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each station of the site amplification effect at each station, the influence of backazimuth
and epicentral distance is investigated. With the aim of reproducing the observed
amplification pattern, 2D numerical simulations were performed on a section
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While at Montereale site no clear amplification effects were observed, at Amandola
site, all stations on the relief consistently detected significant peaks at about 4 Hz, and
along N120-150 azimuth. At Civitella del Tronto a proper reference station is missing,
implying a misleading of site response evaluation in terms of SSRs. Moreover, even if
all stations show amplification in the frequency band 1-3 Hz, the direction of maximum
amplification varies from NE to NW. 
At the three sites, observations were successfully reproduced by 2D numerical models,
the latter suggesting that topography alone cannot reproduce data and the interplay
with subsoil velocity structure is needed to produce a clear amplification effect. We
conclude that, according to previous papers, rather than the sole topography convex
shape, the geophysical structure has often a predominant role in controlling the
observed amplification pattern on topography.
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Abstract  21 

Following the MW 6.0 Amatrice earthquake on August 24 2016 in Central Italy, the Emersito task 22 

force of the Istituto Nazionale di Geofisica e Vulcanologia (INGV) installed a temporary seismic 23 

network focusing on the investigation of amplification effects at municipalities located on 24 

topographic reliefs. Fourteen stations were installed at three sites: Amandola, Civitella del Tronto 25 

and Montereale. During the operational period, stations recorded about 150 earthquakes with Mw up 26 

to 4.7. Recorded signals were analyzed calculating the horizontal-to-vertical spectral ratios at single 27 

station (HVSRs), using both ambient noise and earthquake waveforms, as well as standard spectral 28 

ratios to a reference site (SSRs). To robustly estimate site amplification at each station of the site 29 

amplification effect at each station, the influence of backazimuth and epicentral distance is 30 

investigated. With the aim of reproducing the observed amplification pattern, 2D numerical 31 

simulations were performed on a section orthogonal to the topography major axis, constrained 32 

through in-situ geological investigations and geophysical surveys. 33 
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While at Montereale site no clear amplification effects were observed, at Amandola site, all stations 34 

on the relief consistently detected significant peaks at about 4 Hz, and along N120-150 azimuth. At 35 

Civitella del Tronto a proper reference station is missing, implying a misleading of site response 36 

evaluation in terms of SSRs. Moreover, even if all stations show amplification in the frequency band 37 

1-3 Hz, the direction of maximum amplification varies from NE to NW.  38 

At the three sites, observations were successfully reproduced by 2D numerical models, the latter 39 

suggesting that topography alone cannot reproduce data and the interplay with subsoil velocity 40 

structure is needed to produce a clear amplification effect. We conclude that, according to previous 41 

papers, rather than the sole topography convex shape, the geophysical structure has often a 42 

predominant role in controlling the observed amplification pattern on topography.  43 

 44 

1. Introduction 45 
 46 

The role of topography on seismic amplification is a complex topic that is still under debate. Many 47 

studies in the last 5 decades approached this issue, explaining the amplification observed on the top 48 

of the reliefs in terms of constructive interference of seismic waves diffracted by the convex shape of 49 

topography, and relating the resonance frequency to the hill dimension and the mean shear-wave 50 

velocity (“topo-resonant model”, as in Burjanek et al., 2014). 51 

In earlier studies, numerical simulations assumed homogeneous subsoil in order to highlights the 52 

effect of topography; they successfully reproduced the amplified frequency band, but they generally 53 

failed in reproducing the observed amplitude levels which rarely exceeded a factor of 2 (e.g. Lee et 54 

al., 2009). This inconsistency was usually attributed to several limitations, such as inappropriate 55 

reference station (e.g. Paolucci, 2002) or extremely simplified numerical models (Bouchon and 56 

Baker, 1996). Lovati et al. (2010) observed significant amplification on Narni hill (central Italy), but 57 

neither 2D or 3D numerical simulations adopting homogeneous models were able to reproduce 58 

observed ground motion amplitudes: they ascribed the observed amplification to the coupling of 59 

topography and stratigraphy effects. Recent works demonstrated that it is possible to attain amplitude 60 

levels comparable to observations only when considering accurate 3D velocity model (i.e. Hartzell et 61 

al., 2013, 2016; Glinsky and Bertrand, 2017; Luo et al., 2020; Primofiore et al., 2020). 62 

Beside significant amplification, topographic irregularities often produce directional effects, ground 63 

motion polarization being orthogonal to the topography major axis (that is the elongation in the 2-D 64 

approximation of topography shape), as firstly proposed by Spudich et al. (1996), due to an effect of 65 

wave field scattering from the crest (Buech et al. 2010; Massa et al. 2010; Pischiutta et al. 2010; 66 

Massa et al., 2014).  67 
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An important issue about amplification on topography regards the site selection. In most papers, the 68 

contribution of topographic irregularities on amplification has been usually studied at single sites 69 

where significant ground-motion amplification was observed during earthquakes. However, when 70 

using a large quantity of not pre-selected topography sites, the amplification effect on topography is 71 

not systematically observed, and/or it is not consistent with the “topo-resonant models”. As an 72 

example, Burjanek et al. (2014) used 25 Swiss (CHNet) and Japanese (KiK-net) seismological 73 

stations installed on pronounced relief, finding that many stations on rock (classified as “A” following 74 

EC8 site-class schema; EuroCode 8, CEN 2003) did not exhibit any systematic amplification even if 75 

installed in pronounced relief conditions. In a similar approach, Pischiutta et al. (2018) performed a 76 

systematic analysis using the Italian National Seismic Network (RSN; Margheriti et al., 2021), 77 

operated by the Istituto Nazionale di Geofisica e Vulcanologia (INGV). Despite their efforts, they did 78 

not obtain any systematic relations between seismological evidence and morphology geometry, 79 

stations often showing amplification on a broad frequency band (instead of along a single peak), as 80 

well as maximum amplification not transversal to the ridge elongation. 81 

Therefore, rather than the sole shape of topography, other features in the subsoil can have a prevailing 82 

role in producing directional effects, as: i) large-scale open cracks (Moore et al., 2011; Burjànek et 83 

al., 2012); ii) microcracks in fractured rocks associated to fault activity (Martino et al., 2006; 84 

Marzorati et al., 2011; Pischiutta et al., 2012, 2015, 2017); iii) rock instabilities (e.g. Del Gaudio et 85 

al., 2019), and, of course, iv) stratigraphic effects.   86 

In this framework, the goal of the present study is to identify the features which mainly influenced 87 

the amplification pattern observed at the three villages Amandola, Civitella del Tronto and 88 

Montereale (Figure 1), since they are located on topographic reliefs and were affected by the 2016 89 

Central Italy seismic sequence. The seismic sequence started on August 24, 2016, with a moment-90 

magnitude (Mw) 6.0 earthquake localized close to the villages of Accumoli and Amatrice in the 91 

Apennines mountains, followed by a Mw 5.9 event on October 26th (nearby the village of Visso), 92 

and a Mw 6.5 earthquake on October 30th, localized in the proximity of Norcia).  93 

The three investigated sites were instrumented with seismic stations deployed by the Emersito INGV 94 

task force (Cultrera et al., 2016; Cara et al., 2019). Data acquired at the three study areas are analyzed 95 

finding peculiar features at each site. To explain observations, 2D numerical simulations are 96 

performed by applying two different modeling approaches and tools: a linear-equivalent modeling to 97 

study the non-linear strong-motion seismic response, through the code QUAD4M (Hudson et al., 98 

1994) together with its pre- and post-processor pro-QUAD4M (Puglia, 2020); a linear approach using 99 

a Ricker input pulse, with the package LSR2D (Stacec 2017). 100 
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This paper is organized as follows. After presenting data acquisition and analysis (section 2), as well 101 

as numerical modeling methods (section 3), the three study cases are separately approached: 102 

Amandola (section 4), Civitella del Tronto (section 5), and Montereale (section 6). For each of them 103 

we describe: the geological setting; the observed amplification effect suggested by SSR and HVSR 104 

analysis; simulation results. 105 

We furnish several additional information in the supplementary material: a report of numerical 106 

simulations performed at the Amandola study-case using QUAD4M; tables listing selected 107 

earthquakes for the analysis; HVSR analysis results performed using seismic events and ambient 108 

noise; additional modeling results and information for LSR2D package adopted at Civitella and 109 

Montereale sites. 110 

 111 

2. Data acquisition and analysis 112 

After the Mw 6.0 earthquake of August 24, 2016 (01:36 UTC), which struck an extensive area in the 113 

Central Apennines (Italy), a temporary seismic network of 22 stations (Figure 1) was installed by the 114 

INGV Emersito task force, whose aim is to carry out and coordinate the monitoring of local site 115 

effects caused by geological and geomorphological settings. They chose 4 municipalities with 116 

peculiar geologic and geomorphologic settings (topographic irregularities, fault zones, alluvial plains, 117 

Cultrera et al., 2016). The temporary seismic network is identified by the international XO code and 118 

acquired continuous data which are available through the European Integrated Data Archive. The 119 

instrumental set was composed of Reftek and Quanterra digitizers (24 bit resolution), equipped with 120 

velocimetric sensors (Lennartz-3d 5s, frequency response of 0.2 to 40 Hz) and accelerometric 121 

(Episensor FBA ES-T, frequency response of DC to 200 Hz) sensors, with a sampling rate of 100hz 122 

and 200hz respectively. 123 

Among the 22 stations, in this study we have selected the 14 of them installed on reliefs, settled in 124 

the following municipalities: Amandola (5 stations with prefix “AM”), Civitella Del Tronto (5 125 

stations with prefix “CV”) and Montereale (4 stations with prefix “MN”). For each of them, the digital 126 

elevation model and station locations are shown in Figure 1, while Table 1 reports station information.  127 

Among the very large amount of recorded data we selected several earthquakes with the constraint to 128 

be simultaneously recorded at all the stations in each site: for Amandola 151 earthquakes (Mw from 129 

2.5 to 4.3); for Civitella and Montereale 93 earthquakes (Mw from 3 to 4.7).  130 

The hypocentral parameters of earthquakes used for the data analysis are listed in the Supplementary 131 

material (Table S1 and S2). They were taken: from the INGV Italian Seismological Instrumental and 132 

Parametric Data-Base (ISIDe Working Group, 2007) for Amandola site; from the aftershocks catalog 133 

by Chiaraluce et al. (2017) for Civitella and Montereale sites. 134 
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The analysis of earthquake signals was performed following Theodoulidis et al. (2018), namely the 135 

standard spectral ratios (SSR) with respect to a reference station, in the assumption that recordings of 136 

the reference station contain the same source and propagation effects than records of the other stations 137 

(Borcherdt, 1970). Therefore, an improper choice of the reference site can lead to a bias on the 138 

empirical estimates of seismic response (e.g. Bordoni et al., 2010, Cadet et al., 2010, Pilz et al., 2020). 139 

Unfortunately, as pointed out by many authors, a reference site may be unavailable (Archuleta and 140 

Steidl, 1998; Steidl et al., 1996), or may not have a flat amplitude response due to geological 141 

subsurface structure, as the alteration or intensive rock fracturing (e.g. Pischiutta et al., 2012; 142 

Burjanek et al., 2010; Rovelli et al., 2002; Bindi et al., 2009; Marzorati et al., 2011; Ktenidou & 143 

Abrahamson, 2016). To overcome this problem, several alternative methods were developed that do 144 

not rely on a reference site have been developed, such as: the Nakamura technique, based on the 145 

calculation of the spectral ratio between the horizontal and vertical components of recorded ambient 146 

seismic noise (HVNSR, Nakamura, 1989); the earthquake spectral ratio between horizontal and 147 

vertical component shear-wave spectra (HVSR, Lermo and Chavez-Garcia, 1993).  In addition, the 148 

generalized-inversion method proposed by Boatwright et al. (1991) requires a reference station that 149 

can be located far from the investigated site, unlike the SSR method that needs a reference in the 150 

same area. Moreover, in the Median reference Method MRM proposed by Wilson and Pavlis (2000), 151 

as a reference, the median spectrum obtained by array recordings can be employed. 152 

For the SSR and HVSR analysis, for each earthquake recording we used a 10 s time windows starting 153 

from 1 s before S-wave arrival, and band-pass filtered in the frequency range 0.1–30 Hz. In the 154 

HVNSR analysis, we use night-time ambient noise, and apply the antitrigger algorithm (see SESAME 155 

guidelines, Bard et al., 2004 and 2008) furnished in the package Geopsy (Wathelet, 2005), with the 156 

aim of selecting the stationary parts and avoiding transients associated with very close disturbances. 157 

The SSR and HVSR ratios were computed in the frequency range 0.5-20 Hz for all events and for 158 

each rotated horizontal component, by using the Fourier spectra of the S-wave-window previously 159 

defined, smoothed by Konno-Ohmachi algorithm with parameters b=20 (Konno and Ohmachi, 1998). 160 

Finally, the geometrical mean was computed for each station on all the events, together with the 161 

associated standard deviation. To ensure the robustness of the results, the average was considered at 162 

frequencies where the signal-to-noise (spectral ratio between the event and the noise window) was 163 

greater than 3 and for a minimum number of 10 events. 164 

In this work, as a further constraint, we also apply the HVNSR and the HVSR techniques. In fact, the 165 

use of HVNSR is crucial to exclude any role of the seismic source or the influence of path effects. 166 

For each rotated component, we considered a window length of 120 seconds, 5% tapered, filtered 167 
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with a 4th-order Butterworth filter in the frequency range 0.1-15 Hz and smoothed with Konno-168 

