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ABSTRACT: Between August and November 2016, a seismic sequence, with magnitude,
Mw, ranging between 5.9 and 6.5, struck the Central Italy. The paper discusses the results of
the seismic microzonation study of two hamlets, Pretare and Piedilama, heavily damaged by
this seismic sequence. The two villages are located in an alluvial valley, where large landslide
bodies and loose soil layers cover a severely deformed Flysch bedrock. The experimental data
collected during the field and laboratory investigations allow defining a 2D model of two rep-
resentative cross sections of the valley. Their seismic response was evaluated carrying out non-
linear dynamic analyses. The response of the valley was synthesized in terms of amplification
factor of the spectral acceleration, computed in three different ranges of periods. The results
show that the maximum amplification factors are detected along the central part of the valley,
due to both high impedance ratio and 2D basin effects.

1 INTRODUCTION

On August 24th 2016 an earthquake with a moment magnitude Mw=6.0 and epicenter located
near the town of Accumoli (Rieti) marks the beginning of a long and severe seismic sequence,
culminating in the events of October 26th and 30th 2016 with MW =5.9 and MW =6.5, respect-
ively. The high vulnerability of the buildings combined with the significant site amplification
effects caused extensive damage to the affected areas. After these events, the commissary man-
aging the reconstruction entrusted to the “Center for Seismic Microzonation and its applica-
tions” a multidisciplinary study aimed at developing seismic microzonation maps for all
municipalities affected by macroseismic intensity of the MCS scale, IM, higher than 7.

As part of this project (Ciancimino et al., in press; Pagliaroli et al., in press), this paper pre-
sents the seismic response of an alluvial valley, located near Arquata del Tronto (Ascoli
Piceno province) where the hamlets of Pretare and Piedilama, strongly damaged by the earth-
quake, are located. Two cross sections were identified as representative of the seismic response
of the area. The analyses were carried out with two different computer codes QUAD4M
(Hudson et al. 2003) and FLAC (ITASCA 2016). The results of the analyses were summarized
in terms of amplification factor (FA) of spectral acceleration computed with reference to low,
intermediate and high periods. The variability of the amplification factors along the two con-
sidered sections is discussed and their values are rationally extended to the surrounding areas
in order to define Level 3 Seismic Microzonation maps of the valley.
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2 GEOLOGICAL AND GEOTECHNICAL SETTING OF THE AREA

2.1 Geological setting

A detailed field survey at 1:5000 scale, integrated with aerial photos interpretation and geophys-
ical investigations, was carried out in the surrounding of the Pretare and Piedilama villages. The
studied area extends to the north of Arquata del Tronto, at the base of the southeastern flank of
Mt. Vettore, in the Central Apennine chain (Central Italy). This region is located on the foot-
wall of the seismogenic main fault segment (Monte Vettore fault), responsible for the strong
earthquakes of the 2016-2017 seismic sequence. The results of the geological investigations com-
bined with geophysical and geological subsurface data are represented in a detailed geological
map (Catalano et al. 2016, Tortorici et al. 2019), successively converted in a geological-technical
map (Imposa et al. 2017), obtained grouping the units into cover soils and geological substratum
(Figure 1a) following the “Standard for drawing up and computer archive 4.0b Vs” (Commis-
sione tecnica per la microzonazione sismica, 2015). The geological substratum, consisting of two
turbiditic lithofacies (pelitic-arenaceous and arenaceous-pelitic) of the Messinian Laga Forma-
tion, has been classified as alternation of stratified lithotypes (ALS in Figure 1). This unit is out-
cropping along the flanks of a north-south oriented alluvial valley, where the villages of Pretare
and Piedilama are located. Another geological-technical unit of the geological substratum, is the
arenaceous lithofacies of the Laga Formation, classified as stratified cemented deposits (LPS in
Figure 1a) outcropping along the eastern flank of the valley. The cover soils are represented by
slope, landslide, alluvial and eluvio-colluvial deposits, overlying the geological substratum units.
To the west of Pretare, slope deposits consist of carbonate pebbly-sandy in a sandy-silty matrix
(GM in Figure 1a). The alluvial valley, where the two villages of Pretare and Piedilama are
located, is filled by paleo-landslide deposits (Figure 1a) containing large carbonate blocks. Allu-
vial terraced and lacustrine deposits made of sands and silts (SM in Figure 1a) cover the valley
floor, while eluvio-colluvial deposits (ML in Figure 1a), constituted by silty-clay soils, drape the
slopes on both sides of the valley (Imposa et al. 2017). Landslide deposits, consisting of blocks
of sandstones and carbonate rocks in a sandy-silty matrix, are detected on the western flank of
the valley (Figure 1a). Two detailed geological-technical cross sections, passing through the vil-
lages of Pretare (trace 1 in Figure 1a) and Piedilama (trace 2 in Figure 1a), were drawn integrat-
ing the results of geological and geophysical investigations (Imposa et al. 2017), combined with
geognostic and downhole data (Figure 1b and c).

2.2 Geotechnical model

Figures 1b, c show the two considered sections, while the geotechnical model adopted in the
analyses is summarized in Table 1. The buried morphology of the bedrock and the geometry
of the layered soils were obtained by integrating the data coming from the geophysical and
geological investigations (Catalano et al. 2016). The velocity of shear, Vs, and compression,
Vp waves were measured by DH tests or inferred from MASW tests, as detailed in Table 1.
The normalized shear modulus, G(γ)/G0 and the damping ratio, D(γ), curves were assigned on
the basis of the experimental results of resonant column (RC) and torsional shear (TS) tests
carried out on undisturbed samples retrieved from surrounding villages or on the basis of lit-
erature data on soils with similar grain size distribution (see Table 1). The reliability of the
obtained subsoil model was validated by comparing the experimental fundamental frequency
measured by the Horizontal/Vertical Spectral Ratio (HVSR) of microtremors, at several sites
along the two cross sections of the valley, with that computed at the same site by 1D linear
analysis. The numerical, f0,num, and experimental, f0,exp, fundamental frequencies are reported
in Figures 1b,c, showing a good prediction of the numerical model.

2.3 Numerical model

The numerical analyses were carried out with two different codes: QUAD4M (Hudson et al.
2003) and FLAC (ITASCA 2016). The first is a finite element code performing equivalent-

1075



linear analysis in time domain while the second is a finite difference code carrying out non-
linear analyses.
1D conditions at the edges of the analysis domain were simulated in different ways in the

two models. Free-field boundary conditions in FLAC were modelled by one-dimensional col-
umns simulating the behaviour of a lateral semi-infinite medium, linked to the mesh grid
through viscous dashpots. QUAD4M code allows just to apply rollers on the lateral contours.
For this reason, the domain analyzed was extended, on both sides, by 1/3 of its original length
to avoid undesired waves reflections at boundaries.
The mesh grid consists of triangular elements in QUAD4M and quadrangular ones in

FLAC. The maximum thickness of the grid element was calculated in both cases through the
Kuhlemeyer & Lysmer (1973) relationship, considering a maximum frequency of 20 Hz.
Viscous damping is modelled in both codes adopting the Rayleigh formulation following a

double frequency approach. The first is the fundamental frequency of the model while the

Figure 1. a) Geological-technical map (modified after Imposa et al. 2017) and analyzed sections: b) Pre-

tare; c) Piedilama.
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second is inferred from the predominant frequency of input motion. The non-linear soil
behaviour is modelled in FLAC code adopting a 4-parameters sigmoidal function to fit the
experimental G(γ)/G0 curves, while the hysteretic behaviour is modelled using the Masing cri-
teria (1926). It is worth noting that this hysteretic model overpredicts the experimental damp-
ing at large strains, while underpredicts the damping at low strain.
Both the codes set viscous dampers at the bottom boundary where the input motion is

applied as a time history of shear stress.

2.4 Input motions

Seven input motions were adopted for the analyses. They were selected among the records of
the 2016 Central Italy earthquakes, being compatible, within the period range 0.1 ÷ 1 s, with
the reference response spectrum defined by the hazard map for a return period of 475 years on
a class “A” site. Seismic events were selected with local magnitude (Ml) between 5.1 and 6.1
recorded at an epicentral distance (Rep) of less than 30 km. Figure 2 shows the pseudo-acceler-
ation response spectra of the 7 selected accelerograms, the mean and the target spectrum.

3 RESULTS

Figures 3 and 4 report the results of one (Acc.1) of the seven analyses carried out using
QUAD4M code computed along the two analysed sections. The results are shown in terms of
mobilized G/G0 (Figures 3a, 4a), mobilized damping (Figures 3b, 4b) and the maximum hori-
zontal acceleration (Figures 3c, 4c) for the section of Pretare and Piedilama, respectively. The

Table 1. The geotechnical model.

Material Field test Soil γ Vs Vp G(γ)/G0 and D(γ)

- - - kN/m3 m/s m/s -

Fc-q MASW Gravel and Sand 17.66 300 592 Modoni & Gazzellone (2010)

Fc-isup MASW Gravel and Sand 17.66 300 592 Modoni & Gazzellone (2010)

Fc-iinf DH Gravel and Sand 18.64 654 2300 Modoni & Gazzellone (2010)

SMtf DH Fine Sand and Silt 17.66 332 655 d’Onofrio et al. (2010)

SMfd DH Silty Sand 19.62 736 1823 Anh Dan et al. (2001)

ML(tf-fd) DH Sand Silt Clayey and 18.64 564 1648 Ciancimino et al. (in press)

MLec MASW With Sand Silt and Clay 17.66 300 856 Ciancimino et al. (in press)

GM DH Gravel and Sand 18.64 600 2205 Modoni & Gazzellone (2010)

ALSsup MASW Bedrock 19.62 770 2829 D0 = 0.5%

ALSinf MASW Bedrock 19.62 1300 4777 D0 = 0.5%

Figure 2. Pseudo-acceleration response spectra of the adopted input motions.
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results obtained adopting the other six input motions show similar trends but different ampli-
tudes. High values of acceleration at surface are associated with a significant decay of the
shear modulus and to a high value of mobilized damping ratio. Maximum values of PGA are
related to high values of impedance ratio due to the presence of shallow deformable soil layer
at the center of the valley. 2D basin effects further enhance the stratigraphic amplification.
The results of the analysis were synthesized in terms of horizontal profiles of amplification

factors of spectral acceleration, FA, in three different ranges of periods. This latter parameter
is almost independent of the input motion and allowed to express the dependency of site amp-
lification on the frequency range. The amplification factor of spectral acceleration is computed
in three different ranges of periods as follows:

FATa�Tb
¼

R Tb

Ta
Sa;sup Tð ÞdT

R Tb

Ta
Sa;inp Tð ÞdT

ð1Þ

where Sa,sup(T) = spectral acceleration of ground motion at surface; Sa,inp(T) = spectral
acceleration of the input motion, while Ta - Tb were set as follows: low periods from 0.1 s to
0.5 s (FA0.1-0.5); intermediate periods from 0.4 s to 0.8 s (FA0.4-0.8) and high periods from 0.7 s
to 1.1 s (FA0.7-1.1).

Figure 3. Variation of a) G(γ)/G0; b) D(γ); c) PGA induced by the input motion Acc. 1 and d) mean of

amplification factors. The results were obtained with QUAD4M for the section of Pretare.
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Figures 3d and 4d report the mean profile of the amplification factors computed by
QUAD4M for the seven input motions, in the three ranges of periods. The highest amplifica-
tion factors are computed with reference to the low periods range. Peaks are observed where
the impedance contrast between the stiffer bedrock and the softer soil up-layers are present.
These effects are further amplified by the multiple reflections and refractions generated in the
valley.
Figure 5 reports the comparison of the results obtained both with QUAD4M and FLAC

for the section of Pretare. The trends of the FA, for all the considered ranges of period, are
similar for the two codes. Indeed, in the range of shear strains mobilized during the analyses,
the experimental damping curves used by QUAD4M are quite similar to those used in FLAC,
obtained adopting the Masing criteria. The analyses by FLAC generally overestimate the
amplification factors respect to QUAD4M except for the eastern side of the valley, between
675 m and 725 m. In this zone high deformation level are mobilized in the analyses, at which
the damping computed by Masing criteria is highly overestimated respect to the experimental
one. This causes an attenuation of the motion at surface computed by FLAC compared to
that obtained by QUAD4M.
The results of the numerical analyses were finally extended to define a level 3 microzonation

maps. The contours of FA limit values were manually sketched taking into account geological
and morphological features responsible for site effects, i.e., the physical phenomena control-
ling site response. The FA isovalue lines were constrained on the cross sections along which
numerical analyses were carried out while outside they were spatially extended based on
buried and surficial morphology and lithostratigraphic conditions.

Figure 4. Variation of a) G(γ)/G0; b) D(γ); c) PGA induced by the input motion Acc.1 and d) mean of

amplification factors. The results were obtained with QUAD4M for the section of Piedilama.
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Figure 6 shows the map drawn for FA computed in the low periods range, i.e., 0.1 s - 0.5 s,
which is representative of the fundamental period of the buildings of the area. It is worth high-
lighting that the two villages are located mostly on landslide deposits, characterized by the
highest amplifications (see Figures 3d and 4d). Hence, the analyses results highlight that the
observed damage can be partially ascribed to the local site response of the valley.

4 CONCLUSIONS

The paper discusses the results of 2D seismic response analyses of two hamlets of Arquata del
Tronto municipality, Pretare and Piedilama, strongly damaged by the 2016 Central Italy seis-
mic sequence and located on an alluvial valley. Dynamic analyses were carried out on two
representative sections with QUAD4M and FLAC codes. The results are summarized in terms

Figure 5. Comparison of the results between QUAD4M and FLAC for the section of Pretare.

Figure 6. Level-3 microzonation map for T = 0.1 – 0.5 s.
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of horizontal profiles and contour maps of amplification factors of spectral acceleration in
three different ranges of periods.
The maximum amplifications are located in correspondence of the two villages settled on

landslide deposits. These amplifications are mainly due to the impedance contrast between the
bedrock and the deformable soils and to the 2D basin effects. Indeed, the shape of the valley
focuses seismic waves at the center of the valley and generate, in addition, surface waves. The
maximum amplifications are computed in the low periods range, which includes the predom-
inant periods of the most of the buildings on site. The coupling between the soil amplification
and the structure periods combined with the vulnerability of the building stock, can be con-
sidered as the main responsible of the observed damage.
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