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Key issues in Seismic Microzonation studies: lessons 
from recent experiences in Italy
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Summary
The Seismic Microzonation (SM) is nowadays a world-wide accepted tool for the mitigation of seismic risk. Despite the large 

number of SM studies in the literature and the publication of national and international guidelines, some open questions still exist in 
SM studies and are addressed in this paper. These key issues are discussed after a brief history of SM in Italy and the presentation of 
Italian and international guidelines on the matter. The SM is a complex process involving different disciplines ranging from Geology 
and Applied Seismology to Structural and Geotechnical Engineering. The outcome of a SM is presented on a zoning map in terms 
of ground shaking intensity and susceptibility to main ground instability (soil liquefaction, landslides, fault ruptures). In an advanced 
SM study for a given area, four main interdisciplinary steps can be recognized: 1) definition of the reference input motions, 2) con-
struction of the subsoil model, 3) performing of numerical analyses, 4) identification of zones with different geotechnical hazard 
potential and drawing up of the SM map. The key issues and the controversial aspects of these steps are deeply discussed in the paper 
based on the experience of the Author gained in three recent Italian case studies: Middle Aterno valley, Central Archaeological Area of 
Rome and Fivizzano. Earthquake-induced permanent soil deformations are out of the scope of the paper being the attention focused 
on soil amplification phenomena. The paper closes with some remarks on the differences between local seismic hazard assessment 
for SM mapping and for the seismic design (according to the Italian building code NTC08), and with some proposals on the use of 
SM output in supporting design.

1. Introduction

When a site is subjected to seismic shaking, the 
earthquake effects consist of transient or permanent 
phenomena: the first display themselves in terms of 
modifications in amplitude, frequency content and 
duration of ground motion (local amplification or 
site effects), while the latter involve ground insta-
bilities such as landslides, liquefactions and settle-
ments (Fig. 1). These phenomena defining the local 
seismic hazard, vary from place to place depending 
on the local geology and morphology (i.e. the local 
conditions). The Seismic Microzonation (hereafter 
SM) can be defined as the process aimed at identify-
ing and mapping the local response of a given area 
(typically an urban area) in terms of ground shak-
ing intensity and susceptibility to ground instabili-
ties [VINALE et al., 2008; ANSAL et al., 2009]. In other 
words, for a reference earthquake or scenario, SM 
identifies the zones of a given area characterized by 
a homogeneous seismic behavior: stable zones, sta-
ble zones prone to local amplification of ground 
motion, zones prone to ground instabilities. In this 
respect, SM represents an important component in 

earthquake risk reduction and management strat-
egy, providing a valuable input for urban planning 
[CRESPELLANI 2014; CELIKBILEK and SAPMAZ, 2016; AVER-
SA and CRESPELLANI, 2016].

Historically, it has long been known that local 
soil conditions can greatly influence the earthquake 
effects. Experimental observations during nearly 
all historical destructive earthquakes, together with 
more recent theoretical, experimental and numer-
ical studies, have brought evidence of the dramatic 
importance of local conditions on damage distribu-
tion [SÁNCHEZ-SESMA et al., 2002 ; SÁNCHEZ-SESMA and 
CROUSE, 2015; TRIFUNAC, 2016]. The importance of 
incorporating site effects in earthquake risk miti-
gation by means of SM studies is therefore almost 
nowadays world-wide accepted. Literature shows 
that in the last 40 years a large amount of work has 
been carried out in Italy (a review can be found in 
SIROVICH and DEL GROSSO, [1993] and in CRESPELLANI, 
2014) and in many countries [IGLESIAS 1988; FAH et 
al., 1997; LUNGU et al., 2000; LEBRUN et al., 2004; PITI-
LAKIS et al., 2006; ANSAL et al., 2010 among others]. A 
brief history of SM studies in Italy is reported in the 
next section. By looking to this broad experience, 
nowadays well-established approaches exist for SM 
studies. In this respect, an essential step toward 
standardization of the procedures for SM studies is 
represented by the Manual for Zonation on Seismic 
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Geotechnical Hazards, prepared by the Technical 
Committee on Earthquake Geotechnical Engineer-
ing of the International Society of Soil Mechanics 
and Geotechnical Engineering [ISSMGE, 1999].
Following this manual, and summarizing 30 years of 
experience in Italy, guidelines and criteria for SM 
studied were published in Italy by the Conference of 
Italian Regions and Autonomous Provinces, and the 
Italian Civil Protection Department [WORKING GROUP 
ICMS 2008]. More details on these guidelines are 
provided in the Section 3.

Despite the large number of SM studies in the lit-
erature and the publication of national and interna-
tional guidelines, some controversial points still exist 
and are the object of this paper. As largely discussed 
later in the text, an advanced SM study is a complex 
multidisciplinary process involving different disci-
plines ranging from Geology and Applied Seismol-
ogy to Structural and Geotechnical Engineering. In 
particular four main interdisciplinary steps can be 
recognized: 1) definition of input motion (reference 
earthquake), 2) construction of the subsoil model, 
3) site response numerical analyses, 4) definition of 
SM maps. The key issues and the controversial as-
pects of each of these steps are discussed in this pa-
per based on the experience gained by the Author in 
three Italian case studies:
– SM for the reconstruction of the L’Aquila ar-

ea (Central Italy). Following the M=6.3 April 6, 
2009 L’Aquila earthquake, the Italian Civil Pro-
tection Department promoted a SM study for 
post-earthquake reconstruction planning in the 
L’Aquila basin and Aterno river valley. Attention 
was focused particularly on some villages (Castel-
nuovo, Petogna) characterized by a complex site 

response due to topography features and buried 
morphology.

– SM of the Central Archaeological area of Rome 
(Palatine Hill, Roman Forum, and Coliseum). In 
the framework of a larger project aimed at the 
geohazard assessment affecting the area, a SM 
study was carried out by using an unusual large 
amount of subsoil data. Site effects related to 
buried valleys and topographic features cause a 
complex pattern of site response crucial for the 
seismic risk assessment of highly vulnerable ar-
chaeological heritage located in the area.

– SM of Fivizzano (Northern Italy). The seismic re-
sponse of the village was firstly studied in a pilot 
project around 2000. After the M=5.2 Lunigiana 
earthquake of 2013 the subsoil model was rede-
fined based on new geophysical investigations 
and new site response analyses were carried out 
to define a detailed SM map.
Earthquake-induced permanent soil deforma-

tions are out of the scope of the paper being the at-
tention is focused on soil amplification phenomena.

The assessment of local amplification required 
by a detailed SM study is also requested by advanced 
building code such as the Italian Norme Tecniche per le 
Costruzioni NTC08 [MINISTERO DELLE INFRASTRUTTURE E 
DEI TRASPORTI, 2008] to quantify the seismic action on 
structures. This sharing has recently generated some 
confusion in the boundaries and possible connec-
tions between the two tools for seismic risk reduction 
such as SM studies and building code. This aspect is 
finally addressed in the paper: even if SM studies are 
primarily useful for urban and emergency planning, 
their possible use in supporting the seismic design is 
discussed.

Fig. 1 – Main phenomena associated to local seismic hazard.
Fig. 1 – Principali scenari di pericolosità sismica locale.
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2. A brief history of Seismic Microzonation 
in Italy

It has long been known that local soil conditions 
can greatly influence earthquake effects. In 1846, 
Leopoldo Pilla, professor at the University of Pisa, 
in his Istoria del tremuoto che ha devastato i paesi della 
costa toscana il 14 agosto 1846 wrote: “the experience 
showed in Italy that towns are struck by the earth-
quake mainly because of the nature of the subsoil on 
top of which they are located [...] we can assign to 
them the following increasing seismic hazard: towns 
located on top of hard rock mountains; towns on al-
luvial plains; towns lying on unstable friable rock”1. 
More than a century ago, following the disastrous 
earthquake of Messina and Reggio Calabria (1908), 
the Italian Royal Decree of 18 April 1909, n. 193, set 
technical standards by banning new constructions 
and reconstructions “on soils lying over and near frac-
tures or prone to slumping, landslides, or capable of 
transmitting fast and abrupt vibrations and stresses 
to buildings, owing to their different geological com-
position or the different strength of their constituent 
parts”. It is clear from these examples that the cor-
relation between earthquake effects and local con-
ditions was qualitatively already understood at that 
time. After that, several historical earthquakes have 

1 “…la esperienza ha dimostrato in Italia che i paesi sono flagel-
lati dal tremuoto principalmente in ragione della natura e forma 
del suolo in cui sono situati […] si può ad essi assegnare l’ordine 
crescente che segue di esposizione al pericolo: paesi situati so-
pra monti di rocce sode; paesi in pianura; paesi giacenti sopra 
poggi di rocce friabili.”

shown increasing evidence that the local geological 
and geotechnical characteristics may strongly influ-
ence the damage induced by earthquakes. In the last 
40 years a great amount of research was undertaken 
in Italy to systematize the knowledge of these phe-
nomena into technical tools for seismic risk reduc-
tion. By looking at this broad experience, CRESPELLANI 
[2014] distinguished three generations of SM studies 
(Fig. 2). The first generation studies included pilot 
projects of SM carried out after relevant earthquakes: 
SM of Tarcento after 1976 Friuli earthquake [BRAM-
BATI et al., 1980], SM of Ancona after 1972 Ancona 
earthquake [VV.AA., 1981], SM of 39 urban centers 
destroyed by the 1980 Irpinia earthquake [CNR, 
1983]. Moreover, in these years, some preventive pi-
lot experiments were carried out in some areas (for 
example in Naples, VINALE et al., 1988). The first gen-
eration studies were essentially scientific products 
and for a long time they have been considered lead-
ing examples and reference points. In this context a 
first guide for SM studies was released by the Proget-
to Finalizzato Geodinamica of the Italian National Re-
search Council [FACCIOLI (Ed.), 1986].

The second generation studies started after the 
Umbria-Marche seismic sequence in 1997. A SM pro-
ject was carried out for reconstruction purposes in 
80 villages of Umbria [PERGALANI et al., 1999]. In this 
phase, some italian regions gave impetus to SM stud-
ies: it is worth mentioning the SM of Fabriano [MAR-
CELLINI and TIBERI (Eds.), 2000] and Senigallia [MUC-
CIARELLI and TIBERI, 2007] in the Marche region, the 
research promoted by Emilia Romagna in some areas 
of adriatic coast [MARCELLINI et al., 1998] or the VEL 

Fig. 2 – Historical overview of Seismic Microzonation studies in Italy.
Fig. 2 – Breve storia della Microzonazione Sismica in Italia.
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(Evaluation of Local Effects) project [FERRINI, 1999] 
in Toscana. In this second generation studies, the ge-
otechnical aspects have become increasingly impor-
tant: cyclic and dynamic laboratory testing, devoted to 
modeling the subsoil for numerical simulation of site 
response, were systematically included in the studies. 
The experience gained in these projects lead to the 
National Guidelines of SM studies [WORKING GROUP 
ICMS, 2008], developed by a large team of Italian re-
searchers and technical representatives of the Italian 
Regional Government Authorities. The Guidelines 
were approved in 2008 by the National Department of 
Civil Protection and Conference of Regions and au-
tonomous Provinces. More details are given in Section 
3.

In 2009 an Italian government Act (June 24, 
2009 n. 77, art. 11, see Fig. 2) has provided for a 
multi-annual programming through specific ordi-
nances (OPCM n. 3907/2010, OPCM n. 4007/2012, 
OCDPC n. 52/2013) to regulate the distribution of 
funds to Regional Administrations which promote 
SM studies for seismic risk reduction. With this act, 
SM has received official recognition and the specific 
funds provided by the ordinances have marked the 
transition from the post-earthquake SM studies to 
SM as part of risk prevention culture. These studies 
are the result of a close collaboration between local 
governments (Regions and Municipalities) and the 
local professionals (essentially engineers and geolo-
gists). The studies planned by 2009 Act can be re-
garded as the third generation studies: the SM be-
comes ordinary tools of prevention against earth-
quakes being its goal not of a scientific nature but 
exclusively the seismic protection of citizens (i.e. the 
seismic risk reduction). According to 2008 National 
Guidelines these studies are performed using differ-
ent grades of analysis, depending on the hazard lev-
el and subsoil complexity, and should be carried out 
quickly and cheaply if compared with pilot studies of 
first and second generations.

At the beginning of 2015, in order to provide sci-
entific and technical support to the institutions in-
volved in seismic microzonation and its applications, 
with particular reference to geological, geotechni-
cal and geophysical issues related to the SM studies 
and management of seismic emergencies, as well as 
the revision of state-of-art practice, the Center for 
Seismic Microzonation and its applications (Cen-
troMS, http://www.centromicrozonazionesismica.it) 
was founded. The Center was born on the initiative 
of the National Research Council - Department of 
Earth System Science and Technology for the Envi-
ronment (CNR DTA) and involves CNR Institutes, 
as well as other research institutions and university 
departments. The center is currently involved in the 
studies supporting the SM for the reconstruction of 
the area struck by the 2016 Central Italy seismic Se-
quence [STEWART et al., 2016; STEWART et al., 2017].

3. The international and national guidelines 
for Seismic Microzonation

Beyond the specific method employed to evalu-
ate site effects, empirical or numerical, what is re-
markable when assessing local seismic hazard is rath-
er the need for a comprehensive approach to seis-
mic microzonation. To date, only a few Countries 
have provided clear guidelines and recommenda-
tions for practical implementation of microzonation 
studies to avoid that they remain a pure academic 
exercise. Among these Countries it is worth to men-
tion France [AFPS, 1995], Japan [ISSMGE, 1999], 
California [CDC, 2004], Turkey [DRM, 2004], Italy 
[WORKING GROUP ICMS, 2008], India [SMH, 2011], 
Switzerland [POGGI and FAH, 2016].