Ohmachi (b=20). Results are shown in Figures S4, S7 and S14 of the Supplementary Material.  169 

Finally, in order to investigate the occurrence of directional amplification effects, the calculation of 170 

SSRs, HVSRs and HVNSRs was performed by rotating the two horizontal components by steps of 171 

10° from 0° to 180°. This further analysis is needed because, as mentioned in the introduction, 172 

following the “topo resonant model” directional effects are expected with maximum amplification 173 

and ground motion polarization orthogonal to the topography major axis (i.e. Spudich et al., 1996).  174 

 175 

3. Numerical simulations 176 

With the aim of studying the observed amplification pattern, 2D numerical simulations were 177 

performed considering in-plane motion for a section transversal to the topography elongation, where 178 

the topographic amplification effect is maximized. We are aware about the limitations in the use of 179 

simplified models (1D/2D) to simulate geometrical effects in a complex 3D medium, and to 180 

unequivocally reproduce the observed directional amplification. But 3D approaches require more 181 

constraints, in terms of geometry and mechanical properties of subsoil than those available at these 182 

sites.  183 

In order to discriminate the role of the sole geometric convexity with respect to the contribution of 184 

local geological structure, simulations were performed using both homogeneous and heterogeneous 185 

velocity distributions. We use a plane wave propagating vertically, the angle of incidence of the wave 186 

front potentially having an impact on the amplification observed on the relief.  187 

Considering differences in the data set (i.e. strong motion recordings of the 30 October M6 Norcia 188 

earthquake are available only at Amandola site), we applied two different modeling approaches and 189 

tools: 190 

● At the Amandola study case, we used a linear-equivalent approach as a proxy of non-linear 191 

strong motion seismic response, through the pre- and post-processor pro-QUAD4M (Puglia, 192 

2020), and the software QUAD4M (Hudson et al., 1994). QUAD4M uses a finite-elements 193 

model at concentrated mass, simplifying the subsoil rheology with a visco-elastic assumption 194 

(Kevin-Voigt model) and using a linear equivalent approach, estimated following the 195 

Darendeli (2001) approach. Differential equations are solved in the time domain in terms of 196 

total stresses. The transmitting base option is used for the lower boundary, by assigning to the 197 

underlying half-space the same properties as the bedrock formation. Both vertical and 198 

horizontal components of the input motion, recorded on the ground surface, were applied to 199 

the (transmitting) base nodes after being deconvolved internally by the QUAD4M code. In 200 

fact, when the transmitting base option is used, the input motion given to QUAD4M is the 201 
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one recorded on the ground surface, while the one applied at the base nodes is the 202 

deconvolution of the input motion, depending on the material properties of the half-space 203 

below the mesh and the properties and geometries of the mesh. Further details about 204 

QUAD4M code can be found in Pagliaroli, 2018. 205 

● At Civitella and Montereale we followed a linear approach using the package LSR2D (Stacec 206 

2017), a time domain bi-dimensional finite element procedures code based on an equivalent-207 

linear viscoelastic rheological model of Kelvin-Voigt, in total stress. Also this code can be 208 

used for linear analyses using G/G0 and D constant curves. LSR2D simulations within this 209 

study are performed using such a linear approach. Moreover, the code can compute 210 

automatically the mesh size for each layer considering its S-wave velocity and a maximum 211 

frequency of 20 Hz, or alternatively a fixed mesh size can be applied in the whole model. We 212 

opted for the first option. Following the Kuhlemeyer and Lysmer (1973) criterion: h = Vs/8f 213 

the formula becomes: h=Vs/160. Therefore, in the Civitella site and in the Montereale site we 214 

are confident to correctly solve frequencies up to 20 Hz, significantly beyond our target 215 

maximum frequency. A Ricker pulse as input motion applied as one horizontal component at 216 

the base of the model. 217 

Its theoretical approach is similar to QUAD4M (Hudson et al. 1994) but they differ in the way 218 

boundary conditions are modeled: LSR2D implemented viscous dampers also at the edges of the 219 

domain and using free-field columns in addition to the compliant base used by QUAD4M.  220 

In both codes, viscous damping is modeled using full Rayleigh damping formulation with two 221 

control frequencies, minimum and maximum frequencies in the system response. They are 222 

automatically set to avoid significant overdamping in the frequency range of interest. 223 

We finally stress that other calibration studies (Di Buccio et al., 2017) confirmed that QUAD4M 224 

and LRS2D can give comparable results.  225 

 226 

4. The Amandola site 227 

The municipality of Amandola lies on a 2 km long and 300 m wide relief, mainly elongated in a SW-228 

NE direction with average altitude of about 500 m a.s.l. (Figure 1 and Figure 2). The slope of the 229 

South and North flanks varies from 10° to 20° in the SW and NE sides, respectively, which 230 

correspond to the narrowest and steepest part of the hill and where AM03 and AM04 stations were 231 

installed. 232 

 233 

 234 

 235 
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4.1 Geological setting 236 

The territory of Amandola is characterized by the Umbro-Marchigiana lithostratigraphic succession 237 

(Geological Map of Italy 1:100000, sheet 132 - Norcia). In detail, the study area of Amandola falls is 238 

characterized by the lithostratigraphic Flysch della Laga Formation (identified as “ALS bedrock” and 239 

“LPS bedrock” in Figure 2), deposed in Messinian by turbiditic sedimentation in the foredeep during 240 

the construction of the Apennine thrust belt (e.g. Bigi et al., 1999). It is formed by variations of thick 241 

layered sandstone turbiditic deposits and thin layered clay, marls and calcareous marls, poorly 242 

cemented sandstone and silty clay (Regione Marche 2018a). 243 

Quaternary continental sediments such as the eluvium-colluvial and alluvial deposits (Holocene) 244 

discontinuously cover some top areas of the hill, as for AM01 and AMO3 where colluvial silty gravel 245 

deposits are present (“GM” in Figure 2a). Also silty-sandy and silty colluvial deposits outcrop in the 246 

area (“SM” and “ML”, respectively). They derive from ancient (middle-upper Pleistocene) and recent 247 

(Holocene) alluvial processes mainly due to alteration, disintegration and subsequent sedimentation 248 

of the soils that constitute the substrate.  249 

The substrate is generally characterized by a monoclinal east-dipping with an inclination of the layers 250 

around 70°/80°, sometimes reaching verticality. Locally there are different orientations due to the 251 

presence of minor structural elements. 252 

In the municipal area, no important tectonic discontinuities and active faults were found, but the 253 

discontinuous presence of fractures and weak rejection faults, mainly located in correspondence of 254 

incisions or transversely to the main ridges. In the Supplementary material we furnish additional 255 

material to provide the subsoil geologic reconstruction at the site scale (Figures S1, S3, S3), as several 256 

surveys collected in the framework of the Seismic Microzonation (Regione Marche 2018a). 257 

 258 

4.2 Recorded data analysis  259 

For the SSR analysis on earthquake signals recorded at the Amandola site, we consider station AM05 260 

as a reference site, being installed at the topography base. Nearby this site, a stratigraphic log 261 

(#109002P198, see Figure 2 panel e) provided in the Seismic Microzonation (Regione Marche 262 

2018a), shows the presence of lithic sandstone (bedrock) starting from 0.8 m depth (also in Figure 263 

S1). Moreover, rotated HV spectral ratios calculated using seismic events (HVSR in Figure 2 panel 264 

e) and ambient noise (HVNSR in Figure S4), confirm a flat response up to 7-8 Hz at station AM05. 265 

Therefore, in Figures 2 (panels b and e) and in Figure 3, we add a red square for frequencies over 8 266 

that may be not reliable in terms of SSRs.  267 

Results from seismological analysis – as detailed in Section 2 – are shown in Figure 2 panel b for 268 

each station. The SSR curves calculated for the rotated horizontal components (colored lines) show 269 
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a peak at about 3 Hz, the amplitude level reaching 4 at stations AM01, AM02 and AM03, installed 270 

on the topography crest, and 8 at station AM04, on the north-eastern slope.   271 

SSRs calculated for the vertical component (black lines) never exceeded a factor of 2.5 up to 7-8 Hz. 272 

In panel c, polar plots show SSRs calculated by rotating the two horizontal components in order to 273 

assess the occurrence of directional effects. At all stations, the maximum amplification occurs in 274 

roughly NW-SE direction, which is transversal to the hill elongation. The HVSR and HVNSR (Figure 275 

S4) agree with SSRs in evidencing a peak at about 3-4 Hz at stations AM02, AM03 and AM04, 276 

reaching different amplitude levels at each station. They also evidence the occurrence of directional 277 

effects with maximum amplification along N140°, N150° and N130°, respectively. At station AM01 278 

SSRs do not agree with HVSR and HVNSR, the former showing an amplification peak at about 1.5 279 

Hz, the latter showing no amplification. We also remark that HVNSR measurements collected in the 280 

MSZ study show amplification in this same frequency band, peak frequencies ranging from 2.5 and 281 

3.6 Hz (Figure S3). 282 

Therefore, for numerical modeling we consider as a mean the azimuth N140° (see section 4.3 and 283 

Figure 3). 284 

Finally, in Figure 2 (panel d) we add a stratigraphic log derived from a borehole (#109002P2) 285 

provided in the Seismic Microzonation (Regione Marche 2018a) and located close to station AM04, 286 

where also a down-hole prospecting was performed. It evidences the presence of: about 7 m sediments 287 

with Vs varying from 90 to 225 m/s; 2 m weathered marls with Vs of 300 m/s; the flyshoid bedrock, 288 

with Vs of 490 m/s.  289 

 290 

4.3 Numerical simulations 291 

In order to explain the observed amplification pattern, we performed numerical simulations using 292 

pro-QUAD4M (Puglia, 2020) as pre- and post-processor in order to easily run the software QUAD4M 293 

(Hudson et al., 1994). Two models are considered for the 2D section transversal to the hill elongation 294 

(blue dashed line in Figure 1 panel c, and Figure 2 panel a): the first one with a homogeneous half-295 

space, to isolate the effect of topography (Figure 3 panel b); the second one with a heterogeneous 296 

model to understand the role of lithological contrasts (Figure 3 panel c). This latter was constructed 297 

considering data collected in the MSZ for Amandola municipality (Regione Marche 2018a), reported 298 

in Figure S1 and S3.  299 

The rheological parameters adopted for each geological unit are shown in Table 2 and in Table A.1.1 300 

of the supplementary material (Suppl_Q4M.pdf). They were chosen on the basis of geological and 301 

geophysical surveys performed in the framework of MSZ for Amandola municipality (Regione 302 

Marche 2018a). 303 
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Adopted degradation curves G/G0-γ (normalized shear-modulus vs. shear-strain) and D-γ (damping 304 

vs. shear-strain) are derived by the formulas proposed in Darendeli (2001) and are applied in the 305 

numerical simulations considering the linear equivalent approach in the heterogeneous model (see 306 

Figure A.1.2 in Suppl_Q4M.pdf). In particular, Table A.1.2 in Suppl_Q4M.pdf reports the mean 307 

effective stress σ’0 used to estimate the degradation curves, while the other Darendeli model 308 

parameters were fixed as: plasticity index, 0.0%; over-consolidation ratio, 1.0; cycles of loading, 10; 309 

characteristic frequency, 1Hz.  310 

We consider eight earthquakes chosen among the ones that occurred during the seismic sequence (see 311 

Table 3 and Figure 1), focusing on stations AM03 (top hill) and AM05 (reference). While AM03 lies 312 

on the modeled profile, the receiver representative for station AM05 is assigned to the virtual receiver 313 

located at 97 m abscissa from the axis’s origin after a trial-and-error approach (further explained in 314 

Suppl_Q4M.pdf). Corresponding accelerometric signals were: i) processed through the schema 315 

proposed by Paolucci et al. (2011); ii) projected along the section direction (cf. Table A.3.2 of the 316 

Suppl_Q4M.pdf); iii) resampled from 0.005 s to 0.02s. This resampling procedure is performed 317 

considering a Nyquist frequency of 25Hz, in order to limit the computational effort of the QUAD4M 318 

analysis (i.e. limit the number of calculus points of the time-based FEM simulations), as well as to 319 

adequately reproduce the accelerometric signal up to 10/12 Hz (i.e. the maximum frequency 320 

theoretically reproduced by the mesh). It is also worth mentioning that the Paolucci (2011) schema 321 

adopted for input signal processing includes an acausal Butterworth filter to cut frequencies higher 322 

than 15Hz, in order to avoid spurious signals on simulated time-histories. Recordings by stations 323 

AM05, which could be considered as the reference station for the study area although do not lie 324 

exactly along the section in hand, are used as input for the numerical simulations, and both the 325 

projected and the vertical components are applied at the bottom of the model along the QUAD4M 326 

transmitting base. On lateral borders, the vertical signal alone is applied leaving each node free to 327 

move in the horizontal direction. Since QUAD4M code does not implement viscous dampers at the 328 

lateral edges of the model, the wave-reflections induced by the lateral-boundaries are prevented by 329 

increasing the horizontal model extension, as suggested by Pagliaroli (2006). 330 

Given the mesh dimensions and input accelerograms in hand, site response analyses are able to solve 331 

frequencies up to 10 Hz both in the homogeneous and heterogeneous models, however, since AM05 332 

can be used as a reference site up to 7-8 Hz (see section 3.2), we consider the numerical model results 333 

can be considered reliable up to the threshold value of 7-8 Hz. 334 

To validate the heterogeneous model, we used five earthquakes (from #1 to #5 in Table 3) being 335 

simultaneously recorded by AM05 and AM03, and calculating the SSR between AM03 and the 336 
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reference AM05 of both recorded and simulated signals. Maximum deformations along the profile 337 

