 T1 Close to structure Picked Picked
IT SLA 40.9294 15.1758 A* 1:100,000 Tl Inside structure Picked
IT SNN 41.8322 15.5710 865 A¥* 1:50,000 Tl Close to structure Picked Picked
IT SPM 42.7232 12.7513 A* 1:50,000 T1 Free-field Picked Picked
IT SUL 42.0890 13.9340 A* 1:25,000 T2 Free-field Flat

IT TRG 45.5253 11.1344 A* 1:100,000 T1 No information Picked
IT VGG 39.9676 16.0511 A* 1:100,000 T1 Free-field Flat Flat

IT VGL 44.1107 10.2896 A¥* 1:100,000 Tl Inside structure Picked
IT VSD 41.8808 16.1703 800 A* 1:10,000 Tl Close to structure Flat Flat
v ZENS 45.6378 10.7319 A* 1:100,000 Tl Free-field Flat
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Details of regression equations
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The functional form is:
l0g10Y=a+FD(R,M)+FM(M)+F5+FSOf [1]

where a is the constant term, the distance function is:

R% + h?
Fp(RM) = [c1 + c1(M - Mref)]loglo(\/]i R, f) - c3(Rfs + 1% = Ryey) 2]

the magnitude function is:

EOM) = bi(M-M) +b,(M-M)*  forM<M,
m(M) = bs(M - M}) otherwise

M,y =5.0, M, = 6.75 and R,,= 1 km.

h is the pseudo-depth (km) and it is obtained from the regression; b; is set to zero. M is the moment
magnitude (or the local magnitude when moment magnitude is not available), R is the Joyner-Boore
distance (km), or the epicentral distance (km), when the fault geometry is undefined.

Fg,r represents the style of faulting correction and it is given by F,r = fE}, for j=1,...4, where f; are
the coefficients to be determined during the analysis and E; are dummy variables used to denote the
different fault classes. The styles of faulting are normal (N), reverse (R), strike slip (SS) and unknown
).

F represents the site amplification and it is given by Fg = f;E;

The term Fs represents the site amplification and it is given by Fs = s; C;, for j = 1,...,n, where s; are
the coefficients to be determined through the regression analysis, C; are dummy variables and 7 is the
number of site classes.

ITA10.1 adopts the ECS soil categories to describe the site effects (EC8-A, EC8-B, EC8-C, EC8-D
and EC8-E); the soil category of ITA10,.s are A.f (reference rock sites), A (generic rock sites), EC8-
B, EC8-C, EC8-D and EC8-E.

The strong motion parameters Y considered for the regressions are the geometrical mean of horizontal
components of peak ground acceleration (PGA, in cm/s?) and the 5%-damped absolute acceleration

response spectra (Sa, cm/s?) in the period range 0.04 to 2s.

2



36  The regression coefficients for ITA10.1 and ITA10,are given in excel file ESUPP2.
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Trellis plots for EC8-C, EC8-D and ECS-E site classes
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Figure 3.1 Response spectra of the median predictions in term of acceleration response spectra (SA) for normal faulting
13 earthquakes and EC8-C site class.
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Figure 3.2 Response spectra of the median predictions in term of acceleration response spectra (SA) for normal faulting
earthquakes and EC8-D site class.
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Figure 3.3 Response spectra of the median predictions in term of acceleration response spectra (SA) for normal faulting
21 earthquakes and ECS8-E site class.