An essential step toward standardization is repre-
sented by the Manual for Zonation on Seismic Geo-
technical Hazards, prepared by the Technical Com-
mittee on Earthquake Geotechnical Engineering 
of the International Society on Soil Mechanics and 
Geotechnical Engineering [ISSMGE, 1999]. The 
manual introduces three grades of approach to zo-
nation: grade-1, general zonation; grade-2, detailed 
zonation; grade-3, rigorous zonation. The first lev-
el of zonation (grade-1) is the lowest-cost approach 
and is generally based on compilation and interpre-
tation of existing information available from histor-
ic documents, published reports, and other available 
databases. In particular, areal distribution of shak-
ing intensity during historical earthquakes and ex-
isting geologic and geomorphological maps can be 
very useful. Mapping at this level covers large are-
as, from state to province, with scale ranging from 
1:1’000’000 to 1:50’000. At the second level of zo-
nation (grade-2), ISSMGE (1999) suggests to in-
tegrate already available information with: 1) geo-
technical data from engineering reports of govern-
mental institutions and private companies; 2) field 
surveys, to better define soft covers and zones sus-
ceptible to permanent deformations; 3) geophysi-
cal measurements like microtremors, to obtain more 
information on amplification characteristics of the 
sites. This approach requires moderate costs and 
can be applied from large to local scale, in the range 
1:100’000 to 1:10’000. The third level of zonation 
(grade-3) in ISSMGE [1999] requires site-specific in-
formation and therefore additional investigations, 
whose results are incorporated in computer-based 
analyses performed with different numerical meth-
ods. This approach is applied at local scale, in the 
range 1:25’000 to 1:5’000, and is quite expensive but 
still profitable where seismic risk is high.

In Italy, in the spirit to define guidelines for 
hinge the seismic microzonation on the planning 
system of Regions and Municipalities, guidelines 
and criteria to achieve SM have been standardized 
and published in WORKING GROUP ICMS [2008] by 
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the Conference of Italian Regions and Autonomous 
Provinces, and the Italian Civil Protection Depart-
ment. In general terms, the Italian guidelines estab-
lish that the scale of implementation is 1:10,000 or 
greater and set three levels of zonation, from level 1 
to level 3 (Tab. I):
– level 1 is a preparatory level for actual SM stud-

ies; it relies on the collection of existing data, 
which are processed to divide the investigated ar-
ea into zones that are qualitatively homogeneous 
in seismic perspective;

– level 2 introduces quantitative assessments via 
simplified methods in case based on quick sub-
soil exploration aimed at integrating existing da-
ta;

– level 3 produces the SM map from the results of 
numerical analyses based on a detailed subsoil 
mechanical characterization; this is done for are-
as, identified at previous levels, characterized by 
high seismic hazard, subsoil complexity and/or 
economic and social relevance.
After the experience gained through seismic mi-

crozonation carried out in the Abruzzo region af-
ter the 2009 L’Aquila earthquake for reconstruction 
purposes, the guidelines were updated [WORKING 
GROUP ICMS, 2011].

A list of the main investigations, procedures and 
deliverables recommended for each level of micro-
zonation are summarized in table 1. With reference 
to amplification phenomena, criteria to identify and 
represent stable zones (i.e. seismic bedrock outcrop-
ping areas) and stable zones prone to local amplifica-
tion, based only on geological and lithostratigraphic 
conditions (level 1), are reported in figure 3a togeth-
er with an example of level 1 SM map (Fig. 3b). In 
the same figure (Fig. 3c) an example of abacus used 

at level 2 to estimate the amplification factor FA (see 
Section 5.4.2.) based on the thickness H and the av-
erage shear wave velocity VS of soil deposit is report-
ed. These abacuses, derived from a large amount of 
1D parametric site response analyses, are reported in 
WORKING GROUP ICMS [2008] for the whole national 
territory and should be updated by Italian Region-
al Governments taking into account typical region-
al lithostratigraphic conditions. The uses of abacus-
es is recommended for simple geological conditions 
(i.e. 1D conditions) while they cannot be used for 
more complex geologic and morphological features 
(i.e. 2D/3D effects related to topography, sedimen-
tary basins and sharp lateral variations in the bur-
ied morphology of layers and bedrock), lithostrati-
graphic profiles characterized by stiff soils resting of 
soft soils (i.e., shear wave velocity inversions), insta-
bility-prone areas. The abacuses have been applied 
in several case studies in areas characterized by fair-
ly regular stratigraphic and morphologic conditions 
[MARABINI et al., 2012]. Nevertheless, their use is pres-
ently debated in the scientific community for differ-
ent reasons. As matter of fact, considering the rough 
approximation in defining VS profile and soil nonlin-
earity in the 1D models employed for the paramet-
ric analyses, a large uncertainty affects the site specif-
ic amplification factor estimates. In order to “cover” 
these uncertainties an high percentile (for instance 
75th in Toscana Region, PERUZZI et al., 2015) is gen-
erally considered in defining the values of amplifi-
cations factors from the results of parametric analy-
ses; this can lead to a severe overestimation of actual 
amplification phenomena. Moreover, rigorous and 
precise lithostratigraphic and morphological limits 
for their applicability should be defined, especially 
in Regions characterized by complex geology.

Level Investigations Procedures Deliverables

1

Collection of existing data (geological and 
geomorphological maps, boreholes, geo-
technical and geophysical surveys);
Quick and cheap geophysical surveys (mi-
crotremors)

Qualitative approach (assessment of 
amplifications effects/instabilities is 
exclusively made on geological ba-
ses) 

Investigation map
Map of seismically homoge-
neous microzones (MOPS)
Report

2

Boreholes; In-hole geophysical investiga-
tions, active and passive surface waves 
tests, seismic refraction to estimate VS pro-
file; microtremors 

Revision of level 1 geological model, 
simplified quantitative procedures: 
abacuses for amplifications factors,  
empirical/analytical methods for 
slope instability and liquefaction

Investigation map
Seismic Microzonation Map 
Report

3

Boreholes; seismic refraction,  in-hole and 
surface wave tests to determine the Vs pro-
file;  in-situ and laboratory geotechnical 
test to  determine the cyclic behavior and 
shear resistance of soils 

Definition of subsoil model, defini-
tion of input motion,  1D/2D site re-
sponse analyses for amplification ef-
fects; complete dynamic analyses for 
estimating permanent deformations

Investigation map
Detailed Seismic Microzona-
tion Map 
Report

Tab. I – Levels of Microzonation studies according to Italian guidelines (WORKING GROUP ICMS, 2008).
Tab. I – Livelli di approfondimento degli studi di Microzonazione Sismica secondo gli Indirizzi e Criteri del 2008 (WORKING GROUP ICMS, 2008).
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The main steps and critical issues of advanced 
level 3 studies are the object of these paper and are 
deeply discussed later in the text.

4. Case histories

4.1. Seismic Microzonation in the Middle Aterno valley 
(L’Aquila)

Following the April 6th, 2009 Mw=6.3 Abruzzo 
earthquake, the Italian Civil Protection Department 
promoted a multidisciplinary study aimed at develop-
ing seismic microzonation maps for post-earthquake 

reconstruction planning, on about 30 towns locat-
ed along the Aterno River valley which experienced 
a macroseismic intensity equal to or greater than VI 
MCS. In the framework of this project, a Working 
Group, including numerous researchers of Italian Ge-
otechnical Association (AGI), was assembled to carry 
out a microzonation study on six villages located in 
the Middle Aterno valley: Barisciano, Castelnuovo, Pe-
togna, Poggio Picenze, S. Martino, S. Pio delle Camere 
and minor hamlets included in their territories [WORK-
ING GROUP MS-AQ, 2010; LANZO et al., 2011; MADIAI and 
SIMONI, 2013]. The villages of Petogna, San Martino, 
Barisciano and San Pio delle Camere suffered a low 
damage (IMCS = V to VII), because they are mostly set-

a)

b)
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Fig. 3 – Representation of stable zones and stable zones prone to local amplification in level 1 SM studies a) and example of 
SM map of Onna, L’Aquila b) (simplified from Working Group MS-AQ 2010); c) example of abacus for estimating the am-
plification factor FA in level 2 studies, applicable for the following conditions: Predominant lithology: clay - PGA at outcrop-
ping bedrock ag=0.18g - constant VS profile (modified from WORKING GROUP ICMS, 2008).
Fig. 3 – Rappresentazione delle zone stabili e suscettibili di amplificazione negli studi di livello 1 a) ed esempio della MS di Onna, 
L’Aquila b) (semplificata da Working Group MS-AQ 2010); c) esempio di abaco per la stima dei fattori di amplificazione FA negli studi 
di livello 2, applicabile per le seguenti condizioni: litologia prevalente: argilla – PGA di input ag=0.18g – profilo di VS costante con la 
profondità (modificato da WORKING GROUP ICMS, 2008).

Fig. 4 – Geological setting and in situ investigation available for the SM studies of Castelnuovo village [EVANGELISTA et al., 
2016].
Fig. 4 – Inquadramento geologico e ubicazione delle indagini per lo studio di MS di Castelnuovo [EVANGELISTA et al., 2016].

c)
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Fig. 5 – Geological map of the Central Archaeological Area of Rome at the bottom of the anthropogenic cover a) and NW-
SE cross-section #2 b); UTM33N WGS84 coordinates in meters are reported on both axes of geological map (modified from 
MANCINI et al., 2014).
Fig. 5 – Carta geologica dell’Area Archeologica Centrale di Roma alla base dei riporti a) e sezione #2 orientata NW-SE b); sugli assi della 
carta geologica sono riportate le coordinate UTM33N WGS84 in metri (modificato da MANCINI et al., 2014).
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Fig. 6 – Geological map of Fivizzano a) and NE-SW cross section A-A’ b) [WORKING GROUP FIVIZZANO, 2018].
Fig. 6 – Carta geologica di Fivizzano a) e sezione A-A’ orientata NE-SW b) [WORKING GROUP FIVIZZANO, 2018].
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tled on stiff rock deposits (Miocene limestone) out-
cropping at the flank of the Aterno River valley; on the 
other hand, Castelnuovo and Poggio Picenze experi-
enced very high intensity values (IMCS = VIII to X), at-
tributed to their local conditions, characterized by the 
widespread presence of softer soil deposits.

The subsoil of the area is characterized by a pro-
nounced stratigraphic variability both in vertical and 
horizontal direction. The latter is due to the presence 
of a major fault system that involves the calcareous Mi-
ocene bedrock, that gave rise to horst and graben mor-
phology filled with continental Plio-Quaternary depos-
its. These sedimentary deposits are mainly constituted 
by white carbonate silts of lacustrine origin, belonging 
to the San Nicandro formation, and alluvial conglom-
erates. Locally, in the hollows and at the base of the 
slopes, debris covers lie on the fluvio-lacustrine depos-
its. As an example, the geological map and a represent-
ative cross-section of one of the most damaged town 
located in the studied are (Castelnuovo) is reported 

in figure 4. The investigations carried out for SM stud-
ies in the Middle Aterno Valley generally included 1-2 
boreholes with down-hole tests for each village, deep 
geo-electric tomography (ERT) to detect buried mor-
phology and several measurements of noise and after-
shocks of the 2009 seismic sequence. Some cyclic and 
dynamic tests were also carried out mainly on silty soil 
samples taken from undisturbed block recovered dur-
ing the investigations [LANZO et al., 2011]. The density 
of investigations is actually quite low (0.7 boreholes/
km2 as average) but it can be regarded as representa-
tive of that of the level 3 third generations SM studies 
that will be carried out in Italy.

4.2. Seismic Microzonation of Palatine hill, Roman Fo-
rum and Coliseum Archeological Area (CAAR)

The Central Archeological Area of Rome (CAAR) 
including Roman Forum, Palatine hill and Coliseum, 

Fig. 7 – Map with investigations carried out in Fivizzano in the framework of previous projects and in the SM study of 2014 
(modified from WORKING GROUP FIVIZZANO, 2018).
Fig. 7 – Mappa con ubicazione delle indagini eseguite a Fivizzano nell’ambito di progetti precedenti e per lo studio di MS del 2014 
(modificato da WORKING GROUP FIVIZZANO, 2018).
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covers less than one square kilometer; it represents 
one of the most relevant World Heritage Site and 
therefore suffers for impressive level of risk. In 2010-
2011 level 1 and 3 seismic microzonation studies of 
the area were promoted by the Commissioner for the 
archeological areas of Rome and Ostia Antica, aimed 
at implementation of measures for the protection 
of the archaeological heritage [CECCHI, 2010; 2011]. 
The activities involved several institutes of Italian Na-
tional Reasearch Council and departments of Italian 
Universities allowing a multidisciplinary study which 
produced significant experience in microzonation 
with particular reference to archaeological areas. 
The main results of these studies were published in 
2014 in a special issue of the Bulletin of Earthquake 
Engineering [MOSCATELLI et al., 2014].

The geological bedrock of the Palatine hill and 
surrounding areas consists of a Pliocene sandy-clayey 
unit of marine origin, the Monte Vaticano Formation 
(MVA in Fig. 5), whose total thickness is about 900 me-
ters. The top of this unit is cut by an unconformity, 
over which is deposited a Quaternary complex formed 
by the following middle Pleistocene fluvial-palustrine 
and distal volcanic deposits, listed from oldest to 
youngest: 1) Santa Cecilia Formation (CIL); 2) Valle 

Giulia Formation (VGU); 3) Palatine Unit (PTI); 4) 
Prima Porta Unit (PPT); 5) Fosso del Torrino Forma-
tion (FTR); 6) Villa Senni Formation (VSN), with the 
Tufo Lionato (VSN1) and Pozzolanelle (VSN2) mem-
bers; and 7) Aurelia Formation (AEL). These forma-
tions have a sub-horizontal multilayered distribution, 
except for the Fosso del Torrino Formation (FTR) 
that fills a fluvial paleo-valley that deeply cuts into old-
er Quaternary units in the eastern portion of the Pal-
atine hill (see cross-section #2 in Fig. 5b). All of these 
units were carved by local tributaries of the Tiber Riv-
er during the Late Quaternary sea-level fall, giving rise 
to deep (up to 70-80 meters) and narrow alluvial val-
leys (see the Velabro and Labicano valleys in Fig. 5). 
These valleys were mainly filled with organic rich clay-
ey sediments in response to the Holocene sea level 
rise (SFTba3 in Fig. 5). The study area is almost en-
tirely covered by anthropogenic deposits (h) that can 
locally reach 20 m in thickness [MANCINI et al., 2014].