(events from #1 to #5 reported in Figure A.5.2 in Suppl_Q4M.pdf) suggest that these five simulations 338 

are performed in a linear approximation, PGAs lower than 20 cm/s2 excluding nonlinear effects (see 339 

also Table A.3.1 in Suppl_Q4M.pdf), and nonlinear effects can be considered negligible (cf. 340 

degradation curves in Figure A.1.2 of Suppl_Q4M.pdf). On the other hand, the three strong-motion 341 

events recorded in October were characterized by PGAs between 70 and 210 cm/s2, and therefore 342 

may show significant nonlinear effects (events from #6 to #8 reported in Figure A.5.2 in 343 

Suppl_Q4M.pdf). In Figure 3 (panel a) we show the geometric-mean amplification for horizontal and 344 

vertical components (together with geometric-standard-deviations) considering these five events to 345 

validate the velocity model. Ratios between simulated and recorded ground motion at reference 346 

station AM05 (green lines) show values around 1 at considered frequencies (0.2-7 Hz), highlighting 347 

that simulations are able to reproduce observations. Thus, recorded AM03/AM05 SSRs (red) are 348 

compared with simulated AM03/AM05 SSRs (black): they consistently show amplification between 349 

2 and 4 Hz, further confirming the reliability of the model parameters. 350 

In Figure 3 we also show simulation results of the homogeneous (Figure 3, panel b) and 351 

heterogeneous (Figure 3, panel c) models along the whole section.  352 

The numerical model performed considering a homogeneous half-space indicates that topography 353 

resonance on the top of the relief occurs around 2 Hz (probably the fundamental mode) and around 354 

4-5 Hz (probably the first higher mode), the latter showing higher amplitudes (over 3) than the former 355 

(about 2.5). The effect of the convex geometrical shape of topography is more evident at station 356 

AM03 on the top hill. However, when adding a heterogeneous velocity distribution according to the 357 

geological profile (Figure 3, panel c), these two peaks reach higher amplitudes (over a factor of 10), 358 

produced on the hill slopes due to the contribution of sedimentary layers (GM and ML), and/or to the 359 

presence of a velocity contrast between bedrock ALS-a (Vs=572 m/s) and ALS-b (Vs=1200 m/s) at 360 

about 40 m depth. Since no recording stations were installed on the slopes, no data constraint is 361 

available here. 362 

The comparison between observed and simulated SSRs is shown in Figure 3. In panel c (bottom) we 363 

show simulated SSRs for the heterogeneous model, performed using the 30th October mainshock in 364 

a linear-equivalent approach. Simulated SSRs are compared with observed SSRs calculated as the 365 

mean of the five strongest events recorded by both stations AM03 and AM05.  366 
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Observed SSRs are shown in panel c (bottom) for the horizontal and vertical components, 367 

respectively (they are the same as in panel a, red lines). In panel a (black and green lines), we use 368 

SSRs simulated considering as input the five “validation” events, for which non-linearity is irrelevant 369 

(see also the first 5 plots in Figure A.5.2 of Suppl_Q4M.pdf). Conversely, in panel c (bottom) we 370 

report only simulated SSRs using the 30th October mainshock, for which non-linearity is relevant 371 

(see also last two plots in Figure A.5.2 of Suppl_Q4M.pdf).  372 

For such reasons, in panel c (bottom) there is a worst fit in terms of SSRs, with respect to panel a, 373 

probably because adopted material degradation curves were estimated using Darendeli (2001), 374 

instead of performing ad hoc in situ measurements. 375 

Finally, in panel b (bottom) we compare simulated SSRs for the homogeneous model with observed 376 

SSRs, calculated using the whole weak-motion dataset. In fact, this simulation is performed in the 377 

linear field (equivalent-linear approach was not adopted for this simulation). 378 

 379 

4.4 Interpretation of results 380 

Numerical simulations performed considering a homogeneous model suggest that the fundamental 381 

resonant frequency is about 2 Hz. This is in agreement with the following empirical laws, used for a 382 

fast and rough estimate of the fundamental resonance frequency F0 for topographic amplification, 383 

considering the mean shear velocity (Vs ), the height (H), and the width (L):  384 

- F0=Vs/5H proposed by Ashford &Sitar (1997)       Eq.1 385 

- F0=(0.7xVs)/L proposed by Paolucci (2002), valid when H/L<0.5     Eq.2 386 

According to the homogeneous model, for Amandola hill, considering H=100 m, Vs=1200 m/s, and 387 

L=300 m, F0 ranges from 1.5-2.4 following Eq.1 and from 1.75-2.8 according to Eq.2.  388 

However, even if the homogeneous model partially reproduces amplified frequency range, it strongly 389 

underestimates observed amplitude levels. The goodness of fit between simulated and observed SSRs 390 

is better for the heterogeneous model. In fact, high amplitudes of Fourier spectra are produced on the 391 

hill flanks by superficial and outcropping sedimentary layers, this feature being observed at all 392 

simulations performed  used eight seismic events (cf. Figures A.5.3-4 in Suppl_Q4M.pdf). 393 

The above considerations suggest that a predominant role is played by the geological structure, and 394 

the overall observed amplification pattern on Amandola hill can be interpreted as a combined effect 395 

of geological contrast and morphology. 396 

 397 
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5. Civitella del Tronto case 398 

 399 

The investigated area is in the historical settlement of Civitella del Tronto, which was built in the IX-400 

X century on a ridge elongated in the WSW-ENE direction and reaching an altitude of about 650m 401 

a.s.l. The prominent hill is about 800 m wide in the direction transversal to its elongation, with a 402 

height of about 250 m. The flank slope is quite pronounced, mostly in the western sector (Figure 1 403 

and Figure 4).  404 

 405 

 406 

5.1 Geological setting  407 

Consistent to the Amandola site (section 4.1), lithotypes in the area are flysch deposits belonging to 408 

the Laga Fm. In detail, the outcropping members are represented by LAG6a Teramo Member and 409 

LAG5b Member (Geological Map of Italy 1:100000, sheet 339 – Teramo; Figure 4 panel a). The 410 

former is composed of alternating gray marly-arenaceous pelites in medium-thick layers, and pelitic-411 

arenaceous turbiditic deposits with coarse to fine grain size, for a total thickness up to 600 m. The 412 

latter is composed of thick layers of dark pelites and thin turbiditic layers of poorly-cemented sandy-413 

pelites. On the hilltop, a Quaternary terrigenous continental deposits outcrops as a massive plate with 414 

a lenticular shape, composed of travertines in lacustrine facies with thickness varying from 5 m to 60 415 

m. It was identified by several boreholes, collected in the framework of the seismic microzonation 416 

activities (MZS) by consultants in compliance with the Italian Civil Defence rules for engineering 417 

goals. They are provided in the Supplementary material, in Figure S5 (geological) and Figure S6 418 

(geophysical analyses), respectively.  Such travertine deposits are also shown between 3.5 and 14 m 419 

depth, by the exemplificative borehole (#067017P52) given in Figure 4 (panel d) and drilled in the 420 

southern side of the hill. On the hill flanks, there are several flap debris composed of sharp travertine 421 

blocks and limestone cobbles in a sandy-silty matrix. Finally, on the western side similar deposits 422 

were produced by the in-situ historical extracting activity of the travertine. 423 

 424 

5.2 Recorded data analysis  425 

At Civitella del Tronto a proper reference station is missing, intended as a station far from the 426 

topographic irregularity and with a flat response in terms of HVSR. Therefore, we compute a relative 427 

site amplification using station CV03 as a reference, that is the only station not installed on the 428 

topography top (as in Bordoni et al., 2010). It is located at half-slope and shows low-amplitude 429 

HVSRs curves (both from ambient noise and seismic events), of a factor of 2 up to 8 Hz (Figure 4 430 

panel e, and Figure S7). This implies that probably the computed spectral ratios may be 431 
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underestimated at frequencies over 8 Hz. Therefore, consistently with Amandola site, in Figure 4 432 

(panels b and e), we add a red square for frequencies over 8 that may be not reliable in terms of SSRs. 433 

In Figure 4 panel b we show results of SSR analysis at each station, represented by four-plots panels 434 

(as in Figure 2). The SSR curves calculated at top station CV01 show an amplitude 3.3 peak at about 435 

2 Hz. This peak is also visible at the other top station CV05 with amplitudes up to a factor of 2.4. The 436 

CV02 site shows two small distinct peaks between 2 and 3.5 Hz, amplitudes neither reaching 3. These 437 

three stations are installed on the travertine layer, with a variable lateral thickness (up to 40 m). Station 438 

CV04, lying on flysch lithotypes, shows an amplitude 2.3 peak at about 2 Hz.  439 

At all stations the maximum amplification occurs along directions at high angle and nearly transverse 440 

to the hill elongation. However, some variations occur since maximum amplification varies from 441 

NNW-SSE at CV01 and CV02, to N-S at CV04, and to NE-SW at CV05). This may be related to 442 

local heterogeneities or rather due to other 3D effects.  443 

Therefore, for numerical modeling we consider as a mean the azimuth N170° that is also parallel to 444 

the cross section used in numerical modeling (see section 5.3 and Figure 4). 445 

Consistently to the Amandola site, we also show the HVSR calculated at each station using seismic 446 

events and HVNSR calculated using ambient noise (Figure S7). At stations CV02, CV03 and CV05, 447 

HV from seismic events and ambient noise fairly agree. At station CV01 they show different 448 

directions of maximum amplification but similar amplified frequency bands, whereas at station CV04 449 

do not show any significant amplification effect. Finally, we add ambient noise analysis collected in 450 

the MZS study (reported in Figure S6). Such measurements were generally performed by private 451 

consultants using velocimetric sensors characterized by instrumental frequencies higher than 2 Hz 452 

(this information is indicated on each HVNSR graph, where we also highlight in red the unreliable 453 

part of the HVNSR curve). In the western sector of the topography, the two HVNSR with reliable 454 

peaks show amplification over a factor of 3 between 2 and 4 Hz, consistently with our findings. 455 

 456 

5.3 Numerical simulations 457 

 458 

For the Civitella site study, we have modeled the seismic response using LSR2D (Stacec 2017). As 459 

explained in section 3, the mesh discretization as well as adopted shear wave velocity values, allow 460 

to solve our maximum 20 Hz frequency target.  461 

The Civitella modeling aims to reproduce the seismic response due to aftershocks (M<4.7) as seen 462 

by spectral ratios, therefore we run the LSR2d code in the linear approach using a Ricker waveform 463 

input applied as a horizontal component of motion at the bottom of the model (35 m of elevation). 464 

The wavelet is peaked at 8 Hz providing relevant energy for the frequency range of interest (Figure 465 

S9).  466 
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We modeled a cross-section transversal to the relief elongation-oriented along N170° azimuth, (see 467 

Figure 1 for the location of its trace on map) and parallel to the strike of the maximum polarization 468 

at CV01, installed on the Travertine unit at the hilltop, which is therefore aligned to the in-plane 469 

motion of the P-SV calculation. No real reference site is available (flat bedrock surface), therefore 470 

we chose CV03 site, on the hill flank, as the reference site, and projected its position along the cross-471 

section, using the corresponding synthetic as a “virtual CV03 station” used as a reference to compute 472 

synthetic horizontal spectral ratios 473 

To understand the key role played by the topography shape and by the lithological contrasts we set 474 

two models: i) a homogeneous one composed by the Laga flysch Fm. only (Figure 5, panel a); ii) a 475 

heterogeneous one composed of a superficial travertine layer over the Laga flysch Fm. (LAG-6a; 476 

Figure 5, panel b). 477 

Both models were constructed using geological, geophysical, and geotechnical data available in the 478 

seismic microzonation study for Civitella del Tronto municipality (Regione Marche, 2018b), reported 479 

in Figures S4 and S5. Geological investigations coupled with geognostic surveys reveal the presence 480 

of travertine deposits affected by weathering in the uppermost 4-10 meters. Since no geological 481 

surveys reach the bottom of the travertine layer, it was extrapolated at an elevation between 600 and 482 

605 m using the geological map annexed to the MSZ (see also Figure 4, panel d).  483 

Vs profiles included in the MZS study and obtained through three MASW prospecting (Figure S6), 484 

show low shear velocity values for the first 5 meters (roughly between 200 and 350 m/s), increasing 485 

to higher values (up to 800 m/s) down to a depth of 10/15 m. However, by analyzing in detail the 486 

results of the MSZ, we concluded that such high values are not reliable due to relevant uncertainties 487 

in picking the experimental dispersion curve. We thus decided to adopt a value of 500 m/s for the 488 

travertine deposit, which was found down to 5 m by the all three MASW prospecting. Since no 489 

velocity measurements were locally available for the Laga Fm, we tested the use of different Vs 490 

values in simulations, finding that a shear velocity value of 800 m/s could better reproduce the 491 

observed SSRs. To support this modeling choice, we performed a simulation test using a Vs value of 492 

1200 m/s for both i) a homogeneous model (Figure S9, panel a) and ii) a heterogeneous one including 493 

the travertine layer (Figure S9, panel b), The relevant mismatch between observed and simulated 494 

SSRs confirmed that increasing the bedrock Vs value would not be a proper choice. The final 495 

geomechanical parameters used to approximate the subsoil properties are listed in Table 4.  496 

Figure 5 shows results from the final models and their comparison with experimental data: left panels 497 

show results obtained considering the homogeneous subsoil model while right panels report results 498 

from the heterogeneous one. For each model, we plot along with the profile the synthetic signals 499 

