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Abstract

The paper presents the results of 5 case studies on complex site effects selected within the project for the level 3 seismic
microzonation of several municipalities of Central Italy damaged by the 2016 seismic sequence. The case studies are
characterized by different geological and morphological configurations: Monte San Martino is located along a hill
slope, Montedinove and Arquata del Tronto villages are located at ridge top whereas Capitignano and Norcia lie in
correspondence of sediment-filled valleys. Peculiarities of the sites are constituted by the presence of weathered/jointed
rock mass, fault zone, shear wave velocity inversion, complex surface and buried morphologies. These factors make the
definition of the subsoil model and the evaluation of the local response particularly complex and difficult to ascertain.
For each site, after the discussion of the subsoil model, the results of site response numerical analyses are presented in
terms of amplification factors and acceleration response spectra in selected points. The physical phenomena governing
the site response have also been investigated at each site by comparing 1D and 2D numerical analyses. Implications are
deduced for seismic microzonation studies in similar geological and morphological conditions.
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1. Introduction

Seismic Microzonation studies of level 3 (i.e., according to Working Group ICMS 2008 studies based on quantitative
assessment of site effects by means of numerical analyses) were carried out for the reconstruction of several
municipalities in Central Italy struck by the 2016 seismic events. The sequence started with the Mw 6.0 earthquake on
August 24, 2016, followed by the Mw 5.9 on 26 October and the Mw 6.5 on 30 October events (Chiaraluce et al.,
2017). The studies were executed by professionals (mainly geologist and geotechnical engineers) with the scientific
supervision and support of the Center for Seismic Microzonation and its applications (CentroMS,
https://www.centromicrozonazionesismica.it/en/) constituted by several university departments and research institutes.
In particular, the CentroMS has taken care of some activities in all the municipalities: i) definition of the input motion at
rock outcrop; ii) experimental characterization of nonlinear soil behavior by means of cyclic/dynamic laboratory tests;
iii) execution of bidimensional site response analyses.
In the paper, the results of the numerical analyses carried out in 5 selected sites characterized by different
morphological and geological conditions are reported. Specifically, as indicated in Figure 1, three sites are located in
Marche region (Arquata del Tronto, Monte San Martino, and Montedinove), one in Abruzzo (Capitignano) and the
other one in Umbria region (Norcia). The main features encountered in the selected sites are briefly summarized
hereafter:
1) Monte San Martino lies on a structurally asymmetric gentle hill characterized by an outcropping seismic bedrock on
one side and soft eluvio-colluvial covers on the other flank;
2) Arquata del Tronto is located on the top of a ridge characterized by the alternation of different rocky lithotypes,
weathered and jointed in the upper portion;
3) Montedinove site represents a symmetrical ridge situation characterized by the presence of an inversion in the shear
wave velocity (Vs) profile;
4) Capitignano lies close to a complex fault zone at the NE edge of a sediment-filled deep valley with maximum
thickness up to 200 m;
5) Norcia is in the middle of a “shallow” large intermontane basin with the presence of inversion of shear wave
velocity with depth.
In the framework of the seismic microzonation project, in all sites, in situ tests were carried out comprising down-hole
(DH), Multichannel Analysis of Surface Waves (MASW), and Horizontal to Vertical Spectral Ratios (HVSR) tests
(Caielli et al., 2019 this issue). In some sites, other in situ tests were also available from previous microzonation studies
such as Electrical Resistivity Tomography (ERT), P-wave seismic refraction (SR), Refraction Microtremor (REMI) and
Extended Spatial Autocorrelation (ESAC) passive tests. On sites where it was possible to retrieve undisturbed soil
samples, resonant column (RC)/torsional shear (TS) tests were also carried out. An overview of the geotechnical
characterization of nonlinear soil behaviour is reported in Ciancimino et al. 2019 (this issue).
The 1D numerical analyses have been performed using STRATA (Kottke and Rathje, 2008) or Deepsoil 6.1 (Hashash et
al., 2016), operating in the frequency domain, and using the equivalent-linear visco-elastic approach to model cyclic
soil behaviour. The 2D analyses were carried out through the time domain 2D FEM codes LSR2D (Stacec 2017,
Macerola 2017) for Montedinove and Capitignano case studies, and QUAD4M (Hudson et al., 1994), for Monte San
Martino, Arquata del Tronto and Norcia. Both 2D codes adopt an equivalent-linear visco-elastic approach and
incorporate a compliant base. The side boundaries were modelled as perfectly reflecting and thus they were extended
200-400 m in both directions to reduce the influence of artificial reflected waves. The mesh was defined by means of
triangular/quadrangular elements with a size consistent with the shear wave velocity of each lithotype, so as to ensure
an accurate wave propagation up to a maximum frequency of 15-20 Hz depending on case study (Kuhlemeyer and
Lysmer, 1973). Viscous damping was introduced through full Rayleigh damping formulation with two control
frequencies automatically selected by the codes in order to avoid significant overdamping in all the frequency range of
interest (Lanzo et al., 2003). Preliminary calibration analyses showed that the 2D codes give comparable results (Di
Buccio et al., 2017). Further details on these codes and their use in level 3 microzonation studies can be found in
Pagliaroli (2018).
In all sites the input motions consisted of seven unscaled horizontal natural records, selected by the ITACA archive
(itaca.mi.ingv.it/, Luzi et al. 2008) to be compatible on average in the 0.1-1.1s period range with the Uniform Hazard
Spectrum (return period Tr = 475 yrs) at rock conditions (subsoil class A) as proposed by the Italian Building Code
(NTC2018). The accelerograms used as input motion are listed in Table 1 for each site. For each record, the following
characteristics are presented: earthquake data and name, moment magnitude, epicentral distance, name and code of the
recording station and corresponding subsoil classification according Eurocode 8-NTC2018, horizontal component used.
The corresponding 5% damped response spectra are presented in Figure 2 together with the comparison between the
average input spectrum and the reference NTC2018 shape. More details on the procedure followed for the definition of
input motion are reported in Luzi et al. 2019a (this issue).
Results of numerical analyses are generally presented in terms of elastic acceleration response spectra (Se) and
amplification factors of spectral acceleration (AF). These latter are defined as the ratio between the elastic average
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response spectra at the ground surface and the corresponding input motion response spectra integrated over three period
ranges 0.1-0.5s, 0.4-0.8s and 0.7-1.1s, labelled AFg.1-0.5, AFo.4-08 and AFg7-1.1 respectively.

In the following, for each case study the main morphological and geological features, the subsoil model and the results
of the numerical analyses are summarized. The geological features are represented in terms of lithotechnical map and
cross-sections in which the different lithotypes are identified according to Italian standard for Microzonation (Bramerini
et al., 2015). The attention is focused on the analysis of the physical phenomena responsible for ground motion
amplification in such complex sites. Moreover, critical issues in defining the subsoil model are highlighted. Lessons
learned for advanced seismic microzonation studies are addressed in the conclusions.
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Figure 1. Selected sites presented in the paper and sketch of the corresponding geological/morphological
configurations.