A large amount of subsoil information, includ-
ing geophysical and geotechnical data, was already 
available mainly from archaeological studies and 
from the design of adjacent subway lines. These da-
ta were collected, validated and processed to define 
a preliminary model of the area and to plan a new 

Fig. 8 – Flow chart of the procedure adopted for level 3 Seismic Microzonation studies and main disciplines involved.
Fig. 8 – Diagramma di flusso della procedura adottata per uno studio di Microzonazione Sismica di livello 3 e principali discipline coinvolte.
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multidisciplinary survey carried out in 2010-2011. 
This survey included continuous-coring boreholes, 
in situ and laboratory geotechnical tests as well as 
different geophysical tests: MASW, cross- and down-
hole tests, noise measurements, electrical resistiv-
ity tomography (ERT) and ground penetrating ra-
dar surveys (GPR). In total more than 200 boreholes 
were available in less than one square kilometer (Fig. 
5); regarding the geophysical tests 16 cross-hole and 
3 seismic dilatometer tests were available from pre-
vious surveys while 11 down-hole, 1 cross-hole and 
10 noise measurements (Fig. 5) were carried out in 
2010-2011 for seismic microzonation studies [PAGLIA-
ROLI et al., 2014a]. Moreover, a total of 5000m of ERT 
lines, 10 GPR surveys and 20 MASW were also car-
ried out in 2010-2011 (not reported in figure 5 for 
simplicity). These impressive large amount of data 
makes the CAAR probably one of the best character-
ized site in Italy for the study of site effects.

4.3. Seismic Microzonation of Fivizzano

Starting from late ’90 of last century, Fivizzano, 
a small village located in Lunigiana (Toscana Re-
gion), was included as pilot site in the VEL project 
aimed at acquisition of geological, geotechnical 
and geophysical data for the assessment of site ef-
fects in several areas of the Toscana Region [FERRINI 
et al., 1999; CHERUBINI et al., 2004]. After the June 21, 
2013 Ml=5.2 Lunigiana earthquake, Toscana Region 
and National Civil Protection Department created a 
working group for the revision of the subsoil model 
of the area and the execution of a level 3 seismic mi-
crozonation study [WORKING GROUP FIVIZZANO, 2018].

The village lies on a large plateau correspond-
ing to an ancient alluvial terrace. The geological map 
of the area and a representative NE-SW cross-section 
are reported in figure 6. The geological bedrock of 
the area consists of different rock formations char-
acterized by complex tectonic contacts [CHERUBINI et 
al., 2004; WORKING GROUP FIVIZZANO, 2018): i) Ottone 
Flysch (OTO), constituted by turbidite deposits mainly 
marly-calcareous alternated to subordinate arenaceous 
and argillitic sequences; ii) Canetolo formation (ACC) 
consisting of argillitic rocks with intercalated calcaren-
ite; iii) Groppo del Vescovo Formation (CGV) consist-
ing essentially of calcareous and marly-calcareous tur-
bidites; iv) Macigno Formation constituted by arena-
ceus and pelitic-arenaceous turbidite sequences (Fig. 
6b). These bedrock formations are covered by ancient 
(bna) and recent (bn) terraced alluvial deposits, slope 
debris and anthropogenic deposits (Fig. 6a).

In figure 7 a comprehensive map with all inves-
tigations available for Fivizzano is reported. In the 
framework of VEL projects, starting from 2001 sev-
eral investigations were carried out including 23 
boreholes, 11 down-hole tests, 27 P- and S-wave seis-

mic refraction tests, 8 P- or S-wave seismic reflection 
surveys, several single station noise measurements. 
Moreover, a station for weak motion recording was in-
stalled. In 2014, additional surveys were executed for 
the level 3 SM study. In particular, only surface ge-
ophysical tests were carried out including: 4 P-wave 
seismic refraction/reflection tests, 13 MASW, 12 sin-
gle-station noise measurements, 4 ERT, 4 passive 2D 
arrays.

5. Key issues in SM studies

5.1. Introduction: main steps in level 3 SM studies

The SM is a multidisciplinary process involv-
ing different disciplines mainly Geology, Applied 
Geophysics, Applied Seismology, Structural and Ge-
otechnical Engineering. The main steps of a level 3 
SM study are illustrated in the flowchart of figure 8 
in which the role of each discipline is highlighted.

One of the key aspects in SM studies is the se-
lection of the input motion at the seismic outcrop-
ping bedrock based on deterministic or probabilistic 
studies or, more simply, starting from response spec-
tra specified by the seismic code. For dynamic nu-
merical analyses the input motions are generally ex-
pressed in terms of acceleration time histories, i.e. re-
cordings of earthquakes, synthetic traces generated 
from seismological source models and accounting 
also for path effects, artificial spectrum-compatible 
signals generated form nonstationary stochastic sim-
ulations. The historical seismicity and seismotecton-
ic and/or paleosismological studies are fundamental 
aspects for both seismic hazard assessment and accel-
erograms selection.

Another critical issue is the definition of the sub-
soil model resulting from geological, geophysical 
and geotechnical investigations. The first step is typ-
ically the geological model which defines the main 
lithotypes, the geometric relationships between 
them (i.e., the buried morphology). Then, the me-
chanical characterization of lithotypes, in terms of 
properties relevant for site response analyses, and 
the definition of the seismic bedrock lead to the sub-
soil model to be employed for the quantitative anal-
ysis of site effects or permanent deformations pro-
duced by the earthquake scenarios.

The spatial extension of the results obtained 
from numerical analyses (typically 1D and 2D), tak-
ing into account, if available, recordings or doc-
umented damage patterns available for previous 
earthquakes, finally leads to SM maps.

The flow chart of figure 8 highlights that the 
multidisciplinary of SM studies comes not only from 
the fact that there are different steps each of which 
is strictly developed by a specific discipline. Some 
activities are highly interdisciplinary and should be 
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carried out in close cooperation between the various 
specialists. The definition of the input motion, for 
example, is for the seismologist and the geotechni-
cal engineer who will do the numerical analysis; the 
construction of the subsoil model as well as the draw-
ing up of SM maps requires the close cooperation 
among the geologist and the geotechnical engineer.

The results of SM studies can be applied in sev-
eral areas: typically for urban and emergency plan-
ning, the reconstruction after the earthquake, and 
to support the structural design of buildings and in-
frastructures. In this phase other disciplines, such as 
Urbanistic and Structural Engineering, are involved.

Critical issues which characterize the different 
steps of a level 3 SM study are addressed in the fol-
lowing sections. As said before, earthquake-induced 
permanent soil deformations are out of the scope of 
the paper, being the attention focused on soil ampli-
fication phenomena.

5.2. Definition of input motion

For a given soil deposit, the amplification func-
tion, and therefore the amplification factors to be 
used in SM maps, are strongly dependent on the 
characteristics of input motion due to the soil non-
linearity. Therefore, the selection of the most suita-
ble input motion is a key point in carrying out a level 
3 seismic microzonation study. A first aspect regards 
the methodology to define, at regional or national 
scale, the seismic hazard at rock site conditions, i.e. 
the reference input motion at outcropping bedrock 
which does not include modifications caused by lo-
cal geological, morphological and geotechnical con-
ditions. Once estimated the reference ground mo-
tion (usually an acceleration response spectrum) at 
seismic bedrock, to carry out a site response analysis 
it is necessary to select a set of acceleration time his-
tories matching the reference spectrum. In this re-
spect, a significant issue concerns the choice of arti-
ficial, synthetic or real (natural) accelerograms.

5.2.1. DEFINITION OF THE SEISMIC HAZARD AT ROCK SITE 
CONDITIONS

Both probabilistic (PSHA) and deterministic 
(DSHA) approaches can be employed to define the 
seismic hazard [MCGUIRE, 2001]. In the early years of 
earthquake engineering and up to the 1970s-1980s, 
the use of deterministic methods was prevalent. 
A DSHA involves the identification of a particu-
lar seismic scenario (Maximum Credible Earth-
quake, historical event, …) upon which a ground 
motion hazard evaluation is based, by applying one 
or more attenuation relationships. When applied to 
structures for which failure could have catastroph-
ic consequences, such as nuclear power plants and 

Fig. 9 – Characteristics of the seismicity affecting Rome: 
black circles represent the epicenters of historical and 
instrumental earthquakes from 1000 to 2006 A.D. (size-
scaled to Mw), red rectangles show the surface projection 
of the main active faults as reported in the INGV DISS Da-
tabase (http://diss.rm.ingv.it/diss/), blue polygons repre-
sent the seismotectonic zones within seismic zonation used 
for drawing up the Italian seismic hazard map a); refer-
ence spectra selected for the SM of the Central Archaeo-
logical Area of Rome b) (modified from SABETTA, 2014).
Fig. 9 – Principali caratteri della sismicità dell’area romana: 
i cerchi neri rappresentano gli epicentri dei terremoti storici e 
registrati dal 1000 al 2006, i rettangoli rossi rappresentano la 
proiezione in superficie delle principali faglie attive riportate 
nel database DISS, i poligoni blu rappresentano la zonazione 
utilizzata per lo studio di pericolosità sismica del territorio italiano 
a); spettri di riferimento selezionati per lo studio di MS dell’Area 
Archeologica Centrale di Roma b) (modificato da SABETTA, 2014).

a)

b)
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large dams, DSHA seems to provide a straightfor-
ward framework for the evaluation of the expected 
ground motions [BOMMER, 2002]. The main draw-
back of DSHA is that it provides no information on 
the likelihood of the controlling earthquake, on the 
level of shaking expected during a finite period of 
time (i.e. the return period of the shaking), and in 
particular on the effect of uncertainties. On the con-
trary, the Probabilistic Seismic Hazard Assessment 
(PSHA) approach explicitly considers uncertainties 
in the size, location and rate of occurrence of earth-
quakes and in the variation of ground motion char-
acteristics [CORNELL, 1968]. It considers the proba-
bility of exceedance of the ground motion in a giv-
en period of time providing an equi-probable spec-
trum combining a series of earthquakes that can af-
fect, to different degrees, the site under study. In this 
respect, the probabilistic approach is certainly more 
suitable for Microzonation studies because SM is es-
sentially a planning tool focused on preventing dam-
age that could occur due to future earthquakes hav-
ing different magnitudes and distances from the site 
[ANSAL et al., 2009]. PSHA input motions character-

ized by a “standard” 475 years return period was used 
for several SM studies [PERGALANI et al., 1999; LO PRES-
TI et al., 2002; BARANELLO et al., 2003; WORKING GROUP 
FIVIZZANO, 2018 among others]. Nevertheless there 
are examples of SM studies carried out with input 
motion defined by a deterministic approach [SAN-
TUCCI DE MAGISTRIS et al., 2014].

CAAR case study

In order to overcome the dichotomy between 
PSHA and DSHA, both approaches were used for 
the assessment of the seismic input motion in the 
SM of the CAAR; the latter was driven by the disag-
gregation of PSHA, by the analysis of historical and 
instrumental seismicity, and by the study of the sur-
rounding faults [SABETTA, 2014].

Rome is affected by earthquakes associated 
with three different seismogenic districts (Fig. 9a): 
1) the seismogenic structures of the central Apen-
nine mountain chain, which are located about 90-
130 km east of Rome and have been responsible for 

Fig. 10 – Housner Intensity amplification factors computed in the 0.1-0.5s and 0.5-1.0s period ranges for cross-section #2 of 
CAAR by using different input motions (modified from PAGLIAROLI et al., 2014b).
Fig. 10 – Fattori di amplificazione in termini di intensità di Housner calcolati nei campi di periodo 0.1-0.5s e 0.5-1.0s per la sezione #2 
dell’area Archeologica Centrale di Roma utilizzando diversi input (modificato da PAGLIAROLI et al., 2014b).
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events having a magnitude M up to 6.7-7.0; 2) the 
Colli Albani volcanic area located 20 km to the south 
of the city (M=5.5); and 3) the Rome area itself (ap-
proximately inside the beltway) characterized by ra-
re, shallow, low-magnitude events (M<5) [GALLI AND 
MOLIN, 2014; SABETTA, 2014]. A probabilistic seismic 
hazard assessment study was first used to define the 
seismic input; different uniform hazard spectra were 
considered including the Uniform Hazard Spectrum 
(UHS) taken from the INGV hazard map (having 
a return period of 475 years) and rock site condi-
tions, produced for the whole Italian territory [IN-
GV, 2007]. Moreover, to assess the significance of 
the probabilistic estimate for possible future earth-
quake scenarios, a deterministic approach was also 
followed. In particular, among the three seismogenic 

districts above mentioned, and looking at PSHA dis-
aggregation, two earthquake scenarios were select-
ed, i.e. Colli Albani and Fucino basin sources [SABET-
TA, 2014]. The acceleration response spectra com-
puted for these earthquake scenarios are compared 
in figure 9b with the INGV UHS spectrum. Artificial 
accelerograms (based on magnitude, distance, and 
soil conditions) were finally simulated to be compat-
ible with all the reference spectra.

Bidimensional site response analyses were car-
ried out using all the input motions [PAGLIAROLI et 
al., 2014b]. The results are shown in Figure 10 for 
cross-section #2 (see Figure 5) in terms of Housner 
Intensity amplification factors FH computed in the 
0.1-0.5s and 0.5-1.0s period ranges (see definition at 
Section 5.4.2). The amplification factors associated 

Fig. 11 – Natural and artificial accelerograms selected for the SM of Fivizzano a) and corresponding acceleration response 
spectra compared with reference spectrum b).
Fig. 11 – Accelerogrammi naturali e artificiali utilizzati per la MS di Fivizzano a) e corrispondenti spettri di risposta in accelerazione a 
confronto con lo spettro di riferimento b).

a)

b)
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with the different input motions agree from both a 
qualitative and quantitative point of view in all the 
period ranges; an average difference of 6-7% was 
observed. Only in limited zones, differences in am-
plification factors are as high as 30% (see distances 
around 600 and 700-800 m in Fig. 10). This behav-
iour can be also justified by the moderate non-linear-
ity of the soils: a maximum shear strain of 0.03-0.04% 
occurs in the softer materials (SFTba alluvia and an-
thropogenic layer h) while in the stiffer soil and soft 
rocks the shear strain is less than 0.01% [PAGLIAROLI 
et al., 2014b]. Similar conclusions can be drawn from 
the analyses on the other cross-sections considered 
in the SM study.