(horizontal component, panels a and b - top), and the velocity model with location of all virtual 500 
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receivers and recording stations CV01, CV04, as well as the projection of station CV03. The synthetic 501 

signal at this virtual station CV03 is at first employed to calculate synthetic SSRs, in order to be 502 

consistent with calculated SSRs. In fact, at Civitella del Tronto a proper reference station is missing, 503 

thus on recorded data we computed a relative site amplification using station CV03 as a reference, 504 

that is the only station not installed on the topography top, being located at half-slope and showing 505 

low-amplitude HVSRs curves (see also section 5.2). The horizontal component representative of 506 

recorded SSRs is obtained by rotating the two horizontal components to the cross-section azimuth 507 

(N170°), which also corresponds to a mean direction of maximum amplification.  508 

We show SSRs to virtual CV03 along the model as contour plots, the color scale representing the 509 

amplitude level. In the homogeneous model, we find a clear peak at about 1.5-2 Hz on the convex 510 

hilltop area, with amplitudes up to 5. In the heterogeneous model, the amplitude level is increased 511 

roughly in the same frequency range over a factor of 10. The comparison between simulated (black 512 

lines) and observed SSRs (red lines) at stations CV01 and CV04, is given at the bottom of panels a 513 

and b, showing overpredicted amplitude levels on the hilltop, mostly at station CV01 and on the 514 

heterogeneous model. Such high amplification levels are an artificial effect produced by the improper 515 

use of virtual CV03 as a reference. In fact, this station is located at half-slope and is affected by 516 

troughs at 2 Hz (and 4Hz) of its Fourier amplitude spectrum (see Figure S10).  517 

Indeed, synthetic SSRs are calculated using the Ricker input (instead of virtual CV03), that can be 518 

considered as a sort of absolute reference, obtaining a different amplification pattern. In fact, when 519 

using the Ricker pulse as a reference, the homogeneous model does not show relevant amplification 520 

effects, amplitudes never exceeding a factor of 2. On the other hand, the heterogeneous model shows 521 

an amplification peak up to a factor of 5 at about 3 Hz, which led to better fit the observed amplitude 522 

levels. For stations CV01 and CV04, we give the comparison between synthetics SSRs to the Ricker 523 

pulse (green lines) and observed ones (red lines) for the homogeneous and heterogeneous models, 524 

respectively. While at station CV04 the observed SSRs are well reproduced in both models, at station 525 

CV01 located on the hilltop the observed amplitude levels are reproduced only in the heterogeneous 526 

model, even if there is a slight difference in amplified frequency (that is about 2Hz and 3 Hz for 527 

observed and synthetic SSRs, respectively).  528 

In addition, on the homogeneous model, SSRs to the Ricker pulse calculated on both the horizontal 529 

(Figure 5, panel a) and the vertical components (Figure S11, upper panel), highlight that on the hill 530 

flank trough appear at 1.5 Hz, and especially close to CV03, confirming that the high amplification 531 

levels observed on SSRs to the virtual CV03 are produced by a deamplification effect at CV03.  532 

 533 

5.4 Interpretation of results 534 
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At the Civitella site the observed site response is less clear than at the Amandola site. Nevertheless, 535 

even if SSRs, HVSRs, HVNSRs show some differences, a peak at about 2 Hz is visible at all stations 536 

on the topography, with an amplitude level up to a factor of 3.5, and with maximum amplification 537 

roughly along NS direction, that is nearly transverse to the hill elongation.  538 

Numerical simulations suggest that deamplification effects occur on the hill flanks, preventing the 539 

use of a virtual CV03 station as a reference; simulation results are thus given in terms of SSRs to the 540 

Ricker pulse. 541 

The homogeneous model furnishes some indications about the resonance effect of the sole 542 

topography geometry, suggesting that the fundamental frequency ranges between 1.5 and 2 Hz, with 543 

low amplitude levels (up to 2) which underestimate observation. The resonant frequency is fairly in 544 

agreement with the empirical laws in Eq.1 and Eq.2, which suggest a F0 respectively being 0.9 Hz 545 

and 0.7 Hz, considering H=170 m, Vs=800 m/s, and L=800 m.  546 

Conversely, in the heterogeneous model the presence of an impedance contrast on the topography top 547 

due to a travertine superficial layer, led to reproduce the observed amplitude levels mostly at station 548 

CV01. We therefore conclude that on Civitella topography, the interplay with subsoil velocity 549 

structure is needed to produce a clear amplification effect.  550 

 551 

6. Montereale site 552 

The Montereale village is located on a hill elongated in NW-SE direction, reaching an altitude of 553 

about 920 m a.s.l. Its width is about 500 m in the direction transversal to its elongation, with a height 554 

varying from 60 to 90 m, and a flank slope higher than 15° see (Figure 1 and 7).  555 

 556 

6.1 Geological setting 557 

The geological framework is similar to the previous study cases, being the Laga Fm. the prevailing 558 

silicoclastic turbiditic geological formation, here with the outcropping member LAG4d (Note 559 

Illustrative Carta Geologica d’Italia CARG, Foglio 349 Gran Sasso). It is characterized by an 560 

alternation of thick layers of tabular sandstone and arenaceous-pelitic parallel layers. At the Southern 561 

and Eastern sides of Montereale village, a deep intermontane sedimentary basin was formed during 562 

the post-orogenic Quaternary extensional activity (Chiarini et al., 2014), and filled until Holocene 563 

time by alluvial deposits with alternating silty-sand clays and gravels, up to 200 m thick (Puzzilli and 564 

Ferri, 2012; Chiarini et al., 2014).  565 

Consistently with previous sections, in the Supplementary material we also include a collection of 566 

geological (Figure S12) and geophysical (Figure S13) prospecting, performed after the recorded 567 
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seismic sequence and in the framework of the seismic microzonation activities by consultants in 568 

compliance with the Italian Civil Defense rules for engineering goals (Regione Abruzzo, 2018). 569 

 570 

 571 

6.2 Recorded data analysis  572 

Three stations - MN04, MN08, MN06 - were installed along the hilltop, and two stations - MN03 and 573 

MN09 - were deployed in the plain (Figure 6, panel a). Station MN06 was installed close to a 574 

permanent station (IT.MTR) of the Italian Civil Defense accelerometric network (RAN-DPC). As in 575 

Civitella study-case, neither in Montereale a proper reference site is available: the stations in the plain 576 

(MN03 and MN09) exhibit a broad-band peak (1 to 3 Hz) with large amplitude (Figure 6, panel b and 577 

Figure S13; Cultrera et al., 2016, Attolico et al., 2022) due to the basin soft-sediment. The other 3 578 

stations were installed on the ridge top. We chose MN06 as a reference to compute the relative SSR, 579 

accounting for the amplitudes lower than 2 between 1 and 9 Hz of HVSR and HVNR (Figure 6, panel 580 

e, and Figure S14). 581 

The SSR curves, calculated for horizontal components at each rotation angle (Figure 6, panel b), do 582 

not show any relevant peak at stations MN04 and MN08, with amplitudes never exceeding a factor 583 

of 2.4. Conversely, HVSRs calculated using both seismic events and ambient noise consistently show 584 

a low-amplitude (2.5) peak between 3 and 5 Hz (Figure 6, panel e and Figure S14). The two other 585 

HVSR measurements, available in the MSZ and performed on the hill-top (Figure S13), did not reveal 586 

frequency peaks with amplitudes higher than 2. Finally, stations in the plain (MN03 and MN09), 587 

show a remarkable amplification effect due to the velocity contrast in the sedimentary basin, with 588 

maximum amplification up to a factor of 8 in a broad frequency band (roughly 1.5-6 Hz).  589 

Polar plots in panel (c) do not indicate any relevant directional amplification effects. 590 

 591 

6.3 Numerical simulations 592 

Consistently with the previous Civitella del Tronto case study, we have performed numerical 593 

simulations with the LSR2D code (see section 4.2), adopting a Ricker pulse as input (Figure S8) and 594 

reconstructing a geologic cross-section transversal to the hill elongation (Figure 1, left bottom panel). 595 

We then set two models: a homogeneous model with topography (Figure 7, panel a) and a 596 

heterogeneous one, including velocity contrasts (Figure 7, panel b). The model geometry and 597 

mechanical parameters were derived from geologic and geophysical investigations made available by 598 

the microzonation studies for Montereale municipality (Regione Abruzzo, 2018). In addition, in the 599 

framework of the seismic characterization of the IT.MTR accelerometric station (DPC-INGV, 2018; 600 

http://itaca.mi.ingv.it/ItacaNet_31/#/home), a detailed stratigraphic log and shear wave velocity-601 
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depth profile was based on continuous geognostic drilling down to 50 m of depth and Down Hole 602 

measurements (Figure 6 panel d, and Figures S12 and S13). The DH measurements (Cercato et al., 603 

2019) found a fast-massive sandstone bedrock (Vs=2062 m/s) at 35m depth. We highlight that this 604 

Vs value for the Laga flysch is higher than the ones considered for Amandola and Civitella study 605 

cases. The heterogeneous model geometry was set according to this DH profile. We added 9 layers 606 

with Vs increasing at depth: from 248 m/s in the first 2 m of weathered rocks to 2062 m/s at 36m and 607 

up to the model base (Table 5). Finally, for the sedimentary deposits in the Montereale sedimentary 608 

basin (MW and SW) we assumed Vs values of 240 m/s and 235 m/s, respectively, consistently with 609 

a down-hole measurement performed on such a unit and available in the MSZ (Figure S13). 610 

Figure 7 shows results from the final models and their comparison with experimental data: left panels 611 

show results obtained considering the homogeneous subsoil model (Figure 7, panel a) while right 612 

panels show results from the heterogeneous one (Figure 7, panel b). For each one, we plot along with 613 

the profile the synthetic signals (horizontal component), and the velocity model with location of all 614 

virtual receivers and recording stations MN08 and MN09. Station MN04 is out of the modeled profile 615 

and is not shown in the figure. 616 

Similarly to the Civitella site also in this case a proper reference site is missing since station MN06 617 

is located on the hilltop too, and would occupy the same location of MN08 if projected on the modeled 618 

cross-section (see red dotted line in Figure 6, panel a). Therefore, the SSRs are calculated to the 619 

Ricker input that can be considered a sort of absolute reference (see section 5.3). They are given as 620 

contour plots. Even if no significant amplification is produced by numerical simulations on the 621 

hilltop, the low-velocity superficial layer of the heterogeneous model (panel b) produces an 622 

amplification up to 2.5 at high frequency (>8 Hz), mostly on the hilltop. In the sedimentary basin, an 623 

amplitude up to 8 peak is observed between 2 and 3 Hz.   624 

Synthetic SSRs to the Ricker pulse at stations MN08 and MN09 are given as well (green lines). Due 625 

to the absence of a proper reference station to calculate SSRs, in the comparison with observed data 626 

we use HVSRs along N30° azimuth. At station MN08 on the hilltop, there are no significant effects 627 

on synthetic SSRs nor on observed HVSRs. At MN09 in the sedimentary basin, numerical simulation 628 

reproduces the amplification effect between 2 and 3 Hz, in terms of amplified frequency band, 629 

suggesting the reliability of this model. No further comparisons can be led out in terms of amplitude 630 

levels, since the observed one cannot be estimated on HVSRs, that can be affected by amplification 631 

on the vertical component.  632 

 633 

6.4 Interpretation of results 634 
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Even if a proper reference station is missing also at Montereale, all stations on topography show low 635 

amplitude values on SSRs, HVSRs, and HVNSRs, therefore suggesting the absence of amplification 636 

effects. Accordingly, even numerical simulations do not show significant amplification on the hill 637 

top, amplification up to 2.5 being observed at high frequency (>8 Hz) only in the heterogeneous 638 

model as an effect of the low-velocity superficial layer. 639 

In this case, since a clear peak is not visible we do not apply the empirical laws in Eq.1 and Eq.2. 640 

 641 

7. Concluding remarks  642 

In this paper we discuss amplification at three study-cases located on topographic reliefs, thanks to 643 

the temporary stations installed in the area right after the first Mw 6.0 mainshock of the 2016 seismic 644 

sequence in central Italy. The three cases show a similar overall geological setting, albeit each one 645 

with its own peculiarities and its signature in the seismic response.  646 

In order to discriminate the role of the sole geometric convexity with respect to the contribution of 647 

local geological structure, simulations are performed using a homogeneous half space as well as a 648 

heterogeneous velocity distribution.  649 

The Amandola site is the one showing the clearer effect, the amplification pattern is consistent among 650 

recording stations with an amplitude 8 defined peak at 3-4 Hz, and maximum amplification transverse 651 

to the hill elongation, in agreement with the topo-resonant model (i.e. Géli et al., 1988; Spudich et 652 

al., 1996, Paolucci, 2002). Interestingly, numerical simulations suggest that the sole convex shape 653 

cannot produce the observed amplitude levels, which are increased close to recorded values when 654 

using a heterogeneous velocity model.  655 

At Civitella site, even if stations on the topography show some variability, a peak at about 2 Hz is 656 

common, with an amplitude level up to a factor of 3.5, and with maximum amplification nearly 657 

transverse to the hill elongation. Unfortunately, at this site a proper reference station was not 658 

available, the only available station (CV03) being located on the hill flank. In addition, at this station 659 

deamplification effects occur on numerical simulations, which led to overestimate amplification 660 

levels. We therefore exploited as reference the Ricker pulse, finding that amplification is produced 661 

only in the heterogeneous model at about 3 Hz with amplitude levels up to 5, due to the impedance 662 

contrast between the uppermost 40m-thick travertine layer and the underlying flysch bedrock. 663 