Table 1 - Characteristics of natural accelerograms selected as input motion for the five sites presented in the paper (A*
= subsoil category A attributed based on available geological information at recording station)

Site Acc. | Event Date Mw | Epic. Station (code-name) Comp. | Site
Distance class.
(km) EC8
Monte  San | #1 Central Italy 30.10.2016 | 6.5 24.8 MZ11-bedrock nord Sant’Angelo | EW A*
Martino #2 Central Italy 30.10.2016 | 6.5 22.6 MZ19-Pasciano cimitero NS A*
#3 Central Italy 26.10.2016 | 5.9 10.8 CLO-Castelluccio di Norcia EW A*
#4 Central Italy 26.10.2016 | 5.9 10.8 CLO-Castelluccio di Norcia NS A*
#5 Central Italy 30.10.2016 | 6.5 19.2 MMO-Montemonaco EW A*
#6 Central Italy 30.10.2016 | 6.5 19.2 MMO-Montemonaco NS A*
#7 Central Italy 26.10.2016 | 5.4 15.8 T1212-Avendita PG EW A*
Arquata del | #1 Central Italy 30.10.2016 | 6.5 27.7 MZ10-Amatrice NS A*
Tronto #2 Central Italy 26.10.2016 | 5.4 27.9 MZ21-Poggio Vitellino EW A*
#3 Central Italy 30.10.2016 | 6.5 18.6 ACC- Accumuli NS A*
#4 Central Italy 26.10.2016 | 5.9 10.8 CLO- Castelluccio di Norcia EW A*
#5 Central Italy 26.10.2016 | 5.9 10.8 CLO- Castelluccio di Norcia NS A*
#6 Central Italy 30.10.2016 | 6.5 19.2 MMO-Montemonaco NS A*
#7 Central Italy 30.10.2016 | 6.5 10.5 T1212-Avendita PG NS A*
Montedinove | #1 Central Italy 30.10.2016 | 6.5 245 MZ11-bedrock nord Sant’Angelo | EW A*
#2 Central Italy 30.10.2016 | 6.5 22.6 MZ19 - Pasciano cimitero NS A*
#3 Central Italy 26.10.2016 | 5.9 10.8 CLO - Castelluccio di Norcia EW A*
#4 Central Italy 26.10.2016 | 5.9 10.8 CLO - Castelluccio di Norcia NS A*
#5 Central Italy 30.10.2016 | 6.5 19.2 MMO - Montemonaco EW A*
#6 Central Italy 30.10.2016 | 6.5 19.2 MMO - Montemonaco NS A*
#7 Central Italy 26.10.2016 | 5.4 15.8 T1212 - Avendita PG EW A*
Capitignano #1 Central Italy 30.10.2016 | 6.5 22.6 MZ19-Pasciano cimitero HNE A*
#2 Central Italy 30.10.2016 | 6.5 22.6 MZ19-Pasciano cimitero HNN A*
#3 Central Italy 30.10.2016 | 6.5 18.6 ACC-Accumoli HGE A*
#4 Central Italy 26.01.2016 | 5.9 10.8 CLO-Castelluccio di Norcia HGE A*
#5 Central Italy 26.01.2016 | 5.9 10.8 CLO-Castelluccio di Norcia HGN A*
#6 Central Italy 30.10.2016 | 6.5 19.2 MMO-Monte monaco HGN A*
#7 Central Italy 30.10.2016 | 6.5 10.5 T1212-Avendita PG HNN A*
Norcia #1 Central Italy 30.10.2016 | 6.5 22.6 MZ19-Pasciano Cimitero EW A*
#2 Central Italy 30.10.2016 | 6.5 22.6 MZ19-Pasciano Cimitero NS A*
#3 Central Italy 30.10.2016 | 6.5 18.6 ACC-Accumuli EW A*
#4 Central Italy 26.10.2016 | 5.9 10.8 CLO-Castelluccio di Norcia EW A*
#5 Central Italy 26.10.2016 | 5.9 10.8 CLO-Castelluccio di Norcia NS A*
#6 Central Italy 30.10.2016 | 6.5 19.2 MMO-Montemonaco NS A*
#7 Central Italy 30.10.2016 | 6.5 10.5 T1212-Avendita PG NS A*
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Figure 2 — Response spectra of the 7 accelerograms selected as input motion for each of the five sites discussed in the
paper (see Table 1 for the list of signals); the comparison between the average spectrum with the reference one is also
reported.



2. Monte San Martino site
2.1 Morphological and geological outlines

Monte San Martino is a small village in the Marche region, located about 30 km south of Macerata. The city centre lies
on a rocky hill at 603 m a.s.l. between two deep valleys that separate Monte San Martino from the neighbouring
municipalities located on the top of the surrounding hills.

Figure 3a shows the lithotechnical map of the area, with location of in-situ investigations and the trace of a
representative cross-section oriented in the WSW-ENE direction. The related cross-section is reported in Figure 3b, in
which several lithotechnical and geological units can be identified.
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Figure 3. Monte San Martino lithotechnical map (a) and analysed cross-section (b); geologic unit abbreviations in the
text.

In the studied area, the Blue Clays Formation (Formazione delle Argille Azzurre: FAA in Figure 3) widely outcrops.
This formation can be subdivided in three different lithotypes, consisting of (Regione Marche, 2001): 1 - mainly
arenaceous lithofacies, i.e. alternations of thick arenaceous layers, locally cemented, and thin pelitic layers (1- 3cm),
largely outcropping in the study area; 2 - arenaceous-pelitic lithofacies with sand/clay ratio higher than one,
characterized by alternations of arenaceous and pelitic layers between 30 and 50 cm thick; 3 - blue clay with interleaved
sandy horizons. These different lithotypes, following the standard for microzonation, are identified as LPS (layered
rocky lithotype), ALS (alternation of stratified lithotypes), and COS (cohesive, overconsolidated stratified bedrock),
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respectively. Below the blue clays Formation, the geological bedrock is made of pelitic-arenaceous lithofacies with
sand/clay ratio lower than one, recognized as “Colombacci” Formation (FCO-ALS in Figure 3b) (Regione Marche,
2001).

Eluvio-colluvial deposits (ML in Figure 3), constituted by clayey silt and silty sand, locally including arenaceous clasts,
cover FFA in the eastern flank. Finally, on the top of the hill, a landfill material in a silty-sandy matrix (RI) has been
recognized.

2.2 Subsoil model

The seismic response analyses of Monte San Martino were performed on the numerical model plotted in Figure 4a,
reproducing the WSW-ENE geological section (Figure 3b). The DH and MASW tests performed during the
microzonation study are reported together with the main frequencies derived from the interpretation of ambient noise
records through the HVSR technique. Table 2 summarizes the physical and mechanical properties assigned to the
layers.
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Figure 4. Monte San Martino site: results of relevant testing for the definition of subsoil model (a), Ve and Vs profiles
measured through the down hole test in the ML and FAA-ALS lithotypes (b), Vs profiles inferred from the MASW A
and B tests (c) and G/Go-y and D- y curves resulting from the RC-TS tests (d); black and grey number along the
cross-section in the upper portion represent experimental and numerical estimation of first natural frequency
respectively.

The compression, Vp, and the shear, Vs, wave velocities of the ML and FAA-ALS deposits were measured through the
DH test until the depth of 33 m reached by the borehole (see Figure 4b), while the Vs profiles of the FAA-COS and
FAA-LPS layers derive from the results of MASW A and MASW B tests respectively, shown in Figure 4c. The mean
value of the slightly variable Vp and Vs profiles were assigned to the ML material model, while an upper and softer
sublayer, FAA-ALS up, was distinguished in the blue-grey clay deposit, according to the down-hole measurements. The
mean Vs was set for the FAA-COS soil, again due to the low variability. The FAA-LPS formation was assumed as
bedrock (Vs=800m/s), neglecting the lower shear wave velocity detected in the surface and attributable to local
jointed/weathered portions.



Because of insufficient investigations, the Vs of the FCO-ALS deposit was inferred from MASW tests performed at
Carassai site, 35 km far from Monte San Martino, and the bedrock depth was calibrated to obtain the resonant
frequencies measured on site through the HVSR tests.

The Poisson’s ratio of the FAA-COS, FAA-LPS and FCO-ALS deposits were assumed considering data on similar
formations investigated in Central Italy towns subjected to microzonation studies.

The low-strain parameters were validated, comparing the experimental predominant frequencies from H/V curves with
the resonance frequencies computed through 1D seismic response analyses performed along the same verticals. Figure
4a shows the satisfying agreement between experimental (black) and numerical (grey) values.

An equivalent linear visco-elastic behaviour was assigned to all materials, except for the bedrock. The decay of the
shear modulus, G, and the increase of the damping ratio, D, with shear strain, y, was introduced in the numerical model
through the curves plotted in Figure 4d. The curves were obtained calibrating the Ramberg-Osgood (1943) model on the
results of torsional shear tests (TS in Table 1) on samples of ML and ALS-COS taken in Monte San Martino and in
Massa Fermana, respectively. Finally, a linear visco-elastic behaviour was set for the FCO-ALS low and FAA-LPS
layers with a constant damping Do= 0.5%.

Lithotype (kI}/m3) (n\1//Ss) v(-) Nonlinear material curves
TS test
ML 20.00 220 0.48 Monte San Martino
FAA-COS 22.5 450 0.45
FAA-ALS up 225 457 | 047 TS test
FAA-ALS low 225 630 | 047 Massa Fermana
FCO-ALS up 225 440 0.45
FCO-ALS low Linear
(bedrock) 225 800 0.45 D=0 5%
FAA-LPS Linear
(bedrock) 24.00 800 0.45 D=05%

Table 2. Monte San Martino site: selected parameters for subsoil model used for site response analyses

2.3 Numerical modelling: results and discussion

Figure 5 shows the variability along the cross-section surface of the mean amplification factors of the spectral
acceleration computed in the period ranges 0.1-0.5s (AFo.1-05s), 0.4-0.85 (AFg.4-0.85) and 0.7-1.1s (AFo.7-1.1s).

The peak amplification factors occur in the range 0.4-0.8 s, slightly higher than the experimental predominant periods
reported in Figure 4a in terms of frequencies. The elongation of the resonance periods with respect to the low-strain
values measured on site is due to the reduction of shear stiffness associated with the shear strains mobilized under
earthquake (i.e., soil nonlinearity). Moreover, the huge scattering of the AFg4.08s and AFg7.1.1s in correspondence with
the softest ML layer confirms the expected dependence of AFs on the frequency and amplitude of the input motions. On
the other hand, a very low dispersion is associated with the outcropping stiff layers FAA-ALS up and FAA-LPS.
Independently on the period range, the highest AFs occur:

-on the top of the ridge, with peak mean values AFo1-05:=1.13, AFg.4-0.85=1.40 and AFg7-1.1s=1.59;

-on the slope (i.e., eastern flank of the ridge) at the eluvio-colluvial deposit ML, with peak mean values AFg.1-055 =2.23,
AFg4.08 =2.50 and AFg7.1.1s =1.70.

To isolate and quantify the stratigraphic amplification, one-dimensional seismic response analyses have been carried out
along representative soil columns, identified by verticals V1, V2, V3 and V4 on the cross section in Figure 5. The 1D
simulations were performed considering the same soil properties and input motions as 2D response analyses. The results
are reported in Figure 5 in terms of mean amplification factors AFo.1.0.55, AFo.4-0.8s and AFo.7-1.1s.

With reference to the vertical V1, at the top of the ridge, amplification is exclusively due to topographic effects revealed
by 2D analysis; as a matter of fact, 1D amplifications factors are close to 1 in all the period ranges. Nevertheless,
considering the moderate slope angles, the amplification factors of 2D analysis can be obtained applying a multiplier of
1.2 to 1.5 to the results of 1D simulations, as suggested by building codes (NTC2018, Eurocode 8).

With reference to the verticals V2, V3 and V4, located on the slope where soil cover outcrops, 1D and 2D computations
lead approximately to the same amplification factors. Ground motion amplification is therefore mainly due to
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stratigraphic effects which are well-predicted by 1D seismic response analysis and are significantly predominant with
respect to 2D effects related to topography and the inclined geometry of the interface between bedrock and soil layers.
This result suggests that, in this morphological configuration, one-dimensional seismic response analysis can provide
reliable estimation of site effects, despite the presence of an inclined bedrock.
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Figure 5. Monte San Martino site: variability along the cross-section of the amplification factor in the period range
0.1s-0.5s (a), 0.4s-0.8s (b), 0.7s-1.1s (c) compared to the values computed through 1D seismic response analyses along
the verticals V1,v2,V3 and V4

3 Arquata del Tronto site
3.1 Morphological and geological outlines

Arquata del Tronto is a municipality located in the central Apennine fold and thrust belt (Central Italy) at the base of the
southeastern flank of Mt. Vettore, within the footwall block of the regional, roughly N-S oriented, Sibillini Mts thrust
(Neogene) affected by later (Pliocene-Quaternary) NW-SE oriented active normal faults (Koopman, 1986; Pizzi and
Galadini, 2009; Pierantoni et al., 2013).

The geological and seismic bedrock is represented by the pre-evaporitic member (Messinian) of the Laga Formation
consisting of three turbiditic lithotypes (i.e., lithofacies associations), largely outcropping in the study area, namely in
order of the increasing sand/clay ratio (S/C): Arenaceous-pelitic 1l (1<S/C<3 ) (LAG4b in Figure 6), Arenaceous-
pelitic | (3<S/C<10 ) (LAG4d in Figure 5), Arenaceous (S/C>>1) (LAGA4c in Figure 5) (e.g., Centamore et al., 1991;
Regione Marche, 2001; Marini et al., 2015)

The village of Arquata is built on an elongated WNW-ESE ridge (730 m a.s.l.) transversally cut by saddles due to the
alternation of stiffer/softer lithotypes belonging to the Laga Formation with roughly 50° WNW dipping strata, forming
a monocline representing the overturned limb of an E-verging anticline (Figure 6).

The ridge rises about 170 m above the Borgo Village lying in the valley located north of Arquata (Figure 6). Here the
Laga Formation is locally overlain by Quaternary continental deposits: the fluvial deposits of the Camartina creek and
Tronto River (bnl, bn2, and bn3 in Figure 6 for first, second and third order alluvial terraces, respectively) and by
detrital (a3a) and landslide (ala) covers composed of coarse calcareous/arenaceous debris.

On the estern side of the Pianella Valley, located north-west of the study area (see map in Figure 6), strata of the Laga
Formation outcrop dipping 20° towards the east with a N5-10° trending, and in proximity of the S.Pietro and Paolo
Church they tend to approximate a vertical dip. Such different bedding of the Laga Formation between the strata
outcropping on the right side and left side of the valley is solved by many authors considering the presence of a tectonic
structure along the valley: a tear fault, according to Centamore et al. (1991), or a normal fault following Koopman
(1986).

A geological cross-section cutting the Arquata del Tronto ridge as drawn by the Istituto Superiore per la Protezione e la
Ricerca Ambientale (ISPRA) is reported in Figure 6 showing the stratigraphic relationship between different Laga
Formation lithotypes.



3.2 Subsoil model

The mechanical characterization of soils and rocks for the site response analysis of the study area has been achieved
consulting the whole geological and geophysical dataset collected in this sector. In particular, the observations derived
from the geological field survey have been integrated with DH, MASW, ERT and HVSR tests (location of relevant tests
is reported in the map of Figure 7a).

The geological and geophysical investigations carried out in the study area suggest the presence of a weathered/jointed
upper portion of the Laga Formation rock mass, approximately 15 meters thick. In Figure 7c two representative DH
tests are reported. In detail, the DH5 test carried out on the East side of the Arquata del Tronto ridge flank, on LAG4d
outcrop, with the exclusion of the 3-4 meters at surface consisting of very highly weathered rock, shows a slight
increase with depth of the shear wave velocity (Vs) from 750 m/s to 1000 m/s. The upper 15-16m where Vs is lower
than 1000 m/s has been interpreted as the weathered/jointed portion of rock mass. In Figure 7c a DH test
(DH_Ecoscuola) carried out in the San Francesco area, located North-West of Arquata del Tronto village, is also
reported, which intercepted the alluvial cover and reached the seismic bedrock (Laga Formation) at about 30 m depth,
where the Vs attains a value of 1000 m/s. The alluvial cover shows a Vs increasing with depth from 400 to 700 m/s.
Several HVRS tests were carried out on the Arquata del Tronto ridge, on rock outcrops belonging to different
lithotypes. Horizontal-to-vertical spectral ratio has been computed for each measurement, by averaging the H/V ratios
obtained on 30-s-long time windows into which each trace (usually 20 to 30 minutes long) was subdivided. The
geometrical mean of horizontal components was employed to compute HVSR. Some representative results are reported
in Figure 7b for two locations on the ridge: the Arquata del Tronto village (blue box in Figure 7a) and around the Castle
(red box). All the measurements highlighted the presence of multiple picks, markers of a possible broad band
amplification related to a complex coupling of stratigraphic and topography effects. Polarization analyses (not shown in
Figure 7b) have revealed a preferential polarization along N-S direction of the 2-4 Hz peaks in the in the area marked by
the blue box (village) while the 1-3 Hz peaks are ENE-WSW oriented around the castle in the NW side of the ridge (red
box).

An interesting observation is that the H/V curves present higher amplitude peaks if located on stiff arenaceous
lithotypes of the Laga Formations as compared to those carried out on pelitic lithotype of the same Formation.
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The subsoil model adopted for the analyses is reported in Table 3 whereas a sketch of the mesh adopted to discretize
section 1 is shown in the upper part of Figure 8. The prevalent arenaceous lithotypes of Laga Formations (LAG4c and
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LAG4d) were grouped together and, based on available DH tests, a Vs of 1000 m/s and 900 m/s was assigned to the
arenaceous group and to more pelitic lithotype (LAG4b), respectively. A 15m-thick jointed rock-mass zone was
modeled at the surface of the model (Figure 8) to which Vs=700 m/s was assigned based on DH5 (Figure 7c¢). A
Vs=1300 m/s was assumed for the seismic bedrock at a depth of about 250 m from the ridge surface (i.e., about 500 m
a.s.l.) considering a stiffness increment due to confining stress at depth and measurements carried out in similar
geological conditions (Table 2 and Figure 8). We also consider no distinction between arenaceous and pelitic group by
assuming that Vs values become similar at high depth. For landslide cover and alluvial soils, Vs values equal to 400 m/s
and 500 m/s were assumed respectively, based on DH and MASW available tests (see upper part of DH_Ecoscuola in
Figure 7c). Regarding the nonlinear properties, the average curves proposed by Rollins et al. (1998) for gravelly soils
were employed for landslide cover and alluvial soils given the prevalent coarse grain-size composition. Rocky
lithotypes, characterized by high values of stiffness, were considered as linear visco-elastic materials; the damping ratio
D was in the range 0.5% -1%.

Lithotype y (kN/md) Vs (m/s) ve) ma';leorri]zlilln(?uarrves
ala/a3a 19 400 0.45 Rollins et al.
b/bn1 20 500 0.43 (1998)
Jointed rock-mass 22 700 0.38 Linear D=1%
LAG4c-d 23 1000 0.4 Linear D=0.5%
LAG4b 22 900 0.4 Linear D=1%
Seismic Bedrock 24 1300 04 -

Table 3. Arquata del Tronto site: selected parameters for subsoil model used for site response analyses.
3.3 Numerical modelling: results and discussion

The results are reported in the upper part of Figure 8 in terms of amplification factors of spectral acceleration (AF) at
surface computed in the period ranges 0.1-0.5s, 0.4-0.8s and 0.7-1.1s. Major amplification effects take place in the 0.4-
0.8s period range where amplification of about 2 characterizes all the ridge, from the castle (P1 in Figure 8, red box) to
the village (P2, blue box). In 0.1-0.5s range a peak AF=2 is attained at P1 while moderate amplification is computed at
village (AF=1-1.3). Finally, minor amplification effects (AF<1.2) can be observed at longer periods (0.7-1.1s). This is
substantially compatible with H/V observations: the H/V curves show linear resonance frequencies at ridge in the order
of 1-4 Hz (i.e. 0.3-1 s) while the spectral ratios are almost flat for frequencies lower than 1 Hz (i.e., period > 1s). It
should be noted that, because of the high material stiffness and consequent linear model assumed for the ridge, results
from numerical analyses and data from H/V can be directly compared.

Average response spectra computed from 2D analyses are compared with average input motion spectrum at P1 and P2
in Figure 8. The comparison substantially confirms that amplification takes place essentially for periods lower that 0.7-
0.8s. Spectral accelerations as high as 1.4-1.6g appear at P1 in the 0.2-0.3s period range; on the contrary, the spectral
acceleration is lower than 0.8g at P2 in the whole period range.

In order to explore the 2D physical phenomena governing the local response, additional 1D analyses were carried out at
P1 and P2 using the same stratigraphic conditions of 2D simulations. Response spectra averaged over the seven
accelerograms are therefore compared with 2D and input spectra in Figure 8. Moreover, in the bottom part of the same
figure, the 2D/input, 1D/input and 2D/1D spectral ratios are reported. Clear bi-dimensional effects are noticed in P1 at
0.2s and 0.5 s (peaks of 2D/1D ratio); these effects are responsible for ground motion amplification in the 0.1-0.5s and
0.4-0.8s period ranges above mentioned; here the 2D analyses double the amplitude of ground motion predicted by 1D
simulations. At P2, 1D and 2D results are much closer; however, an evident 2D/1D peak of about 2 appears at 0.5s,
substantially matching the H/V peak (about 2-2.5 Hz, Figure 7). The use of H/V shows therefore encouraging results in
capturing also complex 2D effects as shown by other literature studies (Pagliaroli et al., 2015).

Finally, it should be noted that the amount of amplification predicted by the numerical model satisfactorily matches the
amplification estimated by the Generalized Inversion Technique (GIT) applied to several recordings carried out with a
temporary network installed by the OGS institute after the August 24, 2016 event (Priolo et al. 2019, this issue). In
particular, assuming Uscerno as reference rock site, the amplification function at OGS MZ80 station (located close to
P1) shows peaks as high as 2-3 in the 1.5-4 Hz range, in which numerical 2D/input peaks of similar amplitude are
located (0.2-0.6 s in Figure 8b).

The satisfactory agreement between numerical and experimental amplification functions confirms the substantial
reliability of the numerical model.
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Figure 8. Arquata del Tronto site: @) Finite element mesh adopted for Section 1; the labels identify the lithological
units described within the text, whose physical and mechanical properties are presented in Table 3. On top of the
mesh results of the numerical site response analyses are presented in terms of Amplification Factors (AF) computed
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4.0 Montedinove site
4.1 Morphological and geological outlines

Montedinove is a small municipality in the southern part of the Marche region, in the Province of Ascoli Piceno, which
extends for 11.9 km?. Three different zones of the entire area have been identified for the seismic microzonation: the
localities of Lapedosa and Croce Rossa, severely damaged by the 2016 Central Italy Earthquake Sequence, and the most
densely populated historical centre.

From the morphostructural point of view the area is characterized by a NE-SW hilly ridge, whose top reaches 561 m
a.s.l. Figure 9 shows the lithotechnical map and two relevant cross-sections, which have been selected for the numerical
modelling. The geological bedrock is constituted by the Blue Clays Formation (Formazione delle Argille azzurre: FAA,
Regione Marche, 2001) which is characterized by different lithofacies: conglomeratic, arenaceous, arenaceous-pelitic
and pelitic. These lithotypes, following the standard for microzonation, are accordingly identified as ALS (alternation of
stratified lithotypes), GRS (granular cemented bedrock) and COS (cohesive, overconsolidated stratified bedrock). At
the ridge crest the geological bedrock is outcropping, while on the sides eluvial and colluvial coverings are present with
a thickness of 3-15 m. With regards to their compositions, soil cover deposits have been classified as GM (gravels and
sandy gravels), SM (sands and silty sands) and ML (low plasticity clayey silts).

The historical centre lies mainly on GRS, locally covered by its weathered upper part (SF_GRS), and on ALS (Figure
9). The deepest portion of the geological sequence is constituted by the upper (COS_a), the intermediate (COS_b) and
the lower (COS_c) part of the cohesive, overconsolidated stratified bedrock. Additional information about
morphological and geological outlines can be found in Amanti et al. (2018, present issue) and Angelici (2018).

N jie iy (L Lithostratigraphy and lithotypes
- 4
f i .,/’ - \? [[] GM Gravels, sandy gravels and silty-sandy gravels
rfkﬁg:( I:l SM Sands, silty sands and sandy silts with calcareous and arenaceous inclusions
(7 -
; ,'5[ : N £ [ ML Clayey silts of low plasticity, fine silty or clayey sands
= 7\ >\ B 5F-GRS Cemented, stratified weathered granular bedrock
= =, wrAd o
- - ras T : [7] GRs Cemented, stratified granular bedrock
= - COS Cohesive, overconsolidated, stratified bedrock: a) Surficial, b) Intermediate, ¢) Deep
P
o b - ALS Alternation of lithotypes stratified into thin to medium layers of sands and mudstones
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Figure 9. Lithotechnical map and cross-sections of the Montedinove historical centre

4.2 Subsoil model
The subsoil model for site response analyses was defined based on in situ geophysical and laboratory tests. Available

data from the Level 1 Seismic Microzonation consist of three MASW, one P-wave SR and five HVSR tests. Additional
tests were then performed in the framework of the present study to characterize all the geotechnical lithotypes.
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Specifically, the new survey included (Angelici, 2018): a 35 m deep DH test, 5 MASW tests and 24 HVSR tests. The
location of the full set of investigations is reported in Figure 9.

Figure 10a shows the representative P-wave velocity (Vp) and S-wave velocity (Vs) profiles from the DH test which
involved the ALS, the GRS and the SM lithotypes. The other materials were characterized by non-invasive tests. The
geotechnical model for site response analyses is summarized in Table 4.

The nonlinear cyclic response of the COS was investigated by means of a RC test performed on a sample from the
nearby municipality of Monte Rinaldo (Ciancimino et al. 2019, this issue). Given the lack of specific laboratory tests,
predictive models proposed in literature for similar materials were adopted for the other lithotypes. Details are reported
in Table 4, while Figure 10b shows the normalized shear modulus and damping ratio curves.
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Figure 10. Subsoil model for Montedinove site: a) P-wave velocity (Ve) and S-wave velocity (Vs) profiles from the DH
test; b) normalized shear modulus and damping ratio curves.

Lithotype ¥ (kN/m?) Vs (m/s) v(-) Nonlinear material curves
SF_GRS 19.0 550 0.35 Rollins et al. (1998)
GRS 22.0 1400 0.28 Linear Viscoelastic - Do = 0,5%
GM 18.6 340 0.35 Rollins et al. (1998)
SM 17.6 190 0.43 Seed and Idriss (1970)
ALS 19.6 530 0.27 Vucetic and Dobry (1991) P1=15
COS_a 19.6 560 0.46 RC Test (Monte Rinaldo)
COS b 19.6 650 0.46 RC Test (Monte Rinaldo)
COS ¢ 19.6 800 0.46 Linear Viscoelastic - Dy = 0,5%

Table 4. Montedinove site: selected parameters for subsoil model used for site response analyses.

The main challenge in the definition of the subsoil model was the identification of the seismic bedrock. The HVSR tests
carried out on the ridge crest highlighted high fundamental frequencies (10-15 Hz) consistent with the impedance
contrast between the SF_GRS or the ALS and the underlying GRS. Considering the high Vs value (1400 m/s) obtained
by the DH test for GRS (Figure 10a), this might lead to identify the GRS as the seismic bedrock. However, in the whole
region the GRS is underlain by COS lithotype which is characterized by medium Vs (550-650 m/s) leading to a
significant shear wave velocity inversion in the subsoil. The Vs of COS increase with depth, slowly reaching values
characteristic of the seismic bedrock (~800 m/s). This geological evidence was subsequently confirmed by the MASW
and HVSR tests performed in the near Lapedosa locality, which allowed to define the deepest part of the stratigraphic
sequence. The COS unit was then subdivided into three subunits (COS_a, COS_b and COS_c) with an increasing Vs
profile and COS_c assumed as seismic bedrock.
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4.3 Numerical analyses: results and discussion

In order to check the influence of seismic bedrock assumption on site response, two hypotheses were analysed: bedrock
at the top of the GRS formation (Shallow Bedrock, SB), i.e. without modelling the underlying COS, and bedrock
constituted by the COS_c (Deep Bedrock, DB). Results are reported for the two cross-sections in the spectral contour
plots (Figure 11a) in terms of ratio between the elastic average response spectra amplification factors defined in the
three period ranges T = 0.1-0.5s; 0.4-0.8s; 0.7-1.1s.

Firstly, site response at the ridge crest is commented (see cross-section C-C” in Figure 11). At low periods (< 0.5 s), as
expected, the damping of the high frequencies due to the propagation in COS_a and COS_b is noticed thus resulting in
low Se, pe/Se, s (~0.4-0.7). On the other hand, the lower fundamental frequencies of the DB models lead to a higher
amplification at intermediate and high periods where Se ps/Se, s is higher (~1.1-1.3). A different response is observed at
the NW flank of cross-section CC’: the outcropping units of the COS (COS_a, COS_b) lead indeed to a low periods
amplification given by the impedance contrast with the deeper part (COS_c). This effect obviously is not considered in
the SB model. Consequently, high Se, pe/Se, sg Values (~2) are observed for T=0.2-0.4 s.

On the basis of the available information, the hypothesis of DB was considered the most suitable and the amplification
factors obtained from the DB models were therefore used for the Level 3 of the Montedinove seismic microzonation.
Finally, to highlight the role of 2D effects, Figure 11c reports the results of the 2D DB analyses and the corresponding
1D equivalent-linear analyses in terms of elastic response spectra and 2D/1D spectral ratios at the ridge crest. The
results confirm the frequency-dependence of the topographic effects and that the amount of amplification increases for
steeper topographies as highlighted by previous studies (e.g., Pagliaroli et al., 2011): topographic effects are higher for
steeper section CC’ with respect to the gentle slope section BB’. Both sections show the relevance of topographic
effects for periods lower than 1 s. For the section BB’ topographic effects are on average consistent with the simplified
approach proposed by the technical codes (Eurocode 8 or Italian NTC2018). Topographic amplification factors (up to
3), higher compared to the simplified factors, are instead detected for the steeper section CC’. In particular, for section
CC’ the maximum topographic effect takes place at 0.2-0.3s; this period corresponds to the 2D resonance of the upper
part of the ridge (above 5000 m a.s.l.) constituted by GRS as estimated by simplified formula proposed by Paolucci
(2002).
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5.0 Capitignano site
5.1 Morphological and geological outlines

The Capitignano village is located in Abruzzo region, about 20 km north of the city of L’Aquila. It is placed in the
north-eastern sector of the Montereale Basin (MB), a Plio-Quaternary intermontane basin located southeast to the
Amatrice Basin, along the axial zone of the Apennine chain (Cosentino et al., 2017).

The MB, extending over an area of about 20 km?, has a triangular shape with a straight north-eastern margin related to
the presence of the NW-SE trending Capitignano Fault, whose extensional activity is responsible for the onset and
evolution of the MB during Plio-Quaternary. The Capitignano Fault belongs to the normal active fault system to which
is related the Mw = 6 earthquake of the January 16, 1703 (Boncio et al., 2004; Civico et al., 2016).

The Capitignano Fault is composed by several segments characterized by a normal slip kinematic, with a minor left
lateral component, along W dipping NW-SE trending planes mainly occurring in the syn-orogenic terrigenous deposits
(Laga Fm., upper Miocene), with a stratigraphic offset ranging from 400 to 600 m (Chiarini et al., 2014).

The MB morphology is related to the Plio-Quaternary activity of the Capitignano Fault that brings to the formation of a
wide piedmont belt formed by coalescent Pleistocene alluvial fans developed in the NE sector, in correspondence of the
fault boundary (Figure 12). This piedmont belt degrades with a gentle slope toward SW and is connected, through a
series of Holocene alluvial fans entrenched into the older ones, to the alluvial plain of the Mozzano Creek which
extends to the W up to the confluence with the Aterno River (GM, SM and ML in Figure 12).

At the NE margin of the MB, the footwall of the Capitignano Fault, is characterized by a N240° dipping monocline
formed by fractured or weathered sandstones of the Laga Fm. (Campotosto member: LAG4) (SFLPS in Figure 12). The
Plio-Quaternary basin infill is mainly represented by subsequent generation of alluvial fans, passing toward W to fluvial
and lacustrine sediments interfingered with debris flow and colluvial deposits at the basin boundary (GM, SM and ML
in Figure 12). Chiarini et al. (2014) recognize four different geological units within the MB referable to the Early
Pleistocene-Holocene. The continental deposits show thickness generally higher than 100 m below the alluvial plain
(P10, P49, P119: Figure 12), with a maximum thickness of about 200 m in the hanging-wall of the Capitignano Fault, as
highlighted by geophysical data (Chiarini et al., 2014; Tallini et al., 2017). Furthermore, boreholes data show a
thickness decrease of the Quaternary deposits from 40-50 m (P107) to 15-20 m (P8) to 0 m moving from the westward
to the eastward splay of the Capitignano Fault (Figure 12b).

Section BB’ (Figure 12b), well constrained by many boreholes and geophysical investigations, is representative of the
geological array of the Capitignano area, common to many others intermontane basin of the Central Appenine. It shows
the tectonic boundary between the piedmont belt of the MB and the 70° SW dipping Capitignano Fault system formed,
here, by four tectonic elements with an estimated fault zone of about 400 m. The footwall of the Capitignano Fault is
characterised by the outcropping of Laga Fm. formed by a 10 m-thick horizon of weathered sandstone (i.e. the regolith
layer) (SFLPS) laid on fresh sandstone (LPS). Conversely, the hangingwall is composed by about 140 m-thick of
alluvial-lacustrine and detrital Quaternary deposits.

The presence of the Capitignano Fault represents a significant lateral seismic impedance contrast which suggests
probable 2D seismic amplification effect, that were analysed through 2D numerical modelling of section BB’.
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5.2 Subsoil Model

The subsoil model of section BB’ used for the numerical simulation has been defined by considering several
geophysical and geotechnical investigations, among which about 30 boreholes, HVSR measurements, down-hole and
MASW (Figure 12a). Representative results from MASW (L5-9) and DH (P107) investigations are reported in Figure
13.
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The seismic bedrock depth was estimated through the combined use of geophysical investigations, noise and earthquake
measurements (CNR-IGAG, 2017; Tallini et al., 2017) and the 100 m-deep borehole (P119) (Chiarini et al., 2014). In
the deepest sector of the basin, fo from noise and weak motion is about 0.8 Hz, caused by the overlap of the thick
Quaternary sequence onto the Laga Formation. At Capitignano village, close to the valley edge, fo is about 3.5-4.5 Hz
due to the presence, within the multi-layered Quaternary sequence, of a gravel layer (GM) below the sandy deposits
(SM). Close to the footwall of the Capitignano Fault, HVSR recordings show broad peak in the range of 3-6 Hz, which
is probably due to the thin layer of Pleistocene silt (ML) on the regolith layer of the Laga Fm. (SFLPS) (Figure 12).

The adopted physical and mechanical parameters and the nonlinear curves are reported in Table 5 while a sketch of the
numerical model is represented in Figure 14b.
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Figure 13. Representative Vs profile obtained from MASW (a), down-hole (b) and joint inversion technique of active
(MASW) and passive (ESAC, HVNSR) investigations at Casci site (c) (modified from Tallini et al., 2017); for their
location see Figure 12.

. Y Vs . . .
Lithotype (KN/m?) (mis) v () Nonlinear material curves
Sllt%/'\sﬂand 18.5 300 0.40 Seed and Idriss (1970) mean

Géal\‘f' 19 300-450 0.40 Rollins et al. (1998) average

Silt, silty 5"’,‘\’/‘"1 clayeysilt | 15519 600-750-900 | 0.35 Darendeli (2001) PI=30
Geological bedrock
Highly fractured sandstone 19.5 750, 900 0.38 Linear D=1%
SFLPS
Geological and seismic

bedrock . _n 2o

Sandstone 23 1300 0.25 Linear D=0.5%
LPS

Table 5. Capitignano site: selected parameters for subsoil model used for site response analyses.
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5.3 Numerical modelling: results and discussion

The amplification factors computed through 2D analyses along the BB’ section surface are reported in Figure 14c.

The amplification factors of the thick multi-layered infill of MB, in the Capitignano Fault hangingwall, reach a
maximum value of about 1.4, 2.6 and 3.4 for the three period ranges (0.1-0.5s, 0.4-0.8s and 0.7-1.1s); several peaks are
attained in the amplification factors profiles along the basin infill showing significant ground motion variations for
distance of the order of 100-200 m. This pattern is due to 2D effects probably related to the propagation of lateral
surface waves generated at the edge (i.e., fault zone) interacting with direct waves. This is typical of shallow and large
basin. The contours of peak ground acceleration (Figure 14d) well match the medium-to-high frequency AFo1-05s
profile, showing maximum values as high as 0.4g.

The amplification factors in the footwall decrease sharply reaching unity for all the considered period ranges (Figure
14¢) while a moderate amplification (factors comprised between 1 and 2) is noticed in correspondence of the highly
fractured sandstone SFLPS.

In order to quantify the 2D effects, the mean acceleration response spectra obtained with the 1D and 2D modelling have
been calculated for three specific sites (Figure 15a):

Site A: plain morphology of the MB filled by the multi-layered detrital units (SM, ML) (Vs: from 450 to 900 m/s);

Site B: weathered sandstone (SFLPS) (Vs: 750 m/s) onto the Capitignano Fault damage zone (SFLPS) (Vs: 900 m/s);
Site C: weathered sandstone (SFLPS) (Vs: 750 m/s) onto the fresh sandstone (LPS) (Vs: 1300 m/s).

For site A, the comparison between 1D and 2D modelling shows 2D PSA weakly higher than 1D PSA for low periods,
while, at medium-high periods, 2D PSA is heavily higher than 1D PSA evidencing remarkable bidimensional effects
due to buried morphology (Figure 15b). An aggravation factor AGF (Riga et al., 2016) of about 2 with respect to 1D
prediction has been computed for periods equal or higher than 1 s.

Overall, the results here obtained match the findings obtained by Riga et al. (2016) based on extensive parametric 2D
numerical linear viscoelastic analyses carried out on homogeneous asymmetric large alluvial basins. In particular, in the
study by Riga et al. (2016), for a shape ratio of 0.2 and for high slope edge angles (similar to geometric condition
pertaining to the Capitignano basin), AGF in the range 1.5-2 are computed at a hormalized distance x/w = 0.35 (where x
is the distance from the edge and w the length of the valley) corresponding to point A. These values are associated to
the period range 1-1.5 To. Where Toc is the 1D fundamental period at the center of the basin; for Capitignano To. is
equal to about 0.75s leading to a period range 0.75-1.12s. It should be stressed that the conclusions by Riga et al. (2016)
are based on viscoelastic linear analyses and then the role of soil nonlinearity was not addressed. Moreover, the Authors
considered a homogenous material filling the basin; 2D effects can be higher in heterogeneous media or in the presence
of a shear wave velocity gradient (Bard and Gariel, 1986).

Conversely, at sites B and C, we find better agreement between 1D and 2D modelling, indicating minimal bi-
dimensional effects compared to site A (Figure 15c, d).
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6.0 Norcia Site
6.1 Morphological and geological outlines

The Norcia basin (Figure 16) is a rectangular shaped plain, 10km-long and 3km-wide and represents a typical Plio-
Quaternary intermontane basin in central Italy (e.g., D’Agostino et al., 2001; Galadini et al., 2003). The Quaternary
evolution of the basin has been driven by two NW-SE striking conjugates normal faults, during the Quaternary
(Blumetti, 1995) and the recent activity of the main eastern boundary fault has been described by geomorphological and
paleoseismological works published since the 90°s (e.g. Blumetti, 1995; Galadini and Galli, 2000; Galli et al., 2005).
Additional description can be found in Amanti et al. (2019, this issue).

Figure 16. Norcia site: a) Litotechnical map, 2D cross-sections (CS1 and CS2) and location of the investigated sites
(P1 and P2); b) Cross section CS1; c) Cross section CS2; legend of lithotypes: LPS = seismic bedrock; SFLPS =
weathered seismic bedrock; GMfd, GMca, GMin, GMtf = gravel and sand with silt; MLIc = inorganic silt; OLIc =
organic silt; Rlzz and RIss = anthropogenic deposits.
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The basin is filled by slope debris, lacustrine and alluvial sediments, whose thickness reaches about 150 m in the centre
of the plain. These deposits have been classified in the lithotechnical units GM (gravel and sand with silt), ML
(inorganic silt) and OL (organic silt); locally, along the historical city walls, anthropogenic deposits have been found
(Figure 16).

Two cross sections (CS1 and CS2, Figure 16) have been drawn, in order to show the vertical and horizontal
stratigraphic relationships between the different units; in particular, in correspondence of the historical centre (see
cross-sections in Figure 16b), lacustrine deposits (ML) underlie debris deposits (GM). The plio-quaternary deposits are
located above the carbonatic units, characterized by limestones and marls, which represent the seismic bedrock.

6.2 Subsoil model

The low depth /semi-length ratio (about 0.1) of the Norcia plain indicates a large valley that, in relation to seismic
response, can be modelled with a 1D approach. For large valleys, 2D resonance phenomena can be excluded and the
seismic response is mainly characterized by one-dimensional resonance and surface wave propagation (Bard and
Bouchon 1985). These latter are generally attenuated in the central part of the plain where the response is therefore
essentially 1D. As matter of fact, recent studies (Luzi et al. 2019b) have demonstrated that strong-motion recorded in
the Norcia plain are dominated by S-waves when earthquakes are characterized by large magnitudes and short distances
(from the plain) and the seismic response can be approximated to 1D S-wave propagation. On the contrary, the
generation of low frequency (e.g., 0.5 - 1.2 Hz) late arrivals (e.g. surface waves), with amplitudes larger than the S-
phase, can be generally associated with earthquakes originating at distances greater than 30 km along the Apennine belt.
For the Seismic Microzonation study the most conservative hypothesis is formulated, which is the occurrence of
earthquakes at short distance, that implies a numerical 1D analysis. However, a comparison between 1D and 2D
analyses in Norcia historical centre, at middle valley, is presented in the following to confirm the 1D modelling
assumption.

Two sites, representing different stratigraphic conditions, have been selected (P1 and P2 in the map of Figure 16). The
two selected sites are characterized by different stratigraphic settings: P1, in the historical centre at middle valley, is
underlied by GM deposits (45 m) over ML (100 m), with an inversion of the S-wave velocity; P2, at northern edge of
the valley, is characterized by GM deposits (30 m) over the seismic bedrock (see the seismically homogeneous
microzones map in Figure 17).

The subsoil model has been defined after geophysical and geotechnical investigations. Pre-existing data have been
collected (30 boreholes, 31 HVSR, 28 MASW, 28 SR, 2 ERT, 6 REMI and 2 ESAC), and, in addition, new geophysical
and geotechnical investigations have been carried out (1 borehole until 35 m depth where an undisturbed soil sample at
30 m was retrieved, 11 HVSR, 5 ESAC, 1 MASW and 1 SR). The location of all investigations is shown in Figure 18
and details on the geophysical investigations can be found in Caielli et al. 2019 (this issue). In Table 6 the subsoil model
for the two analysed sites (P1 and P2) is presented.

. P1 P2
Unit Thickness (m) y (KN/m®) Vs (m/s) Thickness (m) y (KN/m®) Vs (m/s)
10 19.5 400 15 19.0 250
GM 15 19.5 600 10 19.5 400
15 19.5 500 5 19.5 500
70 19.6 400
ML 50 19.6 550 23.0 1100
Seismic
Bedrock 23.0 1100

Table 6. Norcia site: selected parameters for subsoil model used for site response analyses

The nonlinear properties of the soil units have been considered through the G/Go-y and D-y curves; in particular, for the
GM unit the curves proposed by Rollins et al. (1998) have been selected, whereas for the ML unit specific curves,
deriving from laboratory tests on the collected sample, have been adopted. Details on the laboratory tests can be found
in Ciancimino et al. 2019 (this issue).
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45m

145m

Figure 17. Norcia site: map of the seismically homogeneous microzones: colours indicate different lithostratigraphic
settings (in purple the active faults buffer zones); sketches on the left illustrate the lithostratigraphy of the investigated
sites (GM = gravel and sand with silt; ML = inorganic silt; S = seismic bedrock).
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Figure 18. Norcia site: map of the geophysical and geotechnical investigations.

6.3 Numerical modelling: results and discussion

The numerical analyses have been performed using a 1D S-wave propagation approach. The results are shown in Figure
19 and 20, in terms of amplification factors and acceleration response spectra at the two sites P1 and P2. The different
seismic response of the two selected sites is mainly due to the presence/absence of the inversion of the S-wave velocity;
in case of presence of the velocity inversion (site P1) the response spectra ordinates are lower compared to site P2,
because a substantial amount of the energy is trapped and dissipated within the soft layer due to nonlinear behaviour.

In Figure 20 the mean of the input spectra and the mean of the output spectra at sites P1 and P2 are shown, together
with the acceleration response spectra of the Italian seismic code (NTC18) for sites P1 (subsoil category B) and P2
(subsoil category C). The results of this study are consistent with the NTC18 response spectra for site P1, while, on the
contrary, in case of site P2, the NTC18 spectra are not sufficiently conservative, especially for the period range 0.4-0.7
S.

In order to quantify the 1D behaviour at the center of the valley an equivalent linear 2D analysis has been performed
along the CS1 section. The results at P1, in term of acceleration response spectra are shown in Figure 21, indicating that
the ground motion amplification is therefore mainly due to stratigraphic effects which are well-predicted by 1D seismic
response analysis while 2D effects are almost negligible.
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Figure 20. Norcia site: acceleration response spectra (black line: mean of the input motions; solid blue line: mean of
the output at site P1; solid red line: mean of the output at site P2; dashed blue line: NTC18 spectra for subsoil
Category B; dashed red line: NTC18 spectra for subsoil Category C.

29



1.2

—_—1D —20

1.0

0.8

Se (o)

0.4

0.2

0.0 T T T
o 01 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1 1.1
Tis}

Figure 21. Norcia site: mean elastic response spectra obtained with 1D and 2D modelling at P1 site.

7. Discussion and conclusions

The site response analysis of the different sites presented in this study, characterized by different complex geological
and geomorphological conditions, made it possible to highlight some considerations that could be applied for seismic
microzonation studies in similar configurations. Relevant lessons are discussed in the following for the different
morphological configurations analysed (ridge, slope and valley).

Slope configuration

In Monte San Martino the ground motion amplification on the slope is mainly attributed to stratigraphic effects
associated to soil cover resting on bedrock. These effects are significantly predominant with respect to 2D effects
related to topography and the inclined geometry of the interface between bedrock and soil layers, with the exception at
the edge of soil cover (\VV2). This result suggests that, for seismic microzonation in such morphological configurations,
1D analyses could be enough to provide reliable estimation of amplification factors, despite the presence of an inclined
bedrock. A simplified approach to consider topographic/morphologic effects (i.e., the application of a topographic
factor of 1.2 from technical code, see NTC2018 and Eurocode 8 2003) can be considered as conservative.

Ridge configuration

The Montedinove case study highlighted the importance of seismic bedrock depth. Neglecting a shear wave velocity
inversion below an upper stiff formation constituting the ridge (i.e. selecting the upper formation as seismic bedrock)
results in a quite different response with respect to the analyses executed assigning the bedrock below the soft
formation. Using this “deep bedrock™ option causes a damping of medium-to-high frequencies and an increment of low-
to-medium ones. Large scale investigations are therefore crucial in microzonation studies for the correct identification
of seismic bedrock; this is usually achieved by an expert combined use of geological surveys and geophysical
investigations.

The Arquata case has shown the coupling between topographic effects and stratigraphic effects associated with the
presence of an upper weathered/jointed portion of the rockmass (“atypical topographic effects” according to Massa et
al. 2014). In these contexts, the evaluation of site amplification is problematic (Pagliaroli et al., 2015). On the one
hand, numerical codes do not generally allow a reliable representation of the subsoil complexity (e.g., discontinuous
behavior of rock mass due to jointing); on the other hand, such materials are generally difficult or expensive to
characterize with standard active geophysical techniques (i.e. MASW or in-hole tests). The case study has shown that
the numerical model can be successfully calibrated by using H/V from noise measurements which provided
encouraging results also in such complex configurations or, hopefully, using linear amplification functions obtained
from recordings of a temporary network (i.e, by means of GIT technique). This choice may appear expensive but is a
valid alternative in the case of microzonation in rock-mass regions. The recording of small amplitude events is not a
substantial limitation because the rock mass behavior is essentially linear. Both ridge cases highlight the importance of
2D ridge resonance governing the seismic response for periods corresponding to wavelengths comparable with the base
size of the relief. In this period range topographic effects are significant and exceed the simplified amplification factors
proposed by technical codes.
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Valley configuration

In Capitignano, located close to the edge of a large valley constituted by an extensive fault damage zone, significant
ground motion variations for distance of the order of 100-200 m are observed due to 2D effects probably related to the
propagation of lateral surface waves generated at the edge interacting with direct waves. In the valley an aggravation
factor of about 2 with respect to 1D prediction has been computed for periods higher than 1 s while in the fault damage
zone, moderate 2D effects occur. The execution of 2D analyses is therefore mandatory for seismic microzonation
studies in such context to properly estimate amplification factors in the valley infill, least within a few hundred from the
edge. Large scale geological and geophysical investigations are necessary to define the buried morphology which
strictly controls the amplification pattern (edge slope angles, presence of fault steps at depth,...).

Norcia is in the center of a large valley (aspect ratio 0.1) in which 2D effects can be neglected at least in the frequency
range of interest. The geological and geotechnical characterization (i.e., the Vs profile) of the infill is crucial because
the response is controlled by stratigraphic effects. In particular, the analyses have shown that the presence of a inversion
of the S-wave velocity at the centre of the valley (site P1) strongly controls the response because a substantial amount
of energy is trapped and dissipated within the soft layer, due to nonlinear soil behaviour. Like Montedinove case study,
deep geophysical investigations are necessary to define the Vs profile at large depths. In-hole technique are generally
too expensive while ESAC (i.e, 2D passive seismic arrays), successfully employed in Norcia, can provide useful
information with acceptable costs.
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