The analyses carried out with INGV UHS input 
were finally used to draw up the SM map of CAAR 
(see Section 5.5). However, this map obtained by 
assuming a probabilistic input, based on the above 
considerations, can be considered essentially repre-
sentative of soil behavior also for a deterministic in-
put and therefore for future earthquake scenarios 
that can struck the site according to seismotectonic 
background knowledge.

During a seismic event, a site can experience 
ground motion quite different and even well above 
the “standard” 475 years return period accelera-

tions, as occurred during the recent 2016 Central 
Italy earthquake [MELETTI et al., 2016]. SM studies 
based on comparative site response analyses using 
both probabilistic and deterministic input motions 
should be therefore encouraged. A similar approach 
was applied for SM study for the reconstruction of 
the l’Aquila area where both deterministic and prob-
abilistic input motions were used in the numerical 
analyses [PACE et al., 2011; LANZO et al., 2011].

5.2.2. SELECTION OF INPUT ACCELEROGRAMS

Regardless of the type of approach used (prob-
abilistic or deterministic) for the assessment of seis-
mic hazard, the reference ground motion at out-
cropping bedrock is generally represented in the 
form of a response spectrum of acceleration. In or-
der to perform a site response analysis it is then nec-
essary to select acceleration time histories matching 
the reference spectrum. There are three basic op-
tions available [BOMMER and ACEVEDO, 2004]: synthet-
ic, artificial or real (natural) accelerograms.

Synthetic accelerograms are associated to large 
scale deterministic seismic hazard analyses; they are 
generated from seismological source models and al-
so account for source-to-site path effects. Several sim-

Fig. 12 – Amplification factors computed for A-A’ cross section of Fivizzano by using natural and artificial accelerograms as 
input motion; amplification factors pertaining to natural accelerograms are averaged over the 7 selected signals.
Fig. 12 – Fattori di amplificazione calcolati per la sezione A-A’ di Fivizzano utilizzando in input accelerogrammi naturali ed artificiali; i 
fattori di amplificazione relativi agli accelerogrammi naturali sono calcolati come media sui 7 segnali selezionati.
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ulation techniques have been proposed with differ-
ent levels of complexity depending on the approxi-
mations introduced to represent seismic source and 
wave propagation [PACOR et al., 2005; DREGER and 
JORDAN 2015]. Synthetic waveforms have undoubted 
advantages: they are generated by physically based 
models, allow the evaluation of shaking scenarios in 
near-source regions where ground motion has pe-
culiar characteristics (i.e., low frequencies pulses). 
However, even if their use is increasing and an Ital-
ian web-repository has been recently proposed [SYN-
THESIS, D’AMICO et al., 2016], an extensive applica-
tion is impossible because source models require un-
common high computational efforts and highly spe-
cialist consultants in engineering seismology. The 
choice of physically reasonable combination of input 
parameters is not an easy task and may lead to wrong 
estimation of the seismic hazard.

Artificial and natural accelerograms can be em-
ployed to match both deterministic or probabilistic 
reference spectra. Artificial time histories are main-
ly generated through nonstationary stochastic meth-
ods [SABETTA and PUGLIESE, 1996; MUCCIARELLI et al., 
2004]. The simulation generally requires, as input 
parameters, the magnitude of the reference earth-
quake, the distance source to site and the local site 

geology (rock conditions in this case). The attraction 
of such an approach is that it is possible to obtain 
acceleration time-series that are almost complete-
ly compatible with the reference spectrum. The ba-
sic problem is that they generally have an excessive 
number of cycles of strong motion resulting in an 
unreasonably high energy content. For this reason, 
the italian building code NTC08 [MINISTERO DELLE 
INFRASTRUTTURE E DEI TRASPORTI, 2008] does not allow 
their use for geotechnical analyses; this inhibition 
should apply also to site response analyses aimed at 
quantifying seismic action for building design. Nev-
ertheless, artificial accelerograms were employed in 
several SM studies including two case histories here 
presented, namely CAAR and Middle Aterno Valley.

Real accelerograms are nowadays emerging 
as the most attractive input for dynamic analyses 
mainly because they genuinely reflect the main fac-
tors (source, path and site) influencing the nature 
of ground motion and also because their increas-
ing availability due to the growing development of 
online databases: the Italian ITACA (http://itaca.
mi.ingv.it/), the European ESM (http://esm.mi.in-
gv.it), the worldwide PEER (http://ngawest2.berke-
ley.edu) among others. Nevertheless, the procedure 
to select natural accelerograms is still controversial; 

Fig. 13 – Electrical resistivity tomography (ERT) carried out at Castelnuovo hill toe a) and axonometric view of the 3D nu-
merical model of the hill with the fault identified form ERT survey b) (modified from SILVESTRI and D’ONOFRIO, 2014).
Fig. 13 – Tomografia elettrica (ERT) eseguita alla base del colle di Castelnuovo a) e vista assonometrica del modello 3D del colle con la 
posizione della faglia identificata dall’indagine ERT b) (modificato da SILVESTRI e D’ONOFRIO, 2014).
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Fig. 14 – HVSR from noise measurements carried out with LE3D-5s seismometer in the CAAR (average ± 1 curves); for po-
sitions of measurements see Fig. 5a [PAGLIAROLI et al., 2014b].
Fig. 14 – Rapporti spettrali H/V da misure di rumore ambientale eseguite con sensore LE3D-5s nell’Area Archeologica Centrale di Roma 
(media ± 1); per l’ubicazione delle misure si veda la Fig. 5a [PAGLIAROLI et al, 2014b].
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main issues refer to number of recordings, database, 
amount of scaling, matching criteria with respect to 
reference spectrum, additional ground motion pa-
rameters (duration, Arias intensity,..) to be included 
in the selection. These issues are beyond the scope 
of the paper. A methodology for selecting a set of 
natural accelerograms matching a reference spec-
trum was proposed by PAGLIAROLI and LANZO [2008] 
and recently updated and implemented in the soft-
ware In-Spector by ACUNZO et al. [2014]. Other soft-
ware such as REXEL [IERVOLINO et al., 2009] and AS-
CONA [CORIGLIANO et al., 2012] for the automated 
selection of natural accelerograms are available.

Fivizzano case study

The acceleration response spectrum pre-
scribed by NTC08 for outcropping rock conditions 
and return period of 475 years was assumed as ref-
erence. It should be recalled that NTC08 spectra 
are based on the PSHA study carried out by INGV 
for the whole Italian territory [INGV, 2007]. A set 
of 7 natural accelerograms matching on average 
the reference spectrum were selected by using the 

code SCALCONA 2.0 (SCALing of COmpatible Natu-
ral Accelerograms) developed by University of Pavia 
for the Toscana territory starting from ASCONA 
database and algorithm [ZUCCOLO et al., 2014]. The 
natural accelerograms are reported in figure 11a 
while the average spectrum is compared with the 
reference one in figure 11b. Moreover, an artificial 
acceleration history was generated trough the code 
BELFAGOR [MUCCIARELLI et al., 2004] to be com-
patible with the NTC08 reference spectrum and 
assuming magnitude and distance values from the 
INGV disaggregation study for the Fivizzano area 
(Fig.11). The SM map was built based on 2D nu-
merical analyses performed on 5 cross-sections by 
using the 7 natural accelerograms and considering 
the average amplification factors (see Section 5.5). 
However, for comparison purposes, all the analyses 
were repeated also by assuming the artificial signal. 
The results are shown in figure 12 with reference 
to the longitudinal cross-section A-A’ in terms of 
profiles of the amplifications factors FHa (see defi-
nition at Section 5.4.2) computed in the 0.1-0.5s 
and 0.5-1.0s period ranges for both natural and ar-
tificial input motions. Minor differences can be ob-
served for both period ranges: the pattern of the 

Fig. 15 – VS profiles and seismic bedrock depths assumed in the MVA Formation for 1D parametric site response analyses a) 
and corresponding amplification functions b); the bold line in a) identifies the profile corresponding to the amplification 
function (bold line in b) which better reproduces the resonance frequency f0 identified by HVSR on noise measurements 
[PAGLIAROLI et al., 2014b].
Fig. 15 – Profili di VS e profondità del basamento sismico assunti nelle analisi 1D parametriche a) e corrispondenti funzioni di amplificazione 
b); il profilo in grassetto nella figura a corrisponde alla funzione di amplificazione (linea in grassetto in b) che meglio riproduce la frequenza 
di risonanza f0 stimata mediante HVSR da misure di microtremore [PAGLIAROLI et al, 2014b].
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profiles is quite similar and, with few exceptions 
(see distances 450-600 m), deviations lower than 
10% were computed. Similar conclusions can be 
drawn from the analyses carried out on the other 
cross-sections. As a conclusion, the use of a single 
artificial signal lead to results, in terms of ground 
motion amplification factors, virtually identical to 
the average response obtained by using 7 natural 
accelerograms compatible with the same reference 
spectrum. The use of artificial signals therefore al-
low to save time specially in SM studies where a lot 
of numerical analyses are generally carried out. In 
any case, regardless the application for deriving 
the SM map, the use of a single spectrum-compat-
ible artificial signal may be convenient for prelim-
inary parametric analyses to test the influence of 
several details of the subsoil or numerical model 
(bedrock depth, boundary conditions, mechanical 
properties) on the numerical results. In this case, 
the use of a single natural accelerogram cannot be 
representative as its frequency content could be 
quite different from the reference shape. These 
findings are in agreement with the results of par-
ametric analyses carried for different 1D soil pro-
files out by SANÒ and PUGLIESE [2012].

5.3. Definition of subsoil model

The definition of the subsoil model requires the 
identification of the seismic bedrock (depth and 
morphology) and the characterization of the soil 

layers in terms of geometry and mechanical prop-
erties of the materials, relevant for site response as-
sessment, namely shear/compressional wave velocity 
and nonlinear characteristics.

As the subsoil model should be defined at ur-
ban scale, typical of SM studies, large volumes need 
to be investigated. A critical issue is therefore the 
choice of the type and density of investigations nec-
essary to achieve an appropriate subsoil knowledge. 
Expensive in-hole geophysical tests cannot be used 
extensively and at great depths; they therefore must 
be integrated with cheap non invasive surface tests. 
Regarding the characterization of nonlinear cyclic 
behavior of soils, the large volumes involved made 
impossible to carry out a large number of cyclic/
dynamic laboratory tests. A key aspect is then the 
choice of literature curves of normalized shear stiff-
ness modulus and damping ratio capable to cap-
ture the complexity of cyclic behavior of real soils 
and soft rocks.

5.3.1. IDENTIFICATION OF SEISMIC BEDROCK

Middle Aterno valley case study (Castelnuovo)

The hill of Castelnuovo and the underlying 
plain are mainly constituted by a Pleistocene car-
bonate silt of lacustrine origin; this formation 
rests on a continental breccia, overlying the bed-
rock, consisting of a Miocene carbonate forma-
tion weathered in the upper portion (Fig. 4). The 
borehole carried out at the southern toe of the 

Fig. 16 – Vs profile at Castelnuovo hill as deduced by integrating in situ and laboratory investigations a) and comparison be-
tween numerical amplification function at crest from 3D analyses and HVSR from microtremors b) (modified from SILVESTRI 
and D’ONOFRIO, 2014).
Fig. 16 – Profilo di VS nel sito di Castelnuovo ottenuto integrando indagini in sito e in laboratorio a) e confronto tra funzione di amplificazione 
ottenuta in cresta da analisi numeriche 3D e curve HVSR da microtremori b) (modificato da SILVESTRI e D’ONOFRIO, 2014).
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hill (Fig. 4) did not reach the bedrock although 
drilled up to 50 m depth. The bedrock morphol-
ogy was reconstructed integrating borehole logs 
with the results of a deep electric resistivity tomog-
raphy (ERT) carried out at the foot of the hill (Fig. 
4). The tomography clearly shows the passage to 
the carbonate bedrock, characterized by higher 
resistivity than the overlying silts, at about 150 m 
from the top of the hill (Fig. 13a). The bedrock 
locations was also constrained by noise measure-
ments carried out in the whole area (see Fig. 4 and 
Section 5.3.2). Interestingly enough the ERT al-
lowed also for detecting the presence of a buried 
fault dipping to the south direction. The model 
of the area adopted for site response analyses is 
shown in figure 13b.

CAAR case study

The over-consolidated MVA clays constituting the 
geological bedrock of the CAAR area (Fig. 5) have 
an average shear wave velocity (VS) of about 500 
m/s in the upper tens of meters of the unit, as deter-
mined by in-hole geophysical tests [PAGLIAROLI et al., 
2014a]. This value is smaller than the 800 m/s usual-
ly assumed for seismic bedrock in site response analy-
ses. A noise measurement campaign was undertaken 
to identify the depth of seismic bedrock. Microtrem-
or measurements were performed at 10 sites located 
throughout the study area (Fig. 5) using three-com-
ponent Lennartz velocity transducers (LE3D-5s). De-
tails regarding data acquisition and processing are 
reported in PAGLIAROLI et al. [2014b]. All the meas-

Fig. 17 – Representative VP and VS profiles from CH and DH tests in the CAAR (modified from PAGLIAROLI et al., 2014a).
Fig. 17 – Profili rappresentativi di VP e VS ottenuti da indagini CH e DH nell’Area Archeologica Centrale di Roma (modificata da 
PAGLIAROLI et al., 2014a).
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urements show a clear H/V peak around 0.3-0.35 Hz 
(Fig. 14); moreover, other peaks are present in some 
measurements at higher frequencies (1-8 Hz). It is 
now widely recognized that H/V peaks are related to 
resonance frequencies of soil deposits in the site in 
which noise measurement is carried out. For a simple 

1D layered configuration, the fundamental frequen-
cy of a homogeneous soil deposit resting on a bed-
rock is expressed by the well-known equation f0=VS/
(4H), where VS is the shear wave velocity of soil de-
posit and H its thickness. According to this relation-
ship, the 0.3-0.35 Hz peak suggests the presence of a 

Fig. 18 – Housner amplifications factors FH profiles (in 0.1-0.5s and 0.5-1.0s period ranges) from 2D analyses carried out 
with deterministic and stochastic models on cross-section #2 of Palatine hill (CAAR); the profiles computed from stochas-
tic model are represented in terms of 25th, 50th and 75th percentiles from 20 simulations; a representative VS geostatistical 
simulation in the h unit is also shown (PAGLIAROLI et al., 2015).
Fig. 18 – Profili dei fattori di amplificazione in termini di intensità di Housner FH (nei campi di periodo 0.1-0.5 s e 0-5-1.0s) calcolati 
da analisi 2D eseguite con modello deterministico e stocastico sulla sezione #2 del colle Palatino; i risultati delle analisi stocastiche sono 
rappresentati in termini di 25°, 50° e 75° percentile calcolati sulle 20 simulazioni eseguite; a titolo di esempio è rappresentata una 
distribuzione di VS all’interno dello strato h ottenuta da simulazioni geostatistiche (PAGLIAROLI et al., 2015).
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regional seismic bedrock at several hundred meters 
from surface while higher peaks are probably related 
to shallower stiffness contrasts.

As both deep VS profile and thickness of covers 
H were unknown in this case, 1D parametric linear 
visco-elastic site response analyses were conduct-
ed. Different VS gradients and seismic bedrock 
depths in the MVA Formation were modeled (Fig. 
15a), taking into account the following aspects:
– a very deep borehole located in the Circus Max-

imus (see Fig. 5a) drilled the entire 900 m thick 
MVA Formation, intercepting the passage be-
tween the overlying clayey lithotype and the un-
derlying sandy clayey lithotype at about 560 me-
ters from the surface;

– the VS gradient with depth, determined in deep 
in-hole tests in highly over-consolidated soils, is 
generally small.
The 1D numerical transfer functions between the 

seismic bedrock outcrop and soil surface motions, for 
all VS profiles and seismic bedrock depths examined, 
are shown in figure 15b. The transfer function that 
best matches the fundamental frequency f0 (0.30-0.35 
Hz) is represented with a bold line. The correspond-
ing VS profile in the MVA layer is also shown in figure 
15a as a bold line showing the seismic bedrock location 
at a depth of 500 m from the top of the Formation.

5.3.2. DEFINITION OF VS DISTRIBUTION

Middle Aterno valley case study (Castelnuovo)

A down-hole test carried out at southern toe 
(see Fig. 4) investigated the Vs profile only in the 

first 50 meters of the silt formation constituting 
the Castelnuovo hill (Fig. 16a). The whole profile 
was described by scaling the law of variation of the 
small strain shear stiffness, G0, with the mean effec-
tive stress, p’, measured in resonant column (RC) 
tests. To this aim, the relation G0-p’ by RC tests, was 
first expressed in terms of shear wave velocity VS 
(open squares in Fig. 16a), as a function of depth. 
These data were then fitted with a power function 
(dashed line), and finally scaled to best approach 
(solid line) the Vs values measured by DH test, in 
order to deduce the profile down to the bedrock 
depth.

Finally, the subsoil model of the hill was validat-
ed by comparing the numerical transfer function 
computed at the crest by means of linear 3D analy-
ses with HVSR obtained from the analyses of noise 
recordings (Fig. 16b). The fundamental frequency 
(about 1 Hz) highlighted by HVSR is well repro-
duced by the numerical results, confirming the ef-
fectiveness of the model in terms of both seismic 
bedrock identification and Vs profile in the silts 
[SILVESTRI and D’ONOFRIO, 2014; EVANGELISTA et al., 
2016].

CAAR case study

In the Palatine case study a first aspect con-
cerned the definition of seismic bedrock position 
and Vs profile in the MVA layer. As illustrated be-
fore, this was possible by integrating deep borehole 
log, 1D linear visco-elastic parametric analyses and 
extensive noise measurements survey.

Fig. 19 – VS profiles from 2D seismic arrays; the investigations are reported along the C-C’ cross-section of Fivizzano (modi-
fied from WORKING GROUP FIVIZZANO, 2018).
Fig. 19 – Profili VS ottenuti da array sismici bidimensionali; le indagini sono riportate sulla sezione C-C’ di Fivizzano (modificato da 
WORKING GROUP FIVIZZANO, 2018).
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Another crucial issue was the lateral variation of 
the Vs within a given lithotype. Generally what is done 
in the site response analyses for the SM studies is to 
assume a “deterministic” subsoil model in which the 
VS of each lithotype is obtained from the average of 
all the available geophysical measurements. In some 
cases, a gradient of the VS with the depth is assumed 
while lateral variations in the same lithotype are ne-
glected also because the density of the measurements 
rarely allows to reconstruct such variations.

As said before, a large number of geophysi-
cal investigations were available for CAAR from 
existing and integrative surveys: a total of 31 in-
hole tests (CH, DH and SDMT) with length rang-
ing from 30 m to 60m. Typical P- and S-wave veloc-
ity (VP, VS) profiles are reported in figure 17 show-
ing that no appreciable trend of stiffness with depth 
exists. All geophysical tests confirmed this evidence 
and showed that, in the study area, geophysical pa-
rameters also exhibit a substantial spatial uniform-
ity within the same lithotype. Each lithotype was 
therefore characterized by averaging VS and VP val-
ues throughout the different depth ranges explored. 
For some lithotype more than 100 in-hole measure-
ments of wave velocities were available; the moderate 
values of standard deviation confirmed the uniform-
ity of dynamic properties [PAGLIAROLI et al., 2014a]. 

The only exception to this trend is represented by 
the anthropogenic layer (h) which exhibits a wide 
spatial heterogeneity and a significant stiffness gra-
dient with depth. This variability reflects the compo-
sition of this unit: zones with dominant masonry re-
mains (from masonry fragments to foundations and 
building remains in a silty-clay or pozzolanic matrix) 
and zones with dominant infill (fragments of bricks, 
ceramics and pottery in fine matrix), extremely com-
plex in terms of their geometries, are patchily dis-
tributed in the area. The anthropogenic unit locally 
reach a thickness 20 m, extends laterally for tens of 
meters, and therefore strongly controls the seismic 
response in the moderate-to-high frequency range. 
Despite the large number of investigations, it was not 
possible to identify macro-areas where the anthropo-
genic layer h is characterized by homogeneous com-
position and therefore similar stiffness properties.

In order to investigate the effect of the uncer-
tainty and heterogeneity in dynamic soil properties 
of the anthropogenic unit, S-wave velocity distribu-
tions, compatible with values measured at in-hole pro-
files, were first generated in this unit from twenty 2D 
geostatistical simulations using the SGS (Sequential 
Gaussian Simulation) method [PAGLIAROLI et al., 2014c 
and 2015]. Bi-dimensional site response analyses were 
then carried out using these VS distributions. The re-
sults of these “stochastic” site response analyses were 
compared with those from the deterministic simula-
tions in which an average VS gradient with depth z 
was applied to h unit but no spatial variation was in-
cluded. In both stochastic and deterministic simula-
tions, the pre-anthropic units were characterized with 
the average values of the mechanical properties giv-
en their negligible spatial variation. The comparison 
is shown in figure 18 in terms of Housner Intensity 
amplification factors FH computed in the 0.1-0.5s and 
0.5-1.0 s period ranges at the surface of cross-section 
#2 of Palatine hill. Appreciable difference can be ob-
served only in the 0.1-0.5s period range: FH from sto-
chastic simulations can locally exceed of about 50% 
on average the deterministic amplification factors. 
This increment can reach about 100% if the refer-
ence is made to 75th percentile of stochastic simula-
tions. Waves scattering phenomena due to mechani-
cal heterogeneities in the anthropogenic cover could 
explain the ground motion aggravation with respect 
to deterministic analyses. Longer wavelengths corre-
sponding to 0.5-1.0s period range are not appreciable 
influenced by anthropogenic layer.

Fivizzano case study

Fivizzano lies on a large plateau correspond-
ing to an ancient alluvial terrace overlying different 
rock formations characterized by complex morphol-
ogies. Several boreholes as well as in-hole and seis-

Fig. 20 – Comparison for each lithotype of Central Archae-
ological Area of Rome between average small-strain shear 
modulus G0 measured from in-hole geophysical tests and 
cyclic/dynamic laboratory tests [PAGLIAROLI et al., 2014a].
Fig. 20 – Confronto, per ogni litotipo individuato nell’Area 
Archeologica Centrale di Roma, tra i valori medi del modulo di 
taglio a basse deformazioni G0 misurato da prove geofisiche in foro 
e da prove cicliche/dinamiche di laboratorio [PAGLIAROLI et al., 
2014a].



29

GENNAIO - MARZO 2018

KEY ISSUES IN SEISMIC MICROZONATION STUDIES: LESSONS FROM RECENT EXPERIENCES IN ITALY

mic refraction/reflection tests are available from 
VEL project and 2014 integrative survey (Fig. 7). 
The Macigno Formation was assumed as seismic bed-
rock and therefore the VS profile need to be defined 
at great depths (Fig. 6). Rayleigh wave dispersion 
curves obtained from passive 2D seismic arrays gen-
erally allow to estimate the VS profile at higher depth 
with respect to surface wave active tests (MASW) 
maintaining the advantages of non-invasive meth-
ods. Some 2D arrays were therefore carried out in 
the 2014 integrative survey. Major criticism of surface 
wave methods is that the surface-wave inverse prob-
lem is strongly nonlinear and affected by solution 
non-uniqueness. This leads to interpretation ambi-
guities since several possible VS profiles are solutions 
to the inverse problem [FOTI et al., 2009; GAROFALO et 
al., 2016]. However, the large information available 
from existing data allowed in the case of Fivizzano to 
well constrain the inversion. An example is shown in 
Figure 19 where the best estimates of VS profile up to 
80 m depth from 2 seismic arrays are reported (more 

details in WORKING GROUP FIVIZZANO, 2018). The two 
antennas were performed at the two sides of a bur-
ied morphologic discontinuity (i.e. a nearly vertical 
fault) and the position is reported in the map of Fig-
ure 7. The array A1, at South-East of the fault, identi-
fies several VS steps, first within the terraced alluvial 
deposits (bna), and then in correspondence of argil-
litic rocks of Canetolo Formation (ACC) and calcar-
eous turbidites of the Groppo del Vescovo Forma-
tion (CGV). The array A2, at North-West of the fault, 
shows a more gradual increasing of VS in the alluvial 
soils with a clear stiffness contrast at the top of the 
underlying Ottone Flysch (OTO).

5.3.3. NONLINEAR CHARACTERIZATION

5.3.3.1. Scaling of normalized shear modulus to in situ G0

The nonlinearity of stiffness and damping prop-
erties of soils is generally assessed by cyclic and dy-
namic laboratory tests which generally provide 

Fig. 21 – Normalized shear modulus (G/G0) and damping (D) curves for MVA a) and SFTb3 b) lithotypes of the Central 
Archaeological Area of Rome from cyclic/dynamic laboratory tests and comparison with literature data (modified from PA-
GLIAROLI et al., 2014a).
Fig. 21 – Curve del modulo di taglio normalizzato (G/G0) e del rapporto di smorzamento (D) ricavate sperimentalmente per i litotipi MVA 
a) e SFTba3 b) dell’Area Archeologica Centrale di Roma mediante prove cicliche/dinamiche, a confronto con curve di letteratura (modificata 
da PAGLIAROLI et al., 2014a).
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the variation of normalized secant shear modulus 
(G/G0) and damping (D) with shear strain ampli-
tude. In site response analyses, the laboratory nor-
malized modulus reduction curve is then scaled us-
ing a G/G0 value estimated by in situ geophysical 
tests. This is because geophysical tests have the un-
doubted advantage of measuring the stiffness of the 
soil in the natural state, involving larger volumes, 
without the problems associated with soil sampling 
and consequent disturbance. The implicit assump-
tion is obviously that the G/G0 decay curve is not 
substantially affected by the disturbance, reconsol-
idation and representativeness of the soil samples. 
On the contrary, since material damping ratio can-
not presently be estimated accurately in-situ, the 
“field” damping curve is assumed to be identical to 
the laboratory material damping curve.

CAAR case study

Comparative analyses of G0 values assessed by dif-
ferent laboratory and in-situ test methods show that 
the laboratory estimates are affected not only by dis-
turbance effects; the representativeness of soil samples 
(i.e. the scale effect) sometimes play a major role: the 
“field” stiffness of soils or rocks affected by significant 
discontinuities or heterogeneities cannot be represent-
ed by laboratory specimens of few centimeters [STOKOE 
and SANTAMARINA, 2000]. An interesting contributions 
comes from the geophysical and laboratory tests car-
ried out on the soils an soft rocks of the CAAR [PAGLIA-
ROLI et al., 2014a]. The variation of the small-strain stiff-
ness from in-hole geophysical tests (G0,field) versus the 
laboratory/field stiffness ratio (G0,lab/ G0,field) is pre-
sented in Figure 20 for each lithotype of the CAAR.

