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ABSTRACT: We highlight the key role of subsoil investigations and seismic monitoring for
the reliability of the site response analyses, referring to the well-investigated case of San Giu-
liano di Puglia, Italy. The 2002 Molise earthquake hit this village and its seismic response was
widely examined in the past. The deployment of permanent seismic stations allowed us to
check the performance of the previous models; the availability of new geotechnical data allow
us formulating different subsoil models. We performed 1D and 2D site response analyses try
simulating the observed response after twelve earthquakes occurred in the last years. Our ana-
lyses confirm the need of employing at least 2D models for the village site response. We
observed a relatively poor performance of the models assumed in the previous studies. We
obtained some improvements in the simulations adopting a stiffer shear wave velocity profile
for the soil formations, constrained by the new geophysical data.

1 INTRODUCTION

At 10:33 UTC on October 31st, 2002 an earthquake struck the Molise Region, in Italy.
Moment magnitude was Mw = 5.74 (ML = 5.4); the epicenter was located by INGV about 1
km SW of the Bonefro village, Campobasso province, approximately 200 km E of Rome and
at a depth of 10 km. The most tragic consequence was the collapse of Francesco Jovine elem-
entary school of San Giuliano di Puglia village, in the epicentral area, that led to the death of
27 pupils and their teacher. The mainshock was followed by another shock (MW = 5.72)
whose epicenter was located at 6 km far from the previous one.
Mainshocks were perceived all over Southern Italy but the highly damaged area was

restricted to San Giuliano di Puglia with a Macroseismic Intensity of 8-9 MCS (Galli &
Molin, 2004). In this village, wide differential damages were observed, because of the different
vulnerability of buildings and different subsoil characteristics. Therefore, the village of San
Giuliano di Puglia became a paradigmatic case study for the local effects in Italy (see, for
instance, Earthquake Spectra, 2004; Puglia et al., 2007; Lanzo and Pagliaroli, 2009; RIG,
2009; Puglia et al., 2013; Santucci de Magistris et al., 2014).
In this paper, the key role of soil investigations and monitoring for validating studies of the

seismic response is underlined. The aim of the research is to check if more recent data, consist-
ing of geotechnical-geophysical tests and ground motion recordings at seismic arrays recently
developed in the village, confirm the previous findings or can be a guide towards the formula-
tion of an update subsoil model. The new monitoring system installed in the town is critically
analyzed and the recent data collected by the stations are presented. The need of a partial re-
evaluation of the subsoil model for San Giuliano di Puglia is highlighted by comparing numer-
ically computed 1-D and 2-D elastic response spectra with those obtained by recordings.
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2 PREVIOUS STUDIES

2.1 The subsoil of San Giuliano di Puglia

The subsoil of the site is composed by two main stratigraphic parts: the calcareous marly unit
and the clayey-marly unit. The first one is the oldest and it is formed by a succession of lime-
stones and marly limestones, fractured and fissured, with intercalations of marls and clayey
marls (Miocene Faeto flysch formation). It is overlain by the clayey-marly unit formed by
bluish-grey clays and marly clays with sandy intercalations (Miocene Toppo Capuana marls
formation). It consists of a layer of ‘weathered tawny clays’ of 2 to 10 meters of thickness and
a deep layer of Toppo Capuana marly clays, known as ‘grey clays’ (d’Onofrio et al., 2009).
‘Debris cover’ and anthropic fills ranging from decimeters to few meters overlie the uppermost
clay layers. The abundance of site investigations and laboratory tests lead to a complete mech-
anical description of Faeto flysch and Toppo Capuana marly clay (Silvestri et al., 2006;
Puglia, 2008; d’Onofrio et al., 2009), but it does not give direct information about the buried
morphology of the contact between the flysch formation and the marly clays.
Three 2-D models along a section crossing the main axis of the village were proposed: a

“Basin model” as in Baranello et al. (2003); a “Wedge model” proposed by Giaccio et al.
(2004) and a “Anvil model” developed by Puglia (2008). Silvestri et al. (2006) and d’Onofrio
et al. (2009) describe in detail the physical and mechanical properties of soil formations here
summarized in Table 1.

2.2 Seismic response analyses

The seismic response of San Giuliano di Puglia was firstly studied by Baranello et al. (2003)
with the aim of producing a microzonation map (Gruppo di Lavoro MS, 2008). More detailed
analyses were carried out by Puglia et al. (2007, 2009, 2013), Puglia (2008), Lanzo & Pagliaroli
(2009), Santucci de Magistris et al. (2014), using 1-D, 2-D and 3-D approaches and adopting
different subsoil models, especially regarding the buried bedrock morphology. After the 2002
mainshocks, the Italian Department of Civil Protection (DPC) set two temporary mobile seis-
mic stations on the flysch outcrop and on the marly clay formations near the collapsed school.
Comparison between the few available recordings and the numerical results represented the
benchmark of the goodness of the models.
From the above-mentioned analyses, it was highlighted that 1-D models severely underesti-

mate the observed amplification and are only useful to estimate the bedrock depth, while 3-D
models do not have enough resolution to catch the modification of ground motion at
medium-to-high frequencies. Overall, the 2-D analyses with the “Anvil scheme” lead to the
most satisfying results (Puglia et al., 2007; Puglia, 2008).

3 THE EARTHQUAKEMONITORING SYSTEM AND NEW GEOTECHNICAL DATA

Between 2011 and 2012, a permanent accelerometer network was installed in the town (Sanò
et al., 2015). It consisted of three stations and was incorporated in the National

Table 1. Main features of the soil deposits relevant for the seismic response of San Giuliano di Puglia

(z is the depth from ground level)

Unit
γ

(kN/m3)
Vs

(m/s)
ν

(−)
VP

(m/s)
D0

(%)

�G ¼ G (γ)/G0

(−)
D(γ)
(%)

Debris cover 19.60 122 0.493 1010 3.0 d’Onofrio et al. 2009

Tawny clay 21.10 162(17

+9.8z)0.104
0.489 f(Vs,ν) 2.3 d’Onofrio et al. 2009

Grey clay 21.20 202(17

+9.8z)0.108
0.485-0.477 f(Vs,ν) 2.5 d’Onofrio et al. 2009

Faeto flysch 22.00 400-1350 0.456-0.392 1400-3200 0.5 Linear
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Accelerometric Network (RAN) managed by the Department of Civil Protection DPC:
SGMA located in the historical center on the stiff calcareous marly unit at 10 m below the
ground level; SGPA consisting of a vertical array located at the site where the school collapsed
on clayey-marly unit with two sensors positioned on the surface and at 53 m from the ground
level; SGSC, another vertical array, far from the main cross-section along the village, on the
clayey unit, consisting of a sensor on the surface and another one at 30 m from the ground
level. The rationale of this configuration is unclear; the distribution of the recording stations
is in Figure 1, together with the simplified geology of the area. In this work, we focus our
attention only on SGMA and SGPA stations because of their location along the A-A’ longitu-
dinal cross-section, assumed as reference for previous and for our analyses.
Down-Hole tests were executed in 2011 from DPC in correspondence of SGPA and

SGMA, hence new Vs profiles are available for those stations (Sanò et al., 2015). As discussed
afterwards, the cited tests measured higher values of Vs for SGPA rather than those con-
sidered in previous studies, while data related to SGMA are comparable.
Signals recorded by SGMA and SGPA were downloaded from the Engineering Strong-

Motion database (www.esm.mi.ingv.it). At the time of the current work, processed records
from December 29th, 2013 to August 16th, 2018 were available. SGMA station recorded 19
events with magnitude (Mw or ML) ranging from 3.9 to 6.5 and epicentral distance (Repi) ran-
ging from 2.6 km to 199.1 km; PGA varies from 0.061 cm/s2 to 23.277 cm/s2.
However, only 13 events were simultaneously recorded at SGPA and SGMA stations,

mainly related to the seismic sequence of Central Italy, started on August 24th, 2016, and to
some recent events that hit Molise region (see Table 2) between 2016 and 2018.
Among these recordings, the one characterized by a very small epicentral distance (2.6 km)

was excluded from the selection, with a view to avoiding the influence of near-field effects on
the analyses results. The remaining 12 recordings can be subdivided in two groups, depending
on distance (Table 2), in order to distinguish far-field signals (with Repi > 160 km) from the
others, mainly referred to intermediate field conditions. Recordings of each group can be con-
sidered sufficiently homogeneous in terms of magnitude, since Group 1 refers to 4.3 ≤ M < 5.0
and Group 2 to 5.3 ≤ M < 6.5. In Table 2, data refers to SGPA station, considering the result-
ing motion along the cross-section of the town. Figure 2 presents, separately for Group 1 and
Group 2, mean values of acceleration response spectra (5% damping) recorded by SGPA and
SGMA accelerometers located at various depth. Beside the expected highest values of the sur-
face accelerometer of SGPA, it is quite surprising to note a very similar spectral shape for
data related to SGMA (-10 m) and SGPA (-53 m), despite their substantially different geo-
logical condition. It appears that clear site effect within the Toppo Capuana marly clays seems
to be expressed starting from about 50 m of depth up to surface.

Figure 1. Location of new accelerometers: plan view (a) and section A-A’ with simplified geology (b)
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4 SEISMIC RESPONSE ANALYSES

We performed a series of 1-D and 2-D numerical analyses to evaluate the seismic response of
the village, by comparing numerically computed elastic response spectra with those obtained
by the new recordings. The analyses were initially carried out with the same subsoil models
adopted in previous studies (Puglia, 2008). A revised model based on a new Vs profile has
been employed in a first attempt to better fit the recorded seismic response.
Input motions for the models were obtained by deconvolution at bedrock outcropping con-

dition (Vs = 1350 m/s) of the signals recorded at -10 m by SGMA that is located on Faeto
flysch (cf. Figures 1b and 3b). In this analysis, we employed the Vs profile measured in previ-
ous geophysical investigations and comparable with the one measured in 2011 by Down-Hole
test at SGMA. To be perfectly consistent with previous studies, NS and EW components were
combined to obtain the resultant motion along the direction of the A-A’ longitudinal cross
section of the village (344° clockwise from the north).
In the following, results from 1-D and 2-D analyses will be shown, referring separately to

the two different groups of input previously described.

4.1 1-D analyses

1-D analyses were executed using the frequency domain equivalent linear software Strata
(Kottke et al., 2013) along SGPA vertical. Two subsoil models were considered in this work: the
one adopted in previous studies (see Table 1) and a revised stiffer model based on the new Vs

profile measured at SGPA site (Sanò et al., 2015). The two models are compared in Figure 3a in
terms of Vs; in both cases, the bedrock is assumed to be at 248 m from ground level. In

Table 2. Main parameters of the 12 selected recordings at SGPA station considering the resulting

motion along the main cross-section of the village

Event Name Date Time
Mw

(ML)
Repi

(km)
PGA (g)
0 m −53 m Group

Southern Italy 2018-08-16 20:22 (4.8) 22.6 0.01488 0.00310

Central Italy 2018-04-25 09:48 4.3 22.9 0.00716 0.00104

Southern Italy 2018-08-16 18:19 (5.0) 27.8 0.04027 0.00804

Southern Italy 2018-08-14 21:48 (4.9) 29.2 0.01397 0.00334 1

Southern Italy 2016-01-16 18:55 4.3 35.2 0.00301 0.00123

Caserta 2013-12-29 17:08 5.0 54.8 0.00242 0.00083

Adriatic Sea 2015-12-06 16:24 4.5 76.9 0.00136 0.00033

Central Italy 2017-01-18 10:25 5.4 166.3 0.00115 0.00045

Central Italy 2017-01-18 10:14 5.5 167.5 0.00072 0.00028

Central Italy 2016-08-24 01:36 6.0 181.7 0.00216 0.00130 2

Central Italy 2016-08-24 02:33 5.3 193.5 0.00089 0.00041

Central Italy 2016-10-30 06:40 6.5 198.8 0.00394 0.00213

Figure 2. Mean acceleration response spectra of recorded signals at each station
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Figure 3b the adopted subsoil model for the SGMA site is presented and it is compared with the
shear wave velocity profile obtained from new Down-Hole test (Sanò et al., 2015).
The results obtained from 1-D numerical analyses were compared to the recorded data, in

terms of average values of the 5% damped elastic response spectra, for the deep station (-53
m) and for the superficial one. Outputs were discussed separately for Group 1 and Group 2
(see Table 2), as reported in Figure 4.
The comparison at -53 m from g.l. shows an acceptable coherence between numerical response

spectra and those obtained from recordings, probably related to negligible site effects at this depth.
At surface, the “NewModel” spectrum shows a better fitting of mean recorded spectra than the

“Previous Model” for T > 0.3 s; for lower periods none of the model catches adequately the
recorded corresponding to higher accelerations, probably due to important 2-D effects. The “New
Model”, even stiffer, gives higher spectral accelerations, probably because of the higher impedance
ratio between the surficial layers (about 30 m of depth, see Vs profiles in Figure 3). The com-
mented differences between simulations and recorded data are less evident for the far-field input
(Group 2) that seems to well capture the real data on surface, for all the tested subsoil models.

4.2 2-D Analyses

The 2-D analyses were performed along the longitudinal A-A’ cross-section using the finite
element QUAD4M code (Hudson et al., 1994). This code adopts equivalent linear viscoelastic
approach and Rayleigh damping formulation with two control frequencies.
The “Anvil” subsoil model, assessed as the most appropriate in previous studies (Puglia, 2008),

was considered and one more model revised in this study was also adopted: it reproduces the

Figure 3. Soil profiles related to SGPA site (a) and SGMA site (b) used for 1-D analyses

Figure 4. Results of 1-D analyses and comparison with recorded data (average values)
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“Anvil” configuration (Figure 5), assuming the Vs values extracted from the new available meas-
urements from DPC, showing, as said before, a general stiffer behavior of the clayey-marly units.

The relevant physical and mechanical properties are summarized in Table 3; no lateral het-
erogeneity has been considered in the layers like in the previous studies.
All models were made large enough to avoid uncontrolled wave reflections at the lateral

boundaries, following the indications given by Lanzo & Pagliaroli (2009) on the same site
while absorbing boundary conditions were applied at the base (Figure 5).
The input signals used for 2-D analyses are the same discussed in the 1-D case, so as the

comparison procedure between spectra from simulations and recorded data.
For the 2-D case, we defined the parameter d by the following Equation 1 to quantify the

goodness of the different models:

d ¼
1

N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

N

i¼1

Sa;num Tið Þ � Sa;rec Tið Þ
� �2

v

u

u

t ð1Þ

where Sa,rec and Sa,num are the spectral accelerations, at the period Ti, from recordings and
numerical analyses, respectively; N is the number of considered values.
In Figure 6, the comparisons between all the 2-D analyses are showed in terms of average

spectra with the corresponding d-values computed for period steps of 0.2 s. In Table 4, d par-
ameter is instead calculated for the whole range of period of interest (T = 0 - 2.0 s).
The results reported in Table 4 highlight that in general the “New Model” lead to a closer

simulation of the real response spectra. In fact, this model always corresponds to the min-
imum deviations calculated on the entire range of periods.
Referring to Figure 6, deviations d calculated for different period steps allow to detailed

observations on the discrepancies between computed and recorded spectral accelerations.
Comparison on surface (Depth: 0 m) confirms the goodness of the “New Model” for Input-

Group 2 and for Input – Group 1, but in the latter case just for periods greater than 0.3 - 0.4 s,
with corresponding values of d always lower than the “Previous Model” and close to zero. Both
the models, instead, significantly underestimate the recorded ground motion in the case of
Input - Group 1 and T < 0.3 s, as can be seen from the plots and the obtained large deviations.

Figure 5. Soil model used for 2-D analyses: Anvil

Table 3. Geotechnical parameters assumed for 2-D analyses

Depth Thickness γ Vs
�G ¼ G (γ)/G0 D(γ)

(m) Soil Formation (m) (kN/m3)
Puglia
(m/s) DPC (−) (%)

0 Debris cover 3 19.60 122 125 Table 1

3 Tawny clay 5 21.15 254 290 Table 1

8 Grey clay 1 7 21.20 341 390 Table 1

15 Grey clay 2 16 21.20 364 530 Table 1

31 Grey clay 3 31 21.20 391 700 Table 1

62 Grey clay 4 60 21.20 420 800 Table 1

122 Grey clay 5 126 21.20 452 950 Table 1

248 Faeto flysch Bedrock 22.00 1350 1 0.5
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Specifically, models show predominant periods TP = 0.3 - 0.4 s and Sa (TP) = 0.025 - 0.027 g,
while recordings are characterized by TP = 0.1 - 0.2 s and higher maximum accelerations Sa (TP)
= 0.045 g. This difference could be partially related to an important vertical and lateral hetero-
geneity of the deposit, not well represented by the approximations assumed for the models.
The case at 53 m of depth (Figure 6) strongly confirms the adequacy of the “New Model”

for both input groups with very low calculated deviations for all the period steps.

5 CONCLUSIONS

In this research, we used new available data - soil investigations and weak-motion recordings
from recently developed array stations - to re-evaluate the seismic response of San Giuliano di
Puglia already investigated in the past. After evaluating the performance of previous subsoil
models, a new stiffer soil profile has been proposed based on new geophysical investigations.
1-D and 2-D site response analyses, using both existing and updated subsoil profiles, were

presented and the results were compared with surficial and deep recordings along the SGPA
vertical array, where the collapsed school was located. The input motion was obtained by
deconvolution at bedrock outcropping condition of the signals recorded at -10 m from g.l. by
SGMA station located on Faeto flysch. Twelve earthquakes were employed as benchmarks for
the models. The embedded recording stations, characterized by substantially different geological
condition, showed very similar data: this aspect needs further insight in the near future.
The 1-D analyses significantly underestimate the recorded ground motion, at surface and

for periods lower than 0.4 s for both the tested numerical models, while the new model lead to

Figure 6. Comparison between spectra obtained performing 2-D analyses and related d-values

Table 4. d-values calculated for all models and for the two input groups

Model Soil Profile
d (g x 10-3)(0 m) d (g x 10-3)(-53 m)

Group 1 Group 2 Group 1 Group2

Anvil Previous Model 0.718 0.205 0.220 0.195

Anvil New Model 0.677 0.087 0.133 0.047
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a better fitting to the recorded data for higher periods than the previous models. The 2-D ana-
lyses confirm the general better performance of the new stiffer model rather than the previous
one, but numerical results never catch amplitude and predominant period of the real data.
This difference could be partially related to important vertical and lateral heterogeneities of
the deposit, not well represented by the approximations assumed for the models.
The results here presented highlight that for an area characterized by geological and mor-

phological complexity, although deeply investigated, the acquisition of recorded seismic data
is a crucial aspect. In our case history, a key-role was played by information derived from
SGPA vertical array that allowed us to re-evaluate the subsoil model. It can be concluded that
the rational use of recordings obtained from arrays, even if of costly acquisition, is an essential
tool to obtain reliable subsoil models for seismic response analyses.

REFERENCES

Baranello, S., Bernabini, M., Dolce, M., Pappone, G., Rosskopf, C., Sanò, T., Cara, P. L., De Nardis,

R., Di Pasquale, G., Goretti, A., Gorini, A., Lembo, P., Marcucci, S., Marsan, P., Martini, M. G. &

Naso, G. 2003. Rapporto finale sulla Microzonazione Sismica del centro abitato di San Giuliano di

Puglia. Dipartimento di Protezione Civile, Roma.

d’Onofrio, A., Vitone, C., Cotecchia, F., Puglia, R., Santucci de Magistris, F. & Silvestri, F. 2009. Carat-

terizzazione geotecnica del sottosuolo di San Giuliano di Puglia. In Rivista Italiana di Geotecnica (Ital-

ian Geotechnical Journal) 3, 43–461.

Earthquake Spectra. 2004. 2002 Molise, Italy, Earthquake. Vol. 20, No. S1.

Galli, P. & Molin, D. 2004. Macroseismic Survey of the 2002 Molise, Italy, Earthquake and Historical

Seismicity of San Giuliano di Puglia. Earthquake Spectra, 20, S1, 39–52.

Giaccio, B., Ciancia, S., Messina, P., Pizzi, A., Saroli, M., Sposato, A., Cittadini, A., Di Donato, V.,

Esposito, P. & Galadini, F. 2004. Caratteristiche geologico-geomorfologiche ed effetti di sito a San

Giuliano di Puglia (CB) e in altri abitati colpiti dalla sequenza sismica dell’ottobre-novembre 2002. Il

Quaternario, 17(1), Ed. Aiqua, pagg. 83–99.

Gruppo di lavoro MS. 2008. Indirizzi e criteri per la microzonazione sismica. Conferenza delle Regioni e

delle Province autonome - Dipartimento della protezione civile, Roma, 3 vol. e Dvd. (in Italian).

Hudson, M., Idriss, I. M. & Beikae, M. 1994. QUAD4M. A computer program to evaluate the seismic

response of soil structures using finite element procedures and incorporating a compliant base. The

National Science Foundation, Washington D.C.; Center for Geotechnical Modeling, Department of

Civil & Environmental Engineering, University of California, Davis, California.

Kottke, A. R., Wang, X. & Rathje, E. M. 2013. Technical Manual for Strata. Geotechnical Engineering

Center Department of Civil, Architectural, and Environmental Engineering, University of Texas.

Lanzo, G. & Pagliaroli, A. 2009. Numerical Modeling of Site Effects at San Giuliano di Puglia (Southern

Italy) during the 2002 Molise Seismic Sequence. J. of Geotech. and Geoenviron. Eng., ASCE.

Puglia, R. 2008. Analisi della risposta sismica locale di San Giuliano di Puglia. Tesi di Dottorato in

Ingegneria Geotecnica, Università della Calabria.

Puglia, R., Lanzo, G., Pagliaroli, A., Sica, S. & Silvestri, F. 2007. Ground motion amplification in San

Giuliano di Puglia (Southern Italy) during the 2002 Molise earthquake. In IV International Conference

on Earthquake Geotechnical Engineering, Thessaloniki, Greece, paper no. 1611.

Puglia, R., Klin, P., Pagliaroli, A., Ladina, C., Priolo, E., Lanzo, G. & Silvestri, F. 2009. Analisi della

risposta sismica locale a San Giuliano di Puglia con modelli 1D, 2D e 3D. RIG. Pagg. 62–71.

Puglia, R., Vona, M., Klin, P., Ladina, C., Masi, A., Priolo, E. & Silvestri, F. 2013. Analysis of site

response and building damage distribution induced by the 31 October 2002 earthquake at San Giu-

liano di Puglia (Italy). Earthquake Spectra, 29(2):497–526, doi: 10.1193/1.4000134.

Rivista Italiana di Geotecnica. 2009. Modellazione degli effetti di sito a San Giuliano di Puglia. Numero

Speciale, 43(3) (in Italian).

Sanò, T., Bongiovanni, G., Clemente, P. & Rinaldis, D. 2015. Modellazione dei Fenomeni di Amplifica-

zione Locale Basata su Registrazioni Accelerometriche al Sito. In ANIDIS 2015 – XVI Convegno.

Santucci de Magistris, F., d’Onofrio, A., Penna, A., Puglia, R. & Silvestri, F. 2014. Lessons learned from

two case histories of seismic microzonation in Italy. Nat. Hazards, 74, 2005–2035.

Silvestri, F., Vitone, C., d’Onofrio, A., Cotecchia, F., Puglia, R. & Santucci de Magistris, F. 2006. The

influence of meso-structure on the mechanical behaviour of a marly clay from low to high strains. In

Symposium to celebrate Prof. Tatsuoka's 60th birthday, Roma, Italy.

2388


	Welcome page
	Table of contents
	Author index
	Search
	Help
	Shortcut keys
	Previous paper
	Next paper
	Zoom In
	Zoom Out
	Print