Both Amandola and Civitella case studies suggest that the overall observed amplification pattern 664 

must be produced by a combined effect of the subsoil structure and the convex topography. This 665 

finding is in agreement with other previous works highlighting the importance of including accurate 666 

velocity model in simulations to attain amplitude levels comparable to observations (i.e. Lovati et al., 667 
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2010; Hartzell et al., 2013, 2016; Glinsky and Bertrand, 2017; Luo et al., 2020; Primofiore et al., 668 

2020). 669 

The Montereale site does not show any amplification effects on the hill top, in the studied frequency 670 

band (up to 10Hz), consistently with numerical simulations. A possible explanation may rely in the 671 

more complex geometry of the Montereale hill, and in the height to width ratio, that is different from 672 

the other two cases. Anyway, this study case is emblematic, representing an example of topography 673 

not producing amplification effects. Many studies in literature involve topographic irregularities 674 

which amplify, but ignore situations where this effect does not occur. This approach is particularly 675 

misleading because it gives an erroneous statistic, indirectly leading to the implication that a 676 

topographic irregularity results in the occurrence of topographic amplification, as an effect of the 677 

constructive interference of seismic waves within convex shapes (e.g. Boore 1972; Bouchon et al. 678 

1996; Moczo et al. 1997; Komatitsch & Vilotte 1998).  679 

Such findings agree with recent studies involving a high number of not pre-selected sites, as in the 680 

case of stations belonging to seismic national networks installed on pronounced relief. Burjanek et 681 

al. (2014a and b) and Pischiutta et al. (2018) employed stations belonging to the Swiss (CHNet), 682 

Japanese (KiK-net) and Italian National Seismic Network (RSN), highlighting respectively that: there 683 

are several cases of stations on topography where an amplification effects do not occur (generally 684 

related to soil classes A and B, according to the Eurocode 8); there is not a systematic relations 685 

between seismological evidence and morphology geometry (i.e. the expected transversal relation 686 

between maximum amplification and topography elongation is often not observed). 687 

This work finally highlights how the proper choice of a reference site is crucial (Bordoni 2010, 688 

Maufroy et al. 2012, 2015, Stolte et al. 2017). A possible solution may be to deploy multiple reference 689 

sites, which can be averaged to smooth out troughs of the single site, as proposed by Yu and Haines 690 

(2003) and by Wilson and Pavlis (2000). Maufroy et al (2012) suggested the use of the same number 691 

of array stations at the top, valley and slope of a hill, so as to use the downstream sites as the median 692 

reference site, with the aim to use  more than one station as a reference site. Unfortunately, as in this 693 

work, during a seismic emergency it is hard to plan a similar array due to challenging logistics. 694 

Much work has to be devoted in the future to explore amplification on topography, both considering 695 

a high number of cases, and using numerical simulations considering the coupling with the velocity 696 

structure, in order to explain the large observed amplifications, as recently also pointed out by Glinsky 697 

and Bertrand (2017 and 2019). 698 

 699 
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Data and resources 702 

Supplementary material for this article includes: information about QUAD4M package and report of 703 

numerical simulations performed at the Amandola study-case (file Suppl_Q4M.pdf); tables listing 704 

selected earthquakes for the analysis; additional figures showing: HVSR analysis results performed 705 

using seismic events and ambient noise; the input Ricker pulse adopted in numerical modelling for 706 

Civitella and Montereale cases; additional modeling results.  707 

Seismograms used in this study were collected by the Emersito task force of the Istituto Nazionale di 708 

Geofisica e Vulcanologia (INGV), after the Mw6.0 earthquake occurring on August 24, 2016 (01:36 709 

UTC) during the first days of the seismic emergency (http://emersitoweb.rm.ingv.it/; Cultrera et al., 710 

2016; Cara et al., 2019). The temporary seismic network is identified by the international XO code 711 

(www.fdsn.org/networks/detail/XO_2016) and acquired continuous data which are available through 712 

the European Integrated Data Archive (EIDA, http://eida.rm.ingv.it/).  713 

Data related to the RAN-DPC network are available at http://itaca.mi.ingv.it/ItacaNet_31/#/home 714 

(last accessed Oct 2022). Origin time of selected earthquakes and hypocentral parameters were taken 715 

from Chiaraluce et al. (2017) for Civitella del Tronto and Montereale sites. Conversely, for the 716 

Amandola site we benefited from the INGV Italian Seismological Instrumental and Parametric Data-717 

Base (ISIDe Working Group, 2007; http://terremoti.ingv.it, last accessed in December 2018).   718 

In order to construct a geological model for numerical models, we consulted the Geological Map of 719 

Italy 1:100.000 (https://www.isprambiente.gov.it/Media/carg). The velocity models and rheological 720 

parameters, adopted in numerical simulation, were defined using geophysical measurements and 721 

geological investigations published in Seismic Microzonation Studies (MSZ), available at 722 

https://sisma2016data.it/microzonazione/ for Amandola, Civitella del Tronto and Montereale 723 

municipalities. 724 

For the Amandola site, numerical simulations were performed using pro-QUAD4M (Puglia, 2020) 725 

as pre- and post-processor, while the other two study cases have been modeled through the software 726 

LSR2D (Stacec 2017).  727 

For the HVNSR calculations we used the Geopsy package (Wathelet, 2005). Maps in Figure 1 were 728 

made using the Generic Mapping Tools version 4.2.1 (www.soest.hawaii.edu/gmt; Wessel and Smith, 729 

1998). 730 

In the Supplementary Materials we include additional information about QUAD4M package and 731 

results, as well as additional figures showing HVSR analysis results, performed using seismic events 732 

and ambient noise, as well as the Ricker pulse adopted in numerical modeling for Civitella and 733 

Montereale sites.  734 

 735 
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Table captions 

Table 1: Seismic stations installed by the EMERSITO-INGV task force at the beginning of the 2016 

Amatrice seismic sequence (network code XO).   

 

Station 

code 
Municipality Lat. [°] Lon. [°] 

Elev. 

[m] 
Digitizer Vel. Sensor Acc. Sensor Acquisition Installation period 

AM01 Amandola 42.980556 13.358708 549 REFTEK130 LE3D-5S EPISENSOR Real-time 29/08-10/10/2016 

AM02 Amandola 42.979597 13.353573 516 REFTEK130 LE3D-5S EPISENSOR Real-time 30/08-10/10/2016 

AM03 Amandola 42.981622 13.362768 511 REFTEK130 LE3D-5S EPISENSOR Real-time 29/08-10/10/2016 

AM04 Amandola 42.983345 13.365007 455 REFTEK130 LE3D-5S EPISENSOR Real-time 30/08-10/10/2016 

AM05 Amandola 42.977404 13.352786 464 REFTEK130 LE3D-5S EPISENSOR Real-time from 30/08/2016 

CV01 
Civitella del 

Tronto 
42.772736 13.666229 642 Q330 LE3D-5S EPISENSOR Stand-alone 31/08-26/09/2016 

CV02 
Civitella del 

Tronto 
42.773104 13.669496 600 Q330 LE3D-5S EPISENSOR Stand-alone 30/08-26/09/2016 

CV03 
Civitella del 

Tronto 
42.772644 13.672969 540 Q330 LE3D-5S EPISENSOR Stand-alone 30/08-26/09/2016 

CV04 
Civitella del 

Tronto 
42.772273 13.66669 585 Q330 LE3D-5S EPISENSOR Stand-alone 31/08-26/09/2016 

CV05 
Civitella del 

Tronto 
42.771551 13.663721 605 Q330 LE3D-5S EPISENSOR Stand-alone 31/08-26/09/2016 

MN04 Montereale 42.52906 13.23519 977 REFTEK130 LE3D-5S EPISENSOR Stand-alone 27/08-16/09/2016 

MN06 Montereale 42.5240 13.24480 923 REFTEK130 LE3D-5S EPISENSOR Stand-alone 26/08-16/09/2016 

MN08 Montereale 42.52624 13.24125 916 REFTEK130 LE3D-5S EPISENSOR Stand-alone 27/08-16/09/2016 

MN09 Montereale 42.52987 13.24546 827 REFTEK130 LE3D-5S EPISENSOR Stand-alone 27/08-16/09/2016 
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Table 2: Rheological parameters adopted in numerical modeling for the Amandola site.  

 

Lithology Description 
Thickness 

(m) 

Density 

(g/cm3) 
Vs (m/s) 

𝞶 

(Poisson) 

ML-1-2-3 Colluvial silty deposit < 15 2.0 152 0.33 

GM-a Silty gravel < 5 1.9 295 0.34 

GM-b Gravel in a sandy matrix < 4 2.2 446 0.36 

ALS-a 
Bedrock (Flysch della 

Laga Fm.) 
 < 40 2.0 572 0.30 

ALS-b 
Bedrock (Flysch della 

Laga Fm.) 
inf. 2.2 1200 0.27 

 

 

 

 

 

 

 

Table 3: Seismic events modeled at the Amandola site; recordings at AM05 are used as input for 

finite-elements analyses; recordings at AM03 are used to validate the numerical model.  

 

ID  Date-time  Mw  Latitude 

[deg]  

Longitude 

[deg]  

Acceleration time-

histories 

     AM03 AM05 

#1  01/09/16 03:53 3.6  42.6207 13.3122 Y  Y  

#2  03/09/16 01:34 4.2  42.7698 13.1323 Y  Y  

#3  03/09/16 10:18 4.3  42.8607 13.2173 Y  Y  

#4  15/09/16 14:40 3.7  42.7680 13.1335 Y  Y  

#5  19/09/16 23:34 3.7  42.6737 13.2773 Y  Y  

#6  26/10/16 17:10 5.4  42.8747 13.1243  Y  

#7  26/10/16 19:18 5.9  42.9087 13.1288  Y  

#8  30/10/16 06:40 6.5  42.8322 13.1107  Y  
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Table 4: Geophysical and geotechnical parameters chosen to approximate the subsoil properties in 

Civitella site. 

 

 

Lithology Description 
Max thickness 

(m) 

Density 

(g/cm3) 
Vs (m/s) 

𝞶 

(Poisson) 
D (%) 

TRA-a Travertine 40 1.6 500 0.3 
Linear 

D=3% 

Lag-6a 
Bedrock (Flysch della 

Laga Fm.) 
165 2.5 1200 0.35 

Linear 

D=1% 

half-space 
Bedrock (Flysch della 

Laga Fm.) 
165 2.5 1200 0.35 

Linear 

D=1% 

 

 

 

 

 

 

 

Table 5: Geophysical and geotechnical parameters chosen to approximate the subsoil properties in 

the Montereale site. 

 

Lithology Description 
Thickness 

(m) 

Density 

(g/cm3) 
Vs (m/s) 𝞶 (Poisson) D (%) 

MH 
Sand, sandy 

gravels 
31 2.0 240 0.40 

Darendeli and 

Stokoe, 2001 

SW Silty gravels 23 2.0 325 0.38 
Rollins et al., 

1998 

SFALS 
Superficial 

fractured Bedrock 
50 1.8÷2.6 248÷1700 0.27÷0.32 Linear D=1% 

ALS 
Bedrock (Flysch 

della Laga Fm.) 
 --  3.5 2062 0.30 Linear D=0,5% 
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Figure captions 

 

Figure 1: Location of the three study-cases (Amandola, Civitella Del Tronto and Montereale), as well 

as aftershock epicenters recorded during the operating period of installed stations and epicenters of 

main events of the 2016 seismic sequence in central Italy. The detailed digital elevation model and 

station locations of the selected study-cases is also reported in the three subplots. 

 

Figure 2: Geological and topographical map of the Amandola site (panel a). For each station we plot: 

in panel (b) average SSR computed for rotated horizontal components every 10° (colored curves) and 

for the vertical component (black curve); in panel (c) polar plots showing the spectral ratio amplitude 

along different azimuthal directions from 0.5 Hz (center of polar plot) to 15 Hz, white circles 

indicating 5, 10 and 15 Hz. We also mark the maximum direction of amplification using a diamond. 

In panel (d) we also show a representative borehole stratigraphy and a down-hole measurement 

(#109002P198) provided in the Seismic Microzonation (Regione Marche 2018a). In panel (e) we add 

the HVSR calculated for the reference station AM05, as well as a borehole stratigraphy 

(#109002P198) close to the reference station AM05. Both borehole locations are depicted in panel 

(a) through red circles.  

 

Figure 3: Results of numerical modeling for Amandola site. Panel a) Geometric-mean amplification 

for horizontal and vertical components considering five validation events in table 3 (from #1 to #5): 

thin lines represent geometric-standard-deviations. Heterogeneous (panel b) and homogeneous (panel 

c) models produced using as input the Mw6.5 Norcia earthquake (event #8 in Table 3). For each 

model we plot along the profile from the top to the bottom: the contour plot of experimental SSRs 

calculated with respect to the projected location of reference station AM05; the model where the 

location of virtual receivers (black reverse triangles) as well as stations AM03 and projected AM05 

(red reverse triangles) are depicted; the SSRs calculated as AM03/AM05 for the horizontal 

component (red lines) and for the vertical components (blue lines). We remark that we compare: i) 

simulated SSRs for the homogeneous model with observed SSRs, calculated using the whole weak-

motion dataset; ii) simulated SSRs for the heterogeneous model (continuous lines), performed using 

the 30th October mainshock in a linear-equivalent approach, which are compared with observed SSRs 

calculated as the mean of the five strongest events recorded by both stations AM03 and AM05 (dotted 

lines). Finally, we specify that for the observed SSR calculated on the horizontal component, we 

chose the rotation angle corresponding to the azimuth N140°. 

 

Figure 4: Geological and topographical map of the Civitella site (panel a). For each station we plot: 

in panel (b) average SSR computed for rotated horizontal components every 10° (colored curves) and 

for the vertical component (black curve); in panel (c) polar plots showing the spectral ratio amplitude 

along different azimuthal directions from 0.5 Hz (center of polar plot) to 15 Hz, white circles 

indicating 5, 10 and 15 Hz. We also mark the maximum direction of amplification using a diamond. 

In panel (d) we also show a representative stratigraphic log (#067017P51), provided in the Seismic 

Microzonation (Regione Marche 2018a) whose location is also shown in panel (a) through a red 

circle. In panel (e) we add the HVSR calculated for the reference station CV03. 

  
Figure 5: Results of numerical modeling for Civitella site. Panel a) Homogeneous velocity model 

(only bedrock LAG-6a). Panel b) Heterogeneous velocity distribution. For each model we plot along 

the profile from the top to the bottom: the horizontal component of synthetic signals; the model where 

the location of virtual receivers (black reverse triangles) as well as the location of stations CV01 and 

CV04 (red reverse triangles) are depicted; contour plot of SSRs calculated using as a reference the 

projection of station CV03; contour plot of SSRs calculated using as a reference the Ricker pulse; at 
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station CV01 and CV04, synthetic SSRs to station CV03 (black line), synthetic SSRs to the Ricker 

input (green line) and observed SSRs (red lines), considering the azimuth of N170. 

 

Figure 6: Geological and topographical map of the Montereale site (panel a). The red dotted line 

represents the trace of the cross section adopted in numerical modeling. For each station we plot: in 

panel (b) average SSR computed for rotated horizontal components every 10° (colored curves) and 

for the vertical component (black curve); in panel (c) polar plots showing the spectral ratio amplitude 

along different azimuthal directions from 0.5 Hz (center of polar plot) to 15 Hz, white circles 

indicating 5, 10 and 15 Hz. We also mark the maximum direction of amplification using a diamond. 

In panel (d) we also add the stratigraphic log and down-hole measurements (Cercato et al., 2019) 

obtained in the framework of the seismic characterization of the IT.MTR accelerometric station 

(DPC-INGV, 2018; http://itaca.mi.ingv.it/). In panel (e) we add the HVSR calculated for the reference 

station MN06. 

  

Figure 7: Results of numerical modeling for Montereale site. Panel a) Homogeneous model (only 

bedrock). Panel b) Heterogeneous model with a superficial fractured and altered layer with lower 

velocity values. For each model we plot along the profile from the top to the bottom: the horizontal 

component of synthetic signals; the model where the location of virtual receivers (black reverse 

triangles) as well as the location of stations MN08 and MN09 (red reverse triangles) are depicted; 

contour plot of SSRs calculated using as a reference the Ricker pulse; at station MN08 and MN09, 

synthetic SSRs to the Ricker input (green line) and observed SSRs (red lines), considering the azimuth 

of N30. 

 



Station 

code 
Municipality Lat. [°] Lon. [°] Elev. [m] Digitizer Vel. Sensor Acc. Sensor Acquisition Installation period 

AM01 Amandola 42,980556 13,358708 549 REFTEK130 LE3D-5S EPISENSOR Real-time 29/08-10/10/2016 

AM02 Amandola 42,979597 13,353573 516 REFTEK130 LE3D-5S EPISENSOR Real-time 30/08-10/10/2016 

AM03 Amandola 42,981622 13,362768 511 REFTEK130 LE3D-5S EPISENSOR Real-time 29/08-10/10/2016 

AM04 Amandola 42,983345 13,365007 455 REFTEK130 LE3D-5S EPISENSOR Real-time 30/08-10/10/2016 

AM05 Amandola 42,977404 13,352786 464 REFTEK130 LE3D-5S EPISENSOR Real-time from 30/08/2016 

CV01 
Civitella del 

Tronto 
42,772736 13,666229 642 Q330 LE3D-5S EPISENSOR 

Stand-

alone 
31/08-26/09/2016 

CV02 
Civitella del 

Tronto 
42,773104 13,669496 600 Q330 LE3D-5S EPISENSOR 

Stand-

alone 
30/08-26/09/2016 

CV03 
Civitella del 

Tronto 
42,772644 13,672969 540 Q330 LE3D-5S EPISENSOR 

Stand-

alone 
30/08-26/09/2016 

CV04 
Civitella del 

Tronto 
42,772273 13,66669 585 Q330 LE3D-5S EPISENSOR 

Stand-

alone 
31/08-26/09/2016 

CV05 
Civitella del 

Tronto 
42,771551 13,663721 605 Q330 LE3D-5S EPISENSOR 

Stand-

alone 
31/08-26/09/2016 

MN04 Montereale 42,52906 13,23519 977 REFTEK130 LE3D-5S EPISENSOR 
Stand-

alone 
27/08-16/09/2016 

MN06 Montereale 42,524 13,2448 923 REFTEK130 LE3D-5S EPISENSOR 
Stand-

alone 
26/08-16/09/2016 

MN08 Montereale 42,52624 13,24125 916 REFTEK130 LE3D-5S EPISENSOR 
Stand-

alone 
27/08-16/09/2016 

MN09 Montereale 42,52987 13,24546 827 REFTEK130 LE3D-5S EPISENSOR 
Stand-

alone 
27/08-16/09/2016 

 

Table1



Lithology Description Thickness (m) Density (g/cm3) Vs (m/s) 𝞶 (Poisson) 

ML-1-2-3 Colluvial silty deposit < 15 2,0 152 0,33 

GM-a Silty gravek < 5 1,9 295 0,34 

GM-b Gravel in a sandy matrix < 4 2,2 446 0,36 

ALS-a Bedrock (Flysch della Laga Fm.)  < 40 2,0 572 0,30 

ALS-b Bedrock (Flysch della Laga Fm.) inf. 2,2 1200 0,27 

 

Table2



ID  Date-time  Mw  
Latitude 

[deg]  

Longitude 

[deg]  
  

Acceleration 

time-histories 

AM03 AM05 

#1  01/09/16 03:53 3.6  42,6207 13,3122 Y  Y  

#2  03/09/16 01:34 4.2  42,7698 13,1323 Y  Y  

#3  03/09/16 10:18 4.3  42,8607 13,2173 Y  Y  

#4  15/09/16 14:40 3.7  42,7680 13,1335 Y  Y  

#5  19/09/16 23:34 3.7  42,6737 13,2773 Y  Y  

#6  26/10/16 17:10 5.4  42,8747 13,1243  Y  

#7  26/10/16 19:18 5.9  42,9087 13,1288  Y  

#8  30/10/16 06:40 6.5  42,8322 13,1107  Y  

       

 

Table3



       

Lithology Description Max 
thickness 

(m) 

Density 
(g/cm3) 

Vs (m/s) 𝞶 
(Poisson) 

D (%) 

TRA-a Travertine 40 1,6 500 0,3 Linear D=3% 
Lag-6a Bedrock (Flysch della Laga 

Fm.) 
165 2,5 1200 0,35 Linear D=1% 

half-space Bedrock (Flysch della Laga 
Fm.) 

165 2,5 1200 0,35 Linear D=1% 

 

Table4



        

Lithology Description 
Thickness 

(m) 
Density 
(g/cm3) 

Vs (m/s) 𝞶 (Poisson) D (%) 

 

MH Sand, sandy gravels 31 2,0 240 0,40 Darendeli & Stokoe, 2001  

SW Silty gravels 23 2,0 325 0,38 Rollins et al., 1998  

SFALS Superficial fractured Bedrock 50 1,8÷2,6 248÷1700 0,27÷0,32 Linear D=1%  

ALS 
Bedrock (Flysch della Laga 

Fm.) 
 --  3,5 2062 0,30 Linear D=0,5% 

 

        

        

 

Table5
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a) Homogeneous Model

SSR to the Ricker pulse - Horizontal Component

b) Heterogeneous Model

SSR to the Ricker pulse - Horizontal Component
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QUAD4M finite-elements analyses at the Amandola site

Amandola finite-elements analyses have been performed using pro-QUAD4M (Puglia, 2020) as 
pre- and post-processor, and the QUAD4M computer program (Hudson et al., 1994) in order to 
execute finite-elements analyses.

This report is divided in two main sections: “A. Heterogeneous model” and “B. Homogeneous 
model”. Section “A” focuses on linear-equivalent numerical-simulations about the heterogeneous 
model using, as seismic inputs, eight events - with magnitude greater than 3.5 - recorded by station 
XO.AM05. While section “B” regards linear numerical-simulations about the homogeneous model 
(since it is a linear simulation, the seismic input used in this section is not relevant). 

Section “A” is composed by 5 sub-sections: “A.1 Parameters”, “A.2 Mesh”, “A.3 input time-
histories”, “A.4 model validation” and “A.5 numerical modeling”. 

• “A.1” shows the subdivision in strata of the heterogeneous model in Figure A.1.1, while in 
Table A.1.1 are reported the most significant geotechnic parameters used in numerical 
modeling and, in Figure A.1.2, the degradation curves for each stratum of the model are 
shown (these curves are needed to apply the linear-equivalent approach). Finally, Table 
A.1.2 reports some parameters used to estimate the above mentioned degradation curves 
through the Darendeli (2001) approach. 

• “A.2” pictures in Figure A.2.1 the discretization in triangular and quadrilateral elements of 
the heterogeneous model (i.e. the mesh), while in Table A.2.1 the two selected surface-
receivers – associated to Amandola stations AM03 and AM05 – are identified within the 2D 
model. To identify the receiver representative for station AM05, we calculate the ratio 
between spectra recorded at station AM05 and the simulated ones at each virtual receiver of 
the model: the one which corresponds to values closest to 1.0 in the considered frequency 
band 0.1-15 Hz is selected. The selected receiver well approximates the behavior of station 
AM05, and can be further used to be compared with the SSRs.

• “A.3” contains: Table A.3.1, reporting the eight selected three-components time-histories 
recorded by the station AM05 of the Amandola network used as seismic inputs in finite-
elements analyses, among which the five three-components time-histories recorded as well 
by the station AM03 that are used to validate the model response (see sub-section A.4); in 
fact, these earthquakes are selected with the following criteria: i) the five with the highest 
magnitude recorded during the operational period of the whole Amandola array, ii) the three 
largest events with magnitude greater than 5 which have been recorded by station AM05 
alone. Table A.3.2, showing the parameters used to processing each time-history with the 
schema proposed by Paolucci et al. (2011) and the projection angle of the horizontal 
component used in finite-elements analyses (the used horizontal component is projected in 
the same direction of the model section).

• “A.4” concerns the results of the model validation, carried out comparing real and simulated
time-histories at stations AM05 and AM03 in terms of Fourier amplitudes smoothed by 
Konno and Ohmachi (1998) operator (with parameter “b” equal to 40): Figure A.4.1 regards 
horizontal component, while Figure A.4.2 the vertical one, for each validation event (i.e., 
those occurred in September in Table A.3.1); Figure A.4.3 depicts the mean amplifications 
(considering a geometric distribution) observed and simulated for the five validation events.

• “A.5” reports a series of results of finite-elements analyses for each of the eight events of 
Table A.3.1.
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Section “B” is meant to give an idea of the geometric contribution on the model response. To 
accomplish this target, a finite-elements analysis on the homogeneous model shown in Figure B.1.1 
is performed, with geotechnical parameters and the discretization of the model respectively pictured
in Figure B.1.1, Table B.1.1 and Figure B.2.1. The analysis is conducted using the linear approach 
(i.e.: no degradation on soil properties is taken into account), so just the amplification functions 
(obtained, again, from Fourier amplitude smoothed through the Konno and Ohmachi operator) for 
selected surface-receivers (roughly at the same x-coordinates as in Table A.2.1) is reported in Figure
B.3.1 to give an idea of the homogeneous model behavior at the top of the hill (station AM03).

The heterogeneous mesh is composed of about 20k elements/nodes with the element thickness 
increasing with shear-wave velocity, while the homogeneous one is of about 2.5k elements/nodes 
(cf., respectively, Figures A.2.1 and B.2.1). Maximum thickness of mesh elements is defined 
according to the condition by Kuhlemeyer and Lysmer (1973). On the other hand, in order to 
stabilize resolution of differential equations, the ratio between height/width is set to be lower than 2,
while the maximum allowed value for the ratio between width/height cell is 3.5. In this way, both 
models are able to solve frequencies up to 15 Hz. 

A. Heterogeneous model (linear-equivalent modeling)

A.1 Parameters

Figure A.1.1 – soil identifiers

Table A.1.1 – Soil density, γ, shear-wave velocity, VS, Poisson’s ratio, ν, and damping at low strains, D0, obtained 
following the Darendeli (2001) approach



Figure A.1.2 – for each formation, soil degradation curves G/G0-γ (normalized shear-modulus vs. shear-strain) and D-γ
(damping vs. shear-strain) obtained following the Darendeli (2001) approach; it shall be noted that the curves for 
“GM-b” are almost equivalent to those for “ML-1-2-3”, since the differences between the mean effective stresses σ’0 
used to derive them are negligible (cfr. Table A.1.2)

Table A.1.2 – for each formation, table reports representative vertical effective stress σ’0V  (considering water table at 
the ground surface) and mean effective stress σ’0 (which is computed from σ’0V considering the coefficient of lateral 
earth pressure fixed to 0.50), together with the reference thickness HMED, used to estimate the above mentioned stresses 
(considering that GM-b is below GM-a and ALS-b is below ALS-a), and the maximum thickness HMAX; σ’0 is required 
for the estimation of Darendeli (2001) degradation curves in Figure A.1.5; the others Darendeli model parameters have
been fixed to: plasticity index, 0.0%; over-consolidation ratio, 1.0; cycles of loading, 10; characteristic frequency, 1Hz



A.2 Mesh

a)

b)

Figure A.2.1 – a) mesh adopted for heterogeneous model numerical modeling and b) closer view of the mesh

x-coordinate [m] mesh-node-ID

XO.AM03 541 11562

XO.AM05 97 5292

Table A.2.1 – model receivers x-coordinates for stations AM03 and AM05 (horizontal and vertical acceleration time-
histories are requested as outputs at these two nodes – cf. Figure A.2.1)



A.3 input time-histories

ID Date-time MW
Latitude

[deg]
Longitude

[deg]
Acc. time-hist. (PGA [cm/s2])

XO.AM03 XO.AM05

#1 2016-09-01 03:53:03 3.6 42.6207 13.3122 Y (0.9) Y (0.8)

#2 2016-09-03 01:34:12 4.2 42.7698 13.1323 Y (8.1) Y (5.8)

#3 2016-09-03 10:18:51 4.3 42.8607 13.2173 Y (27) Y (20)

#4 2016-09-15 14:40:56 3.7 42.7680 13.1335 Y (1.8) Y (0.9)

#5 2016-09-19 23:34:29 3.7 42.6737 13.2773 Y (2.2) Y (1.8)

#6 2016-10-26 17:10:36 5.4 42.8747 13.1243 Y (69)

#7 2016-10-26 19:18:06 5.9 42.9087 13.1288 Y (143)

#8 2016-10-30 06:40:18 6.5 42.8322 13.1107 Y (207)

Table A.3.1 – events that have been modeled using heterogeneous mesh; recordings at XO.AM05 are used as input for 
finite-elements analyses, XO.AM03 to validate the numerical model (so, validation events are the five occurred in 
September, when the whole Amandola array was in place, i.e. #1, #2, #3, #4 and #5)

low cut frequency [Hz] 0.100

high cut frequency [Hz] 15.000

sampling interval [s] 0.0200

horizontal time-histories projection
angle (with respect to N) [deg]

140.0

Table A.3.2 – XO.AM03 and XO.AM05 time-histories parameters for the adopted processing schema (Paolucci et al., 
2011) and projection angle for horizontal components



A.4 model validation (5 earthquakes)

Figure A.4.1 – Spectral-Standard-Ratios (SSR) AM03/AM05 simulated (sim) and recorded (rec) for both horizontal and 
vertical components about the events #1, #2, #3, #4 and #5, respectively (cf. Table A.3.1); the ratio AM05sim/AM05rec 
evidences the representativeness of XO.AM05 receiver position (cf. Table A.2. 



A.5 numerical modeling (8 earthquakes) 

Figure A.5.1 – acceleration input time-histories (cf. Table A.3.2)



Figure A.5.2 – peak elements strains [%]



Figure A.5.3 – Fourier spectra (horizontal component) [g*s] for events #1, #2, #3 and #4



Figure A.5.4 – Fourier spectra (horizontal component) [g*s] for events #5, #6, #7 and #8



B. Homogeneous model (linear modeling)

B.1. Parameters

Figure B.1.1 – soil identifier

Table B.1.1 – Soil density, γ, shear-wave velocity, VS, Poisson’s ratio, ν, and damping at low strains, D0, obtained 
following the Darendeli (2001) approach

B.2. Mesh

Figure B.2.1 – mesh adopted for homogeneous model numerical modeling

B.3. finite-elements linear-analysis

Figure B.3.1 – simulated (sim) Spectral-Standard-Ratios (SSR) AM03/AM05 for horizontal and vertical components; 
the ratio AM05sim/AM05rec evidences the representativeness of XO.AM05 receiver position (cf. Table A.2.1)
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Origin Time yyyy-mm-dd hh:mm:ss.Latitude (N) Longitude (E) Depth(km) Magnitude Type

2016/08/30 175143 42.47730 13.27700 15.0 2.7 ML

2016/08/30 175200 42.47730 13.27020 15.9 3.1 ML

2016/08/30 195117 42.83070 13.25930 9.6 2.7 ML

2016/08/30 221115 42.82120 13.26130 9.6 3.1 ML

2016/08/30 223741 42.86620 13.21400 8.9 2.8 ML

2016/08/30 230409 42.82620 13.24950 9.6 2.5 ML

2016/08/30 230528 42.79420 13.16320 11.0 2.5 ML

2016/08/31 014148 42.80600 13.15870 10.7 3.1 ML

2016/08/31 032941 42.90820 13.21880 9.9 2.5 ML

2016/08/31 044204 42.73570 13.21280 10.5 2.7 ML

2016/08/31 063230 42.80620 13.14520 10.4 2.6 ML

2016/08/31 094616 42.75680 13.17920 10.6 3.3 ML

2016/08/31 104331 42.75730 13.18680 11.0 2.6 ML

2016/08/31 112601 42.83150 13.12630 9.6 3.9 Mw

2016/08/31 115231 42.85300 13.22130 8.3 3.4 Mw

2016/08/31 123053 42.86170 13.22670 8.8 2.7 ML

2016/08/31 132304 42.75070 13.23050 11.2 3.3 Mw

2016/08/31 151906 42.75820 13.18730 10.8 2.7 ML

2016/08/31 180724 42.75500 13.32470 16.3 2.6 ML

2016/08/31 181252 42.82180 13.25530 8.6 3.5 Mw

2016/08/31 200507 42.81770 13.16180 10.6 2.6 ML

2016/08/31 200802 42.82130 13.13120 9.5 3.5 ML

2016/08/31 214252 42.77600 13.16800 9.8 3.5 ML

2016/08/31 221409 42.74080 13.23350 9.2 3.5 ML

2016/08/31 225422 42.75230 13.22870 11.0 2.8 ML

2016/08/31 234638 42.76720 13.21280 14.1 2.6 ML

2016/09/01 015552 42.84700 13.18130 15.1 3.1 ML

2016/09/01 034322 42.77470 13.16270 10.4 2.9 ML

2016/09/01 035304 42.62070 13.31220 8.9 3.6 Mw

2016/09/01 064934 42.85830 13.23420 10.4 3.1 ML

2016/09/01 094029 42.81300 13.23580 9.7 3.1 ML

2016/09/01 101604 42.64580 13.30080 13.5 2.5 ML

2016/09/01 110243 42.81000 13.16850 10.6 3.1 ML

2016/09/01 113557 42.55780 13.29880 10.8 3.3 Mw

2016/09/01 142549 42.69230 13.16080 12.8 2.6 ML

2016/09/01 144303 42.81020 13.23580 7.2 2.5 ML

2016/09/01 220502 42.82320 13.05730 8.1 2.5 ML

2016/09/01 233021 42.84180 13.23650 9.9 2.9 ML

2016/09/02 023524 42.92080 13.24980 8.9 2.6 ML

2016/09/02 025503 42.84520 13.20650 8.8 2.9 ML

2016/09/02 092649 42.86630 13.23850 9.2 2.8 ML
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2016/09/02 092813 42.86280 13.23130 8.6 2.5 ML

2016/09/02 093559 42.85930 13.23170 8.8 2.5 ML

2016/09/02 123547 42.75520 13.18480 11.3 2.9 ML

2016/09/02 130625 42.75180 13.20350 11.6 2.7 ML

2016/09/02 130723 42.85680 13.12050 8.3 2.6 ML

2016/09/02 131106 43.28630 12.65620 8.5 2.6 ML

2016/09/02 132039 42.93080 13.24250 9.6 2.7 ML

2016/09/02 143818 42.86270 13.11930 6.1 2.9 ML

2016/09/02 152327 42.75070 13.14220 9.4 3.0 ML

2016/09/02 153607 42.85650 13.22200 8.4 2.5 ML

2016/09/02 160015 42.81430 13.24300 9.1 2.5 ML

2016/09/02 190150 42.81750 13.23670 9.3 2.7 ML

2016/09/02 192617 42.82370 13.15520 10.7 2.9 ML

2016/09/02 210015 42.62580 13.31970 8.1 2.9 ML

2016/09/02 223437 42.85730 13.22330 8.8 2.5 ML

2016/09/03 013412 42.76980 13.13230 8.9 4.2 Mw

2016/09/03 014233 42.78230 13.13680 10.2 2.7 ML

2016/09/03 031914 42.81170 13.19970 7.7 3.0 ML

2016/09/03 042627 42.92150 13.24880 9.9 2.8 ML

2016/09/03 045836 42.75730 13.17930 10.7 2.7 ML

2016/09/03 054139 42.83350 13.15930 10.9 2.9 ML

2016/09/03 061043 42.92870 13.24820 10.1 3.0 ML

2016/09/03 063744 42.73000 13.29020 14.0 2.7 ML

2016/09/03 070135 42.74380 13.23550 12.8 2.5 ML

2016/09/03 081648 42.73480 13.18830 10.0 2.5 ML

2016/09/03 091635 42.92920 13.25480 9.7 3.0 ML

2016/09/03 094351 42.73620 13.19020 10.4 2.7 ML

2016/09/03 101851 42.86070 13.21730 8.3 4.3 Mw

2016/09/03 102939 42.86420 13.21820 9.4 2.5 ML

2016/09/03 103110 42.86270 13.21420 8.7 3.0 ML

2016/09/03 103209 42.75930 13.16720 11.0 2.6 ML

2016/09/03 121941 42.86580 13.22130 8.6 2.7 ML

2016/09/03 122032 42.73530 13.18930 10.5 2.6 ML

2016/09/03 132704 42.79050 13.19770 10.2 2.5 ML

2016/09/03 141622 42.78280 13.13720 8.6 2.6 ML

2016/09/03 152626 42.86770 13.21670 8.6 3.0 ML

2016/09/03 153324 42.86880 13.22220 8.6 2.6 ML

2016/09/03 163222 42.85920 13.22530 9.3 3.2 ML

2016/09/03 211908 42.78720 13.12170 9.0 2.5 ML

2016/09/03 212016 42.78750 13.11180 9.8 3.2 ML

2016/09/04 042643 42.76320 13.27170 14.2 2.8 ML

2016/09/04 053135 42.85130 13.23030 9.1 2.9 ML

2016/09/04 070645 42.78300 13.23030 6.9 2.6 ML



2016/09/04 082508 42.76500 13.29630 15.2 2.8 ML

2016/09/04 083349 42.81980 13.22530 9.5 2.7 ML

2016/09/04 103855 42.76600 13.28930 14.7 2.5 ML

2016/09/04 144024 42.85630 13.22830 9.3 2.9 ML

2016/09/04 161020 42.78830 13.11900 9.8 2.7 ML

2016/09/04 163823 42.64830 13.19620 10.5 2.5 ML

2016/09/04 210508 42.87250 13.22080 9.5 2.7 ML

2016/09/04 221121 42.92270 13.24370 8.4 2.5 ML

2016/09/04 231310 42.84150 13.22630 6.1 2.7 ML

2016/09/05 024756 42.79150 13.15680 10.0 2.5 ML

2016/09/05 042220 42.84870 13.21530 8.6 3.2 ML

2016/09/05 090723 42.84620 13.20930 7.6 2.8 ML

2016/09/05 114828 42.85370 13.25530 8.3 2.5 ML

2016/09/05 144905 42.63280 13.30670 11.0 2.8 ML

2016/09/05 184251 42.76880 13.17080 12.7 3.0 ML

2016/09/05 195937 42.85570 13.23620 9.4 3.2 ML

2016/09/05 213611 42.65020 13.32620 9.6 3.5 ML

2016/09/05 224946 42.83000 13.00300 9.5 3.0 ML

2016/09/05 232752 42.77250 13.24200 13.3 2.5 ML

2016/09/05 233409 42.77870 13.24520 14.8 2.6 ML

2016/09/05 234049 42.65570 13.34380 9.8 2.5 ML

2016/09/06 001811 42.65570 13.33580 10.0 3.2 ML

2016/09/06 073821 42.60100 13.26050 11.3 2.5 ML

2016/09/06 095626 42.76020 13.18850 9.9 3.2 ML

2016/09/06 095736 42.75480 13.19820 9.9 2.5 ML

2016/09/06 112355 42.73680 13.19900 10.0 2.6 ML

2016/09/06 205239 42.86430 13.22320 9.5 3.2 ML

2016/09/07 000410 42.73480 13.19180 12.8 3.3 ML

2016/09/07 012249 42.67880 13.28770 9.2 2.5 ML

2016/09/07 021459 42.68330 13.23170 12.4 2.5 ML

2016/09/07 044823 42.80020 13.20920 10.3 2.6 ML

2016/09/07 050847 42.80020 13.20430 10.2 3.4 ML

2016/09/07 094947 42.77830 13.13370 10.2 2.5 ML

2016/09/07 121845 42.68320 13.28520 8.8 2.5 ML

2016/09/07 135519 42.66270 13.32620 9.6 2.5 ML

2016/09/07 143911 42.66720 13.29630 12.4 3.0 ML

2016/09/07 181326 42.80280 13.24280 9.7 3.3 Mw

2016/09/07 181945 42.80870 13.24720 10.1 2.5 ML

2016/09/07 192231 42.83970 13.13580 10.9 2.9 ML

2016/09/08 125623 42.83680 13.24980 9.2 2.6 ML

2016/09/08 145643 42.86170 13.15850 9.5 2.6 ML

2016/09/08 225626 42.84720 13.24230 8.7 2.7 ML

2016/09/09 025922 42.85650 13.21470 9.7 2.6 ML



2016/09/09 053935 42.81480 13.24170 7.1 2.6 ML

2016/09/09 090707 42.67980 13.28150 9.5 2.5 ML

2016/09/09 103712 42.81920 13.25450 6.0 2.5 ML

2016/09/09 153130 42.63880 13.31900 10.0 2.5 ML

2016/09/09 164842 42.73920 13.16820 8.6 2.5 ML

 2016/09/12 125755 42.86370 13.25600 9.6 2.5 ML

 2016/09/12 185858 42.78780 13.17580 10.5 2.5 ML

 2016/09/12 202114 42.86600 13.23980 9.7 2.5 ML

 2016/09/13 052608 42.78470 13.16920 9.6 2.9 ML

 2016/09/13 110420 42.58380 13.20450 15.9 3.4 ML

 2016/09/14 021849 42.72220 13.24100 10.2 2.7 ML

 2016/09/14 030744 42.73370 13.17870 13.8 3.1 ML

 2016/09/15 135129 42.77920 13.12780 10.2 3.1 ML

 2016/09/15 144047 42.77580 13.13280 8.5 3.1 ML

 2016/09/15 144052 42.76800 13.13350 9.2 3.7 Mw

 2016/09/15 144351 42.77470 13.13030 10.0 3.7 ML

 2016/09/15 144424 42.77620 13.13420 8.3 3.7 ML

 2016/09/15 144700 42.77450 13.14230 6.0 2.6 ML

 2016/09/15 165144 42.74830 13.14030 10.2 3.0 ML

 2016/09/15 172754 42.76320 13.08680 10.5 3.1 ML

 2016/09/17 132525 42.66600 13.25320 11.2 3.3 ML

 2016/09/17 153518 42.78450 13.13980 10.6 2.6 ML

 2016/09/17 163245 42.67720 13.20950 11.6 2.6 ML

 2016/09/17 214544 42.83530 13.15070 9.9 2.6 ML



Origin Time yyyy-mm-dd hh:mm:ss.sss) Latitude (N) Longitude (E) Depth(km) (Ml or Mw)

2016-08-26 04:08:03.680 42.7043 13.2284 10,865 3.0

2016-08-26 04:21:10.714 42.61166 13.29918 6,490 3.0

2016-08-26 04:28:26.695 42.6122 13.29173 7,174 4.7

2016-08-26 05:08:31.598 42.78168 13.16302 4,385 3.2

2016-08-26 05:08:55.531 42.62038 13.30602 7,010 3.3

2016-08-26 05:17:06.294 42.75497 13.20786 5,396 3.2

2016-08-26 05:32:53.110 42.77609 13.15727 4,651 3.3

2016-08-26 05:50:35.159 42.62365 13.29919 2,389 3.1

2016-08-26 11:06:45.572 42.6182 13.30167 7,420 3.0

2016-08-26 14:32:51.339 42.6009 13.27945 7,386 3.7

2016-08-26 16:05:29.786 42.70198 13.16263 9,245 3.5

2016-08-26 20:49:13.267 42.79979 13.15787 5,444 3.2

2016-08-26 23:13:37.714 42.84271 13.25335 1 3.2

2016-08-27 01:26:40.549 42.84203 13.25039 2,013 3.7

2016-08-27 02:50:59.957 42.84434 13.24836 1,104 3.9

2016-08-27 02:52:24.726 42.62392 13.30385 2,730 3.0

2016-08-27 03:00:55.378 42.84652 13.25148 1,814 3.1

2016-08-27 09:41:39.336 42.80293 13.19041 5,123 3.2

2016-08-27 21:31:43.255 42.59885 13.26532 9,457 3.4

2016-08-28 05:16:34.931 42.60921 13.3057 7,898 3.1

2016-08-28 06:37:20.396 42.72759 13.20087 9,710 3.3

2016-08-28 07:59:54.604 42.79802 13.22841 2,115 3.0

2016-08-28 10:25:33.393 42.78168 13.10698 9,252 3.0

2016-08-28 15:55:36.188 42.82813 13.24134 3,694 4.4

2016-08-28 16:42:02.561 42.82459 13.14102 5,431 3.7

2016-08-28 20:22:31.568 42.74408 13.20538 6,463 3.1

2016-08-29 01:44:26.376 42.76819 13.19339 8,630 3.4

2016-08-29 16:43:53.391 42.83113 13.15285 4,364 3.0

2016-08-29 17:52:23.308 42.85974 13.2214 1,302 3.3

2016-08-30 00:35:56.646 42.80674 13.15179 5,561 3.3

2016-08-30 14:05:32.895 42.73073 13.1808 9,020 3.0

2016-08-30 17:52:01.396 42.49123 13.26494 12,287 3.1

2016-08-30 22:11:16.603 42.82704 13.26004 3,134 3.1

2016-08-31 01:41:49.917 42.8047 13.15973 6,060 3.1

2016-08-31 09:46:16.834 42.75988 13.18483 9,061 3.3

2016-08-31 11:52:32.050 42.85783 13.22608 2,149 3.4

2016-08-31 18:12:52.995 42.82758 13.26004 2,628 3.5

2016-08-31 21:42:53.004 42.7799 13.16474 5,294 3.5

2016-08-31 22:14:10.510 42.74857 13.23852 5,978 3.5

2016-09-01 01:55:52.959 42.84598 13.18229 12,588 3.1

2016-09-01 03:53:04.922 42.62528 13.311 4,057 3.6

2016-09-01 06:49:35.361 42.85197 13.23216 4,139 3.1

2016-09-01 09:40:30.321 42.8171 13.23838 2,881 3.1

2016-09-01 11:02:44.507 42.81383 13.17047 8,158 3.1
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2016-09-01 11:35:57.953 42.5682 13.29555 9,122 3.3

2016-09-02 15:23:28.794 42.75279 13.14936 1,732 3.0

2016-09-03 01:34:13.081 42.77609 13.1389 3,216 4.3

2016-09-03 03:19:14.808 42.80838 13.20785 1,623 3.0

2016-09-03 06:10:44.474 42.92908 13.25059 3,223 3.0

2016-09-03 09:16:36.172 42.93017 13.25808 2,730 3.0

2016-09-03 10:18:51.819 42.86246 13.22795 2,286 4.4

2016-09-03 10:31:11.845 42.86655 13.22359 1,274 3.0

2016-09-03 16:32:23.550 42.86287 13.23278 2,143 3.2

2016-09-03 21:20:17.319 42.78644 13.11647 2,382 3.2

2016-09-05 04:22:21.126 42.85265 13.22577 1,657 3.2

2016-09-05 18:42:52.420 42.77064 13.16194 9,642 3.0

2016-09-05 19:59:38.568 42.85224 13.23746 2,266 3.2

2016-09-05 22:49:47.178 42.83453 13.00093 7,393 3.0

2016-09-06 00:18:12.077 42.6592 13.3342 5,458 3.2

2016-09-06 09:56:27.370 42.7626 13.19603 7,174 3.2

2016-09-06 20:52:40.309 42.8705 13.23216 11,166 3.2

2016-09-07 00:04:11.351 42.73958 13.19278 8,985 3.3

2016-09-07 05:08:48.571 42.80306 13.2077 5,171 3.4

2016-09-07 14:39:12.610 42.67038 13.29692 9,628 3.0

2016-09-07 18:13:27.322 42.80238 13.24585 3.3

2016-09-08 06:25:54.547 42.95591 13.16146 3.2

2016-09-10 02:29:40.553 42.84039 13.26379 3,366 3.0

2016-09-10 14:23:37.522 42.95551 13.16536 1,377 3.2

2016-09-10 17:00:03.790 42.78971 13.23355 3,134 3.3

2016-09-11 18:39:03.621 42.68604 13.27782 3,824 3.3

2016-09-13 11:04:21.638 42.58932 13.20417 13,326 3.4

2016-09-14 03:07:45.092 42.7325 13.17971 9,860 3.1

2016-09-14 16:06:50.738 42.85429 13.25663 1,589 3.0

2016-09-15 13:51:30.805 42.77732 13.13065 1,623 3.1

2016-09-15 14:40:47.831 42.77718 13.13018 2,491 3.1

2016-09-15 14:43:52.617 42.77446 13.13268 3,175 3.7

2016-09-15 14:44:25.095 42.77895 13.13376 1,787 3.9

2016-09-15 16:51:45.739 42.74789 13.14189 2,553 3.0

2016-09-15 17:27:54.985 42.7626 13.08834 6,053 3.1

2016-09-16 21:57:03.158 42.82336 13.24306 1,965 3.1

2016-09-17 07:35:22.918 42.8378 13.23402 4,713 3.4

2016-09-18 01:55:36.895 42.68073 13.28574 4,146 3.2

2016-09-18 03:51:50.586 42.82268 13.24446 2,081 3.1

2016-09-19 16:49:56.579 42.68264 13.28668 3,585 3.0

2016-09-19 23:34:26.004 42.67869 13.28497 5,396 3.7

2016-09-20 01:20:54.253 42.67828 13.28388 3,257 3.2

2016-09-20 03:30:03.508 42.80497 13.15537 5,362 3.1

2016-09-20 03:30:20.651 42.80511 13.1574 4,549 3.4

2016-09-21 07:07:24.863 42.80742 13.15661 5,116 3.5

2016-09-22 20:03:55.826 42.75933 13.1867 6,436 3.4



2016-09-22 20:04:56.038 42.75879 13.18919 6,791 3.3

2016-09-25 06:46:30.128 42.74408 13.22342 5,998 3.0

2016-09-28 10:04:10.865 42.87813 13.16917 2,443 3.0
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Description of the Supplemental Material: 

Additional information about QUAD4M package and report of numerical simulations performed at 

the Amandola study-case (file Suppl_Q4M.pdf).  

Tables listing selected earthquakes for the analysis. 

Additional figures showing: HVSR analysis results performed using seismic events and ambient 

noise; the input Ricker pulse adopted in numerical modelling for Civitella and Montereale cases; 

additional modeling results.  

 

List of Supplemental Table Captions: 

Table1S: Hypocentral parameters of selected earthquakes used in the data analysis for the Amandola 

case: origin time, hypocentral localization and magnitude. 

 

Table2S: Hypocentral parameters of selected earthquakes used in the data analysis for Civitella and 

Montereale case: origin time, hypocentral localization and magnitude. 

 

List of Supplemental Figure Captions: 

Figure S1: Geological investigations collected in the Seismic Microzonation for Amandola 

municipality (Regione Marche, 2018a): stratigraphy from geognostic surveys. 

 

Figure S2: Geological sections deduced from in-situ surveys and geophysical analyses coming from 

the regional Microzonation studies reported in Figures S1 and S3. 

 

Figure S3: Geophysical investigations collected in the Seismic Microzonation study (Regione 

Marche, 2018a) and performed by Geologists Consultants for private and civil engineering goals. 

They consist of Vs profiles attained through Dowh-hole (DH) measurements (red frames) and HVSRs  

calculated from ambient noise measurements (blue frames). 

 

Figure S4: H/V spectral ratios calculated for Amandola case. In the left column we show HVSRs 

calculated on seismic events, in the right column HVSRs calculated on ambient noise. They are given 

using a contour plot representation, the x-axis representing frequency, the y-axis the rotation angle, 

the color scale being related to H/V amplitudes.  
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Figure S5: Geological investigations collected in the Seismic Microzonation for Civitella del Tronto 

municipality (Regione Marche, 2018b): stratigraphy from geognostic surveys (red frames) and 

dynamic probing super heavy drilling (DPSH) results (violet frames). 

 

Figure S6: Geophysical investigations collected in the Seismic Microzonation study (Regione 

Marche, 2018b) and performed by Geologists Consultants for private and civil engineering goals. 

They consist of Vs profiles attained through MASW (Multichannel-Analysis of Surface Waves) 

measurements (green frames) and HVSRs calculated from ambient noise measurements (blue 

frames).                                                        
 

Figure S7: HV spectral ratios calculated for Civitella case plotted as in FigureS1. 

 

Figure S8: Ricker pulse adopted in numerical modelling for Civitella and Montereale cases. This 

excitation pulse ensured energy until up to 10 Hz. 

 
Figure S9: Comparison of results at CV01 and CV04 from former modeling exercises run using Vs 

value of 1200 m/s for (a) the homogeneous and (b) the heterogeneous model. 

 

Figure S10: Contour plots of Fast Fourier Transforms of horizontal synthetic motion, for both the 

homogeneous (a) and the heterogeneous (b) models. Please note that in both models the half-slopes 

are affected by deamplification. This is the reason for the high amplification levels obtained by 

calculating the SSRs using as a reference a virtual CV03.  

 

Figure S11: Contour plots of the synthetic spectral ratios relative to the Ricker input for the vertical 

components of the homogeneous model (a) and the heterogeneous model (b); in this latter 

amplification of the vertical component appear over 3 Hz. 

 
Figure S12: Geological investigations collected in the Seismic Microzonation for Montereale 

municipality (Regione Abruzzo, 2018): stratigraphy from geognostic surveys (red frames) and 

dynamic probing super heavy drilling (DPSH) results (violet frames). 

 

Figure S13: Geophysical investigations collected in the Seismic Microzonation study (Regione 

Abruzzo, 2018). They consist of down-hole measurements of seismic wave 

velocities (Vp and Vs) and Vs profiles attained through MASW (Multichannel-Analysis of Surface 

Waves) measurements (green frames); HVSRs calculated from ambient noise measurements (blue 

frames). 

 

Figure S14: H/V spectral ratios calculated for Montereale case. In the left column we show HVSRs 

calculated on seismic events, in the right column HVSRs calculated on ambient noise. They are given 

using a contour plot representation, the x-axis representing frequency, the y-axis the rotation angle, 

the colour scale being related to H/V amplitudes. 

 

 