Determinations from dynamic tests (i.e. Reso-
nant Column, RC) were separated from those ob-
tained by cyclic tests, i.e. Double Specimen Direct 
Simple Shear (DSDSS) and Cyclic Torsional Shear 
(CTS) tests, in order to take into account the ef-
fect of loading frequency on the dynamic material 
properties. It is well established that very large strain 
rates (i.e. high loading frequency) applied in dy-
namic resonant column tests affect the above men-
tioned parameters, especially the small strain shear 
modulus, which is usually higher than that deter-
mined through cyclic tests. As usually happens for 
soils, the G0,field values are systematically higher than 
those from laboratory tests (G0,lab/ G0,field < 1). Fur-
ther, the underestimation of laboratory values with 
respect to field data is more pronounced for cyclic 
tests (solid symbols) as compared to dynamic RC 
tests (open symbols). The main cause of the ob-
served discrepancies between field and laboratory 
values can be related to the effect of sample distur-
bance. An additional cause is the difference in load-
ing frequency which is typically 10-100 Hz for in si-

tu tests while is in the order of 0.1-1 Hz and >10 Hz 
for cyclic (DSDSS and CTS) and dynamic (RC) lab-
oratory tests, respectively. If only the results from RC 
tests are considered, the underestimation of G0 by 
laboratory increases with soils stiffness. In figure 20 
the comparison between in-situ and laboratory G0 
for three soft pyroclastic rocks (PTI/PPT/VSN1a) 
is also presented. With respect to soils, in general, 
the laboratory values are much closer or even high-
er than those estimated in situ. For PTI tuff the ra-
tio G0,lab/ G0,field is about 0.65 while for PPT tuff the 
DSDSS supplies a G0 only 10% below the in situ one. 
The VSN1a tuff is the only lithotype for which the 
laboratory G0 is higher that the corresponding val-
ue measured through in-hole tests (G0,lab/ G0,field ≈ 
1.4). This behavior is not surprising because, unlike 
the other two lithoid tuffs (PPT and PTI), this lat-
ter formation is characterized by noticeable jointing 
which considerably reduce the in situ stiffness with 
respect to that measured in the laboratory. Further-
more laboratory specimens are selected pieces of the 
highest-quality rock material.

5.3.3.2. Some remarks on the use of nonlinear literature 
curves

Laboratory testing is always strongly recommend-
ed for nonlinear characterization, at least for fine 
grained soils for which undisturbed samples can be 
cheaply retrieved. However, in SM studies the need 
to characterize large volumes of subsoil and several 
lithotypes often forces the use of literature nonlinear 
curves selected on the basis of state and index prop-
erties. However, attention must be paid to soil char-
acterized by peculiar cyclic behavior.

CAAR case study

In figure 21a a “satisfactory” use of literature 
curve for clays is reported: the experimental curves 
obtained for the MVA overconsolidated clays by 
means of DSDSS tests (points) and RC/CTS curves 
(lines) well compare with those proposed by DAREN-
DELI [2001] and VUCETIC and DOBRY [1991] for PI=30, 
close to the average value of MVA plasticity index. 
The experimental data just show a slightly more pro-
nounced decay of the normalized stiffness curve and 
a lower small- to medium-strain damping ratio with 
respect to Vucetic and Dobry curve, as widely report-
ed in the literature, while the agreement with Daren-
deli curves is very satisfactory. On the contrary, the 
comparison shown in figure 21b is largely poor. The 
data refer to DSDSS tests carried out on recent allu-
vial clays (SFTba3) characterized by a PI similar to 
MVA but a significant amount of organic matter (5-
10% by loss on ignition at 450 °C, see PAGLIAROLI et 
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al., 2014a). The tested soils show, in the whole strain 
range, a stronger linearity and a lower damping ra-
tio with respect to inorganic clays of similar plastici-
ty, represented in figure 21b by the DARENDELI [2001] 
and VUCETIC and DOBRY [1991] curves for PI=30. The 
effect of organic matter content on the normalized 
stiffness and damping ratio curves is confirmed by 
other literature data collected in the figure (Grotta-
perfetta organic clays referred to SFTba Formation 
and peats tested by various Authors). A relatively lin-
ear and low dissipative behavior was also exhibited by 
the organic soils tested in the framework of SM stud-
ies in the L’Aquila area [DE MAGISTRIS et al., 2013]. 
The same performance (high linear threshold and 
moderate damping) is also shown by pyroclastic ma-
terials whose behavior is not well captured by “stand-
ard” curves for granular materials [VERRUCCI et al., 
2015].

5.4. Site response analyses

5.4.1. SELECTION OF THE COMPUTER CODE AND METHOD OF 
ANALYSIS

Nowadays a plethora of computer programs to 
perform numerical ground response analyses exists; 
some of the most used in Italy and worldwide are 
summarized in table II with relevant characteristics 
(geometry, method of analysis and domain, constitu-
tive models). Other advanced codes for site response 
and more detailed information can be found in REG-
NIER et al. [2016] reporting the results of a recent in-
ternational benchmark on numerical simulations. 
The geometry scheme for modeling (1D or 2D/3D) 
should be first selected in reason of the complexity 
of bedrock morphology, soil layering and topogra-
phy. Another issue is the selection of the method of 

Fig. 22 – Profiles along cross-section A1 of Petogna village (Middle Aterno valley, L’Aquila) of mean value (solid line) ± 1 
standard deviation (dashed lines) of the amplification factors FPGA a), FH b) and FHa c) (modified from MADIAI and SIMONI, 
2013).
Fig. 22 – Andamento dei fattori di amplificazione FPGA a), FH b) e FHa c) lungo la sezione A1 di Petogna (L’Aquila) in termini di valori 
medi (linea continua) ± 1 standard deviation (linee tratteggiate) (modificata da MADIAI e SIMONI, 2013).
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analysis and the related constitutive relationships for 
soil behavior. Two methods of analysis can essential-
ly be chosen to take into account soil nonlinearity 
(Tab. II): equivalent linear, based on a series of itera-
tive analyses assuming a visco-elastic soil behavior, or 
a true nonlinear approach, this latter involving other 
issues such as the model for the skeleton curve, cri-
teria for loading-unloading-reloading behavior, total 
stress or effective stress analysis approach, pore water 
pressure generation/dissipation models.

In SM studies, the limited data generally avail-
able on cyclic behavior as well as the large number 
of numerical simulations to be carried out generally 
force to adopt the “standard” equivalent linear ap-
proach. This is confirmed by data summarized in ta-
ble III referred to selected SM studies carried out in 
Italy. This collection is certainly not exhaustive but 
still significant of first and second generation SM 

studies performed in Italy over the past 35 years: 
except for rare cases (namely 2 studies) in which a 
nonlinear model was adopted, in almost all cases the 
equivalent linear analysis was selected, generally by 
means of SHAKE or its derivative codes for 1D mod-
eling and QUAD4M that is still the most widely used 
code for 2D analyses. In limited cases a visco-elas-
tic linear approach was used (using codes such BE-
SOIL) in which the non-linearity can be considered 
in a very rough approximate way using equivalent 
parameters evaluated in correspondence of “repre-
sentative” strain levels. Finally, it should be pointed 
out that also when a true nonlinear approach is em-
ployed, very simple constitutive models (such as hys-
teretic damping or hyperbolic MKZ models, table II) 
in terms of total stresses are considered; the effect of 
pore water pressure generation and dissipation on 
seismic response is generally not addressed.

Fig. 23 – Profiles along cross-section A1 of Petogna village (Middle Aterno valley, L’Aquila) of FA a) and FV b) amplification 
factors computed over the 5 input motions (NTC, det1, det2, det3, prob) employed for the SM study (modified from MADIAI 
and SIMONI, 2010).
Fig. 23 – Andamento dei fattori di amplificazione FA a) a FV b) lungo la sezione A1 di Petogna (L’Aquila) calcolati per i 5 accelerogrammi 
di input (NTC, det1, det2, det3, prob) utilizzati per lo studio di MS (modificata da MADIAI e SIMONI, 2010).
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5.4.2. SELECTION OF AMPLIFICATION FACTORS

Once the analyses have been performed, a critical 
issue is how the amplification factors of ground mo-
tion should be computed. In general, amplification 
factors are calculated as the ratio of the value of a giv-
en motion parameter at the soil deposit surface and 
the corresponding value on outcropping bedrock. 
However, different ground motion parameters can be 
employed. In table IV a collection of the most used 
amplification factors is reported together with their 
definition, regional/national guidelines in which they 
are recommended and relevant applications in SM 
studies. Traditionally amplification factors in terms of 
PGA and Housner Intensity (HI) were used in most 
of pilot SM studies (PERGALANI et al., 1999; LO PRESTI et 
al., 2002 among others). HI generally relates better to 
the structural damage with respect to PGA and oth-
er ground motion parameters and is usually comput-
ed in the range of period values including the funda-
mental periods of the structures relevant for the area: 
typically 0.1-0.5s for few-story buildings or longer pe-
riods (0.5-1.0 or 0.5-1.5s) for higher buildings. Hous-
ner Intensity amplifications factors have also been 
used in recent studies (see Table 4) while some Ital-
ian Regions and the Italian Guidelines on SM adopt-
ed different formulations. In particular, the Italian 

guidelines [WORKING GROUP ICMS, 2008] proposed FA 
and FV: FA is determined around the period (TA) at 
which the maximum spectral acceleration is achieved 
while FV is referred to period range including the pe-
riod (TV) at which pseudo-velocity response spectrum 
attains its maximum amplitude (Tab. IV). According 
to the guidelines, the two amplification factors allow 
the reconstruction of an acceleration response spec-
trum characterized by a standard shape similar to that 
prescribed by National Technical Code NTC08. The 
revision of guidelines [WORKING GROUP ICMS, 2011] as 
well as some Region Governments (i.e., Regione Lazio 
and Regione Toscana) proposed the factor FHa, simi-
lar to FH, in which, however, the integral of elastic re-
sponse spectra in pseudo-acceleration instead of pseu-
do-velocity spectra is used.

Middle Aterno valley case study

The profiles of FPGA, FH and FHa amplification 
factors computed along the section 1A of Petogna 
(L’Aquila) by means of 2D QUAD4M analyses are 
reported in figure 22. The profiles are presented in 
terms of mean values ± 1 standard deviation comput-
ed for the five input motions employed for the SM 
study of the Middle Aterno valley [LANZO et al., 2011; 

Geom. Code
Analysis domain 

(numer. scheme)

Analysis 

method
Constitutive model TSA/ESA Reference

1D

SHAKE

FD (CRM)
EL Visco-elastic TSA

SCHNABEL et al. (1972)

SHAKE91 IDRISS AND SUN (1991)

ProSHAKE EDUPRO CIVIL SYSTEM (1998)

EERA BARDET et al. (2000)

STRATA FD (RVT-CRM) * KOTTKE AND RATHJE (2008)

DEEPSOIL
FD (CRM)

HASHASH et al. (2016)
TD (FDM)

NL
Hyperbolic EMKZ + MR/NMR

TSA-ESA
DMOD2000 TD (FEM) MKZ + MR MATASOVIC AND ORDONEZ (2010)

2D

QUAD4

TD (FEM) EL
Visco-elastic

TSA

IDRISS et al., (1973)

QUAD4M HUDSON et al. (1994)

LSR2D www.stacec.it

QUAKE/W TSA-ESA www.geo-slope.com

BESOIL FD (BEM L TSA SANÒ (1996)

2D/3D

FLAC TD (FDM)

NL

Hysteretic +MR/ Elastoplastic

TSA-ESA

www.itascacg.com

PLAXIS

TD (FEM)
Elastoplastic

www.plaxis.nl

ABAQUS www.3ds.com

GEFDyn AUBRY AND MODARESSI (1996)

OpeenSees Hyperbolic/ Elastoplastic http://opensees.berkeley.edu/

Tab. II – Main computer codes for site response analysis.
Tab. II –  Principali codici disponibili per l’analisi della risposta sismica locale.

Legend:

BEM=Boundary Element Method
CRM=Complex Response Method (transfer functions)
EL=Equivalent Linear
EMKZ= Extended Modified Konder-Zelasko Model
ESA=Effective Stress Analysis
FD=Frequency Domain
FDM=Finite Difference Method

FEM= Finite Element Method
L=Linear
MR=Masing Rules
NL=Nonlinear
NMR=Non Masing Rules
RVT=Random Vibration Theory method
TD=Time Domain
TSA=Total Stress Analysis
* allowing randomization of site properties (Monte Carlo method)
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PACE et al., 2011]; FH and FHa profiles are shown for 
two period ranges: 0.1-0.5s and 0.5-1.5s. The subsoil is 
constituted by white silt, alluvial conglomerates and 
recent debris overlying the calcareous bedrock; the 
presence of a major fault system gives rise to a com-
plex horst and graben buried morphology (Fig. 22). 
All the adopted amplifications factors clearly high-
light considerable 2D effects for the whole exten-
sion of the two sediment-filled basins along the sec-
tion with maximum amplification as high as a factor 
of 3; significant variations of the amplification factors 
can be expected close to the valley edges. The FPGA 
profile is heavily dependent on the input motion: a 
high dispersion can be observed along the whole sec-
tion in the plot of figure 22a. On the contrary, the 
FH and FHa integral amplification factors are almost 
independent from the input motion as evidenced by 
the small standard deviation in figure 22b,c. A signif-
icant dependence of the FH and FHa profiles on the 

reference period range is obviously observed as each 
range captures different wavelengths and therefore 
different physical phenomena causing site effects. 
Same considerations were obtained from compari-
sons carried out in other sites of Middle Aterno valley 
(e.g., BARISCIANO, BILOTTA et al., 2011). The amplifica-
tion of ground motion in terms of FA and FV defined 
by 2008 guidelines are reported in figure 23 for the 
same cross-section of Petogna village. On the basis of 
these profiles as well as comparative studies carried 
out on other cross-sections of the Middle Aterno val-
ley [MADIAI and SIMONI, 2010], the following conclu-
sions on the performance of FA and FV can be drawn:
– the two amplification factors, like FPGA, are 

strongly dependent on the input motion applied 
in the analysis; a significant dispersion can be ob-
served in figure 23 especially for FV; this is par-
ticularly true when compared with the profiles of 
other integral parameters like FH and FHa;

Study Code Geom.
Analysis 

method *
Reference

Tarcento QUAD4 2D EL BRAMBATi et al. (1980)

Ancona
SHAKE
QUAD4

1D
2D

EL
EL

VV. AA. (1981)

Napoli SHAKE 1D EL VINALE (1988)

Firenze SHAKE 1D EL VANNUCCHI (1991)

Benevento SHAKE 1D EL MARCELLINI et al. (1995)
Lombardia (41 villages) QUAD4 2D EL Regione Lombardia-CNR 1996

Città di Castello
ProSHAKE
QUAD4M

1D
2D

EL
EL

CRESPELLANi et al. (1997)

Fabriano SHAKE 1D EL
TENTO et al. (2001); CRESPELLANI 
et al. (2001a)

Umbria (60 villages)
SHAKE
QUAD4
BESOIL

1D
2D
2D

EL
EL
L

Pergalani et al. (1999)

Catania Thomson-Haskell method 1D L-EL FACCIOLI and PESSINA (2000)
Nocera Umbra SHAKE 1D EL CRESPELLANI et al. (2001b)

Castelnuovo Garfagnana
ONDA
SHAKE

QUAD4M

1D
1D
2D

NL
EL
EL

LO PRESTI et al. (2002)

San Giuliano di Puglia BESOIL 2D L BARANELLO et al. (2003)
Offida, Cagli, Treia e Serra 
de’ Conti

SHAKE
SPEM-2D

1D
2D

EL
L

MUCCIARELLI E TIBERI (2004)

Senigallia ProSHAKE 1D EL MUCCIARELLI E TIBERI (2007)

Middle Aterno Valley, L’A-
quila (Macroarea 4)

ProSHAKE/EERA
QUAD4M/QUAKE-W

FLAC

1D
2D
2D

EL
EL
NL

WORKING GROUP MS-AQ (2010); 
LANZO et al. (2011)

Barberino di Mugello QUAD4M 2D EL MADIAI et al. (2015)
Central Archaelogical Area 
of Rome

QUAD4M 2D EL PAGLIAROLI et al. (2014c)

Fivizzano QUAD4M 2D EL WORKING GROUP FIVIZZANO (2018)

Tab. III – Site response numerical codes employed in selected level 3 SM studies carried out in Italy.
Tab III – Codici di calcolo per la risposta sismica locale utilizzati in alcuni studi di MS di livello 3 eseguiti in Italia.

* Legend: L=Linear; EL=Equivalent Linear; NL=Non Linear
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Fig. 24 – Results of 2D numerical simulations carried out on 7 representative cross-sections of CAAR in terms of Housner In-
tensity amplification factors FH in 0.1-0.5 s period range [PAGLIAROLI et al, 2014c].
Fig. 24 – Risultati delle simulazioni 2D eseguite su sette sezioni rappresentative dell’Area Archeologica Centrale di Roma elaborati in termini 
di fattori di amplificazione dell’Intensità di Housner FH nell’intervallo di periodi 0.1-0.5s [PAGLIAROLI et al., 2014c].

– FA and FV profiles sometimes show an excessive 
irregular and unstable pattern with respect to 
FH and FHa (see for instance FA in the first ba-
sin at distance 650-1400m and between the two 
basins at 1400-1600 m in figure 23); this happens 
sometimes even if lithostratigraphic and geomet-
ric conditions are fairly regular [MADIAI and SIMO-
NI, 2010].
This behavior derives from the definition of FA 

and FV (see Table 4): the period values TA and TV at 
which pseudo-acceleration and pseudo-velocity spec-
tra attain respectively their maximum values, are 
characterized by pronounced dependence from in-
put motion and, for the same accelerogram, from 
the position along the profile even for quite regu-
lar subsoil conditions [MADIAI and SIMONI, 2010]. The 
variation of TA (or TV) causes the variation of the 

integration interval along the cross-section profile; 
moreover, this interval can be significantly different 
between numerator and denominator of FA (or FV), 
i.e. for output and input ground motion. Definite-
ly, this leads to the fact that the amplification fac-
tors along a profile are associated to different period 
intervals, which makes them not really meaningful 
from a physical point of view.

5.5. From site response analysis to SM map

To date, the 3D analysis is not a feasible ap-
proach in SM for several reasons: i) geological, geo-
physical and geotechnical data are generally insuffi-
cient to build a suitable subsoil model, ii) high skills 
are required to manage 3D codes, iii) a great com-
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putational effort is needed. Regard this last point, 
in order to achieve sustainable computational times, 
the size of 3D elements can be enlarged; however, in 
this way important lithostratigraphic details cannot 
be modeled and, even in complex 3D subsoil condi-
tions, sometimes 2D analyses better reproduce ob-
served seismic response with respect to 3D mode-
ling, at least in the medium-to-high frequency range 
[PUGLIA et al., 2009].

All above considered, site response analyses for 
SM studies are therefore usually 1D and/or 2D as 
shown in table III. If for 3D conditions a microzona-
tion map can “directly” be obtained by interpolating 
amplification factors computed at the surface of the 
3D grid, for 1D/2D modeling a critical issue is how 
to extend the results of these analyses in order to 
build the SM map, i.e. the passage from the scale of 
site response analyses to the urban scale.

CAAR case study

In order to define a level 3 seismic microzona-
tion map of the Palatine hill and surroundings, 2D 

numerical analyses were performed on 7 cross-sec-
tions representative of the geological and morpho-
logical settings of the area: three oriented NW-SE, 
three SW-NE, and one passing through the Coliseum 
(Fig. 24). The equivalent-linear finite element code 
QUAD4M was used; details on the numerical mod-
elling can be found in PAGLIAROLI et al. [2014b,c]. 
Amplification factors in terms of Housner Intensity 
(FH in Tab. IV) have been used. FH was computed 
for three different period ranges (0.1-0.5s, 0.5-1.0s, 
and 1.0-2.0s) in order to take into account the whole 
range of fundamental vibration periods pertaining to 
the archaeological remains and monuments. The re-
sults in terms of amplification factors FH0.1-0.5s com-
puted for all the 7 analyzed cross-sections are shown 
in figure 24 superimposed on the geological map of 
figure 5a: the color changes along the cross-sections 
represent the FH values distribution. Starting from 
the numerical results, a microzonation map in terms 
of FH was produced according to the following meth-
odology (Fig. 25): i) the range of variation of FH val-
ues was subdivided into 5 classes of 0.2 amplitude; 
ii) for each cross-section, the points where the lim-
iting values of FH classes (0.8-1.0-1.2-1.4 and so on) 

Tab. IV – Most important ground motion amplification factors employed in Italian SM studies.
Tab. IV – Principali fattori di amplificazione del moto sismico utilizzati negli studi di MS eseguiti in Italia.

*The letters “i” and “o” in subscript refer to the input and output ground motion parameters respectively
** All elastic spectra are computed for 5% of critical damping
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Fig. 25 – Procedure employed for the construction of the level 3 SM map (0.1-0.5 s period range) of CAAR: FH profile along 
cross-section #2 a) and identification on the trace of FH limiting values 0.8-1.0-1.2-1.4-1.6 b); limiting values on all the 7 cross-
sections and microzonation map obtained by manual contouring of FH isovalues.
Fig. 25 – Procedura utilizzata per la costruzione della mappa di MS di livello 3 dell’Area Archeologica Centrale di Roma: profilo di FH 
alla superficie della sezione #2 a) e identificazione sulla traccia dei valori limite di FH 0.8-1.0-1.2-1.4-1.6 b); valori limite sulle 7 sezioni e 
mappa di microzonazione ottenuta dal tracciamento manuale delle linee isovalore di FH.
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are reached were identified on section traces; iii) 
contours of FH limit values were manually sketched 
taking into account geological and morphological 
features responsible for site effects, i.e., the physi-
cal phenomena controlling site response. The con-
touring procedure was therefore manual and based 
on expert judgment: the FH isovalue lines were con-
strained on the cross-sections along which numeri-
cal analyses were carried out while outside they were 
spatially extended on the basis of buried and surfi-
cial morphology and lithostratigraphic conditions. 
A clear picture of the amplification phenomena re-
sponsible for site effects in the area should therefore 
be drawn with a multidisciplinary approach: typical-
ly a geologist and the numerical modeler (usually a 
geotechnical engineering) should be involved (Fig. 
8). The main phenomena affecting the seismic re-
sponse of the CAAR in 0.1-0.5s period range are de-
picted in figure 26. Higher amplification values (FH 
> 1.4) are concentrated along Labicano and Velabro 
valleys, filled by recent soft clayey alluvial sediments 
(SFTba3), in the areas characterized by higher shape 
ratio (i.e., the ratio between valley maximum thick-
ness and half-width); this amplification can mainly 
be related to 2D valley resonance phenomena. Con-
versely, where the valleys are larger (smaller shape 
ratio), i.e., in the southern portion of Labicano and 

Velabro valleys and in the Murcia valley the 2D ef-
fects are less pronounced and FH < 1.4 essentially 
for 1D resonance phenomena. Significant amplifica-
tion does also occur in the area of the Roman Forum 
and Via dei Fori Imperiali (node E in Fig. 26) due to 
1D resonance effects of the anthropogenic deposit 
h and FTR2 clays overlying FTR1 gravels. Important 
amplification effects are also found along the west-
ern flank of the FTR paleo-valley (node G) proba-
bly for focusing of seismic waves at the valley edge 
and/or interaction between the direct waves and dif-
fracted surface waves. In the Horti Farnesiani (node 
A) and Aula Regia areas (node B), 1D resonance 
effects of the anthropogenic layer h overlying the 
stiffer VSN1a lithoid tuff take place. Finally, slight 
ground motion deamplification can be observed at 
the toe of Palatine, Aventino and Celio hills because 
of topographic effects (probably defocusing effects) 
[PAGLIAROLI et al., 2014b,c].

Fivizzano case study

The spatial extension of isovalue lines of ampli-
fications factors can usefully be supported by infor-
mation derived from noise measurements. In fig-
ure 27 is shown the case of SM study of Fivizzano. 

Tab. V – Differences between seismic local hazard assessment in SM studies and in seismic design according to NTC08 code 
(modified from CRESPELLANI and MARTELLI, 2008; SILVESTRI and D’ONOFRIO, 2014).
Tab. V – Aspetti caratterizzanti la valutazione della pericolosità sismica locale negli studi di MS e nella progettazione secondo le norme 
NTC08 (modificata da CRESPELLANI E MARTELLI, 2008; SILVESTRI e D’ONOFRIO, 2014).

SM NTC08

Aim of the studies Identification and mapping of zones homoge-
neous in terms of local seismic hazard 

Evaluation of the seismic actions for the design or 
seismic improvement/upgrading and for site sta-
bility geotechnical analyses 

Scale Urban, higher than 1:10000 Building/Infrastructure

Implementing 
parties

Regions and local governments Customer, designer 

Professionals and 
Specialists 

Multidisciplinary team: geologists, seismologists, 
structural and geotechnical engineers,  urban 
planners

Designer (usually structural engineer) and con-
sultants

Levels of analysis Level 1: microzones qualitatively homogeneous in 
terms of local seismic hazard
Level 2: quantitative assessment of local seismic 
hazard by simplified methods
Level 3: quantitative assessment by numerical 
analyses

Analysis methods of increasing complexity (empi-
rical methods, simplified dynamic analyses, full 
dynamic analyses) depending on the design pha-
se and the importance of the building/work  

Subsoil investiga-
tions

Large scale investigations, geotechnical and geo-
physical surveys in sites representative of the geo-
logical, morphological and geotechnical condi-
tions

Investigations in the building site for geotechni-
cal static and dynamic analyses; level of investiga-
tions depending of the method adopted for site 
response evaluation and stability analysis 

Deliverables - Seismic microzonation maps
- Investigations maps
- Report

- Report on the investigations;
- Report describing the seismic actions for the dif-
ferent limit states
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Bidimensional numerical analyses were carried out 
with QUAD4M on 5 cross-sections, one longitudinal 
(NE-SW oriented) and 4 transversals, i.e. along NW-
SE direction (Fig. 27a). The SM map (Fig. 27b), in 
terms of FHa amplification factor computed in 0.1-
0.5s period range, was sketched according a proce-
dure similar to that previously illustrated for CAAR; 
however, the identification of physical phenome-
na responsible for site effects was also supported by 
looking at the results of the extensive noise meas-
urements survey carried out in the village. A signif-
icant example is represented in figure 27c-d for the 
soccer field area located in the northern portion of 

Fivizzano (Fig. 27b). Amplification factor FHa val-
ues were computed along the C-C’ cross-section (Fig. 
27c); in the node C3 the numerical linear amplifi-
cation ratio (calculated as ratio between output and 
input acceleration response spectra) can be quali-
tatively compared with H/V ratios from L6 and T6 
noise measurements, carried out close to C3 node, 
showing a satisfactory agreement and a clear ampli-
fication peak around 3 Hz (Fig. 27d). From a physi-
cal point of view this peak can be essentially related 
to 1D resonance of ancient terraced alluvia (bna) on 
the seismic bedrock somewhat enhanced by minor 
2D effects (surface waves propagation) related to to-

Fig. 26 – Level 3 seismic microzonation map of CAAR for 0.1-0.5 s period range with indication of predominant physical 
phenomena driving local seismic response; A = Horti Farnesiani, B = Aula Regia, C = S. Anastasia church, D = San Teodoro 
church, E = via dei Fori Imperiali, F = via Nova, G = Vigna Barberini, H = Circus Massimo, I = piazza Bocca della Verità 
(modified from PAGLIAROLI et al., 2014c).
Fig. 26 – Mappa di microzonazione sismica di livello 3 dell’Area Archeologica Centrale di Roma per il campo di periodi 0.1-0.5s con 
individuazione dei principali fenomeni fisici che controllano la risposta locale; A = Horti Farnesiani, B = Aula Regia, C = S. Anastasia 
church, D = San Teodoro church, E = via dei Fori Imperiali, F = via Nova, G = Vigna Barberini, H = Circus Massimo, I = piazza Bocca 
della Verità (modificata da PAGLIAROLI et al., 2014c).
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pography and buried morphology [WORKING GROUP 
FIVIZZANO, 2018]. The noise measurements T1 and 
T2 carried out in the soccer field, outside from the 
cross-section C-C’, show a H/V ratio comparable to 
L6-T6: the same fundamental frequency is identified 
even if T2 is characterized by higher amplitude (Fig. 
27d). This qualitative agreement between H/V ratios 
at T1-T2 with those measured at L6-T6 and with nu-
merical amplification ratio at C3, coupled with geo-
logical and morphological considerations, definitive-
ly supported the inclusion of soccer field area in the 
same microzone (i.e., same FHa amplitude range) 
identified around C3 node.

6. Applications of SM studies: some remarks on 
their possible use in supporting the seismic de-
sign

Seismic risk (R) in a given area can be defined as 
the symbolic product of three terms: R=H*V*E where 
H (Hazard) defines the expected seismic ground mo-
tion in the area within a given time period, V (Vul-
nerability) is the degree of propensity for damages 
of structures or infrastructures following the event, E 
(Exposure) refers to people, goods (buildings, struc-
tures, infrastructures, cultural heritage, etc.) and ac-
tivities which can be damaged by the event. As the re-

a) b)

c) d)

Fig. 27 – Geological map of Fivizzano with traces of cross-sections employed for numerical analyses a), level 3 SM map in 
terms of FHa amplification factor computed in 0.1-0.5s period range b), detail of the soccer field area with position of C-C’ 
cross-section and noise measurements c) processed in terms of H/V spectral ratio and compared with numerical amplifica-
tion ratio computed in terms of acceleration response spectra d) (modified from WORKING GROUP FIVIZZANO, 2018).
Fig. 27 – Carta geologica di Fivizzano con indicazione delle tracce delle sezioni utilizzate per le modellazioni numeriche a), carta di MS di 
livello 3 in termini di FHa calcolato nell’intervallo di periodi 0.1-0.5s b), dettaglio della zona del campo di calcio con posizione della sezione 
C-C’ e delle misure di microtremore c) elaborate in termini di rapporti spettrali H/V a confronto con la funzione di amplificazione numerica 
calcolata in termini di spettri di risposta in accelerazione d) (modificato da WORKING GROUP FIVIZZANO, 2018).
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duction of H in terms of ground motion is not possi-
ble, it is necessary to modify V and E in order to mit-
igate seismic risk and reduce it below an acceptable 
level. This is can essentially be done: i) at the building 
scale by means of the adoption of up-to-date building 
codes and seismic retrofitting programs, ii) at the ur-
ban scale by means of SM studies and their inclusion in 
urban/territory planning tools2.

After the tragedy of 2002 San Giuliano Earth-
quake (27 children died in the collapse of a prima-
ry school), the Italian Government considered unac-
ceptable the existing gap between scientific knowl-
edge and its transposition into seismic risk mitiga-
tion tools [DOLCE, 2009]. A full range of actions (Fig. 
2) was undertaken including a new seismic classifi-
cation of the Italian territory, a fundamental change 
of the National building code and the drawing up of 
National guidelines for SM studies (Section 3).

The seismic code NTC08 [MINISTERO DELLE IN-
FRASTRUTTURE E DEI TRASPORTI, 2008], apart from the 
radical change in the approach which is perfor-
mance-based rather than prescriptive as in the previ-
ous Italian code [DM 16.1.1996], included very im-
portant novelties. In particular, the role of site effects 
has been explicitly considered to modify seismic ac-
tion on buildings; these modifications can be taken 
into account with specific site response analyses or 
by a simplified approach based on standard spectra 
depending on subsoil and topography categories.

The SM, as defined by guidelines, is essentially a 
tool of basic knowledge in urban and territory plan-
ning: by giving elements on the fundamental vibra-
tion periods of soil deposits in the new residential 
areas, a SM map provides guidance on the design of 
new buildings avoiding phenomena of double res-
onance; by indicating the most critical scenarios it 
enables to locate green areas in the most danger-
ous zones; by detecting hazard hierarchies it helps 
to choose the safest zones for the strategic buildings, 
to set intervention priorities in the existing inhabit-
ed areas; it allows to identify the critical points of in-
frastructures and lifelines [AVERSA and CRESPELLANI, 
2016]. SM is also a valuable support in emergency 
planning and management (e.g, settling of tempo-
rary facilities, organization of emergency road net-
works) as well as in post-earthquake reconstruction.

The two most important tools for seismic risk mit-
igation, namely NTC08 code and SM, operate there-
fore with different objectives; however, the sharing, 
between the two tools, of some aspects such as the 
assessment of local seismic hazard, produced ambi-
guity in the definition of the boundaries between SM 

2 The attention is here focused on seismic risk associated to 
ground motion amplification. Soil improvement techniques 
and stabilization works are available in order to reduce the 
vulnerability of the subsoil to seismic liquefaction and slope 
instability phenomena. 

and NTC08 and on the possible use of SM output in 
the seismic design.

Differences between site response analyses for 
SM studies and seismic design were highlighted by 
CRESPELLANI and MARTELLI [2008] and, more recent-
ly recalled by SILVESTRI and D’ONOFRIO [2014]. A syn-
thetic picture of the comparison is reported in ta-
ble V: the differences mainly concern the aim of the 
study (zonation in seismic perspective of a territo-
ry for SM, evaluation of seismic action and stability 
analyses in NTC08), scale (urban for SM, building/
infrastructure site in NTC08), investigations (over 
large areas and at locations representative of the 
various morphological and lithostratigraphic condi-
tions for MS, at the building scale for NTC08). The 
parties involved in SM and site response evaluation 
according NTC08 are also quite different for both 
implementing subjects and experts responsible for 
the studies.

In the light of these differences, it is evident 
that the two instruments for risk reduction operate 
in quite separate and distinct areas; however, even 
if the SM results cannot be directly used for seismic 
design, the more advanced SM studies (levels 2 and 
3) can be “an important reference for orienting the 
designer on the risks affecting the site of building” 
[CRESPELLANI and MARTELLI 2008]. According to the 
Author, some acceptable uses of SM results in sup-
porting the seismic design are the following:
– Use of database of investigations compiled for 

the SM study. This allows: i) to be more aware in 
planning the investigation survey at the building 
scale, ii) to access large scale investigations, the 
cost of which is generally unsustainable at least 
for ordinary design (e.g., geophysical investiga-
tions for the identification of deep buried mor-
phologies and/or deep seismic bedrock);

– Use of SM maps detailing areas where instabili-
ty phenomena may occur. If the building falls in 
one of these areas, the designer is alerted and he 
should consider additional subsoil investigations 
and quantitative stability analyses depending on 
the design phase and type of instability phenom-
enon (liquefaction, slope instability, cavity col-
lapse, settlements);

– Use of acceleration response spectra comput-
ed in the SM study (if available). These spec-
tra, if properly regularized in code-based spec-
tral shape (a procedure was proposed by WORK-
ING GROUP ICMS, 2008), coul d be a t ool  al l ow-
ing the designer to choose objectively if the seis-
mic action could be evaluated according the 
NTC08 simplified approach (i.e., subsoil catego-
ries) or ad hoc site response numerical analyses 
are necessary. A tentative procedure, in case of 
ordinary buildings, is the following: if the reg-
ularized spectrum by SM exceeds more than 
10%, in the period range of interest, the code 
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simplified spectrum computed for the same re-
turn period (i.e., 475 years for SM studies) and 
corresponding subsoil category, the occurrence 
of important soil amplifications is probable and 
therefore it is highly recommended to perform 
specific site response analyses. A similar strategy 
was proposed by Regione Toscana for ordinary 
buildings following the SM study of Fivizzano 
[WORKING GROUP FIVIZZANO, 2018].
What certainly is not recommended is the direct 

use of the SM spectra for defining the design seismic 
action. This applies to the spectra calculated in lev-
el 3 SM studies via numerical analyses and, to a ma-
jor extent, to spectra determined at the level 2 stud-
ies from amplification factors computed using sim-
plified abacuses (a questionable procedure to derive 
spectra from FA and FV provided by abacuses was 
proposed by WORKING GROUP ICMS 2008). The rea-
sons for that are different and here recalled:

– the accuracy level of the subsoil model used 
in SM is generally poor at the building site; the den-
sity of investigations in the SM is generally low (for 
instance 0.7 boreholes/km2 for L’Aquila and Middle 
Aterno valley SM) and therefore no investigations 
may have interested the building site;

– any SM spectrum is provided only for one 
value of the return period (usually 475 years) that 
does not necessarily match those pertaining to the 
limit states of interest in design process;

– SM spectra are defined at soil surface in 
free-field conditions while according to the code, 
seismic actions should be computed at the founda-
tion level and, more rigorously, should be derived 
from a soil-foundation-structure interaction analysis.

7. Conclusions

The Seismic Microzonation is nowadays a world-
wide accepted tool for the mitigation of seismic risk. 
Despite the large number of SM studies in the litera-
ture and the publication of national and internation-
al guidelines, some open questions still exist in SM 
studies and were addressed in this paper with refer-
ence to three Italian case histories: Middle Aterno 
valley, Central Archaeological Area of Rome (CAAR) 
and Fivizzano.

An advanced SM study is a complex multidisci-
plinary process in which four main interdisciplinary 
steps can be recognized: 1) selection of reference in-
put motions, 2) definition of the subsoil model, 3) 
performing of numerical analyses, 4) identification 
of zones with different geotechnical hazard potential 
and drawing up of the SM map.

Definition of reference input motion. The seis-
mic hazard at rock site conditions, i.e. the input mo-
tion at outcropping seismic bedrock can be defined 

by means of probabilistic (PSHA) and deterministic 
(DSHA) approaches. Even if PSHA is generally pre-
ferred for SM, the execution of site response anal-
yses for deterministic scenarios is also encouraged. 
In this way it is possible to asses if the probabilistic 
map is representative of the behavior during well-de-
fined future earthquake that can struck the site. Re-
gardless of the type of approach used for seismic haz-
ard analysis, the reference input motion for site re-
sponse analysis is generally specified in terms of ac-
celeration time histories: synthetic, artificial or real 
accelerograms can be selected. An extensive appli-
cation of synthetic signals is impossible mainly for 
the high resources required and the great uncertain-
ty affecting their generation. Real accelerograms are 
nowadays emerging as the most attractive option; 
however, the examples of Fivizzano has shown that 
the use of a single artificial signal lead to results, in 
terms of ground motion amplification factors, virtu-
ally identical to those obtained by averaging the re-
sponse to a set of natural accelerograms compatible 
with the same reference spectrum. The use of a sin-
gle signal is suitable for time consuming parametric 
analyses aimed at performing sensitivity tests of nu-
merical model to input parameters.

Definition of subsoil model. This step requires 
the identification of the seismic bedrock and soil lay-
ers (depth and morphology) and the mechanical 
characterization of cyclic behavior of the materials. 
The subsoil model at urban scale, typical of SM stud-
ies, requires the investigation of large volumes. Ex-
pensive in-hole tests cannot therefore be used exten-
sively and at great depths. The case studies here pre-
sented have shown that surface tests like electrical re-
sistivity tomography (ERT) method or single station 
noise measurements are valuable in detecting seismic 
bedrock at great depths (greater than 100 m). Moreo-
ver, the definition of VS profiles at great depths can be 
achieved by: i) linear visco-elastic 1D parametric nu-
merical analyses constrained by noise measurements, 
ii) the extension of the results of laboratory tests car-
ried out at high confining stresses or the extension of 
shallow in situ surveys; iii) the use of 2D passive seis-
mic array measurements.

The high heterogeneity of VS in thick archae-
ological covers and anthropogenic layer of old ur-
ban settlements play a major role in seismic response 
(see CAAR example). The high social and cultural 
value of these areas as well as the high amount of 
subsoil data generally available encourage the use 
of geostatistical simulation to define the VS distribu-
tion. A stochastic approach to site response analyses 
can therefore be followed.

Regarding the characterization of nonlinear cy-
clic behavior of soils, the use of “standard” literature 
curves is crucial because the large volumes of subsoil 
involved in the SM studies. However, attention must 
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be paid to the geomaterials characterized by pecu-
liar cyclic behaviors like pyroclastic and organic soils.

Site response analyses. In SM studies, the limit-
ed data generally available on cyclic behavior as well 
as the large number of numerical simulations to be 
carried out generally force to adopt the “standard” 
equivalent linear approach. Another critical issue is 
the selection of the amplification factors to be used 
in the identification of areas seismically homogene-
ous and drawing up of SM map. The comparative 
analyses carried out by using different factors have 
shown that the use of integral parameters, such as FH 
defined in terms of Housner Intensity or the analo-
gous FHa defined in terms of integral of pseudo-ac-
celeration spectra, is preferable because they are al-
most independent from input motion. They have 
also the advantage to be associated to a prescribed 
range of periods that can be chosen according to the 
predominant vibration period of the buildings exist-
ing or planned in the area under study. On the con-
trary, other integral parameters, such as FA and FV 
proposed by SM Italian guidelines, are unstable with 
input motion and characterized by an unjustified ir-
regular pattern along the profiles of 2D cross-sec-
tions; moreover, they are not really meaningful from 
a physical point of view being associated to variable 
period ranges.

SM studies supporting NTC08 design. As shown 
in the last part of the paper, the Italian building 
code NTC08 and the SM studies operate in quite 
separate and distinct areas. However, the sharing, 
between the two tools, of some aspects such as the 
assessment of seismic local hazard, produced ambi-
guity in the definition of the boundaries between 
SM and NTC08 and on the possible use of SM out-
put in the seismic design. The paper closes with re-
marks regarding some acceptable uses of SM output 
in supporting seismic design that is: i) use of the da-
tabase of investigations compiled for the SM study 
that allows to access to large scale expensive investi-
gations important for detecting deep morphologies, 
ii) use of SM maps detailing areas where instability 
phenomena may occur, alerting the designer on pos-
sible hazards affecting the site, iii) use of response 
spectra computed in the SM study to decide if the 
design seismic action should be evaluated according 
the NTC08 simplified approach (i.e., subsoil catego-
ries) or via ad hoc site response numerical analyses.
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Aspetti critici negli studi di 
Microzonazione Sismica: esperienze da 
casi di studio italiani

Sommario
Il rischio sismico è esprimibile come prodotto simbolico fra 

pericolosità sismica dell’area, vulnerabilità (grado di perdita) degli 
elementi esposti e valore di questi ultimi. Ai fini della mitigazione 
del rischio sismico, mentre sul moto sismico non si può intervenire 
ma solo prevederne entro certi limiti l’entità, è possibile agire 
sulla vulnerabilità degli elementi a rischio. Una delle strategie di 
mitigazione del rischio sismico più efficaci è quella del miglioramento 
degli strumenti di progettazione e di pianificazione, in grado 
di ridurre la vulnerabilità degli elementi esposti. In ottica di 
pianificazione territoriale e urbanistica, gli studi di Microzonazione 
Sismica (MS) rappresentano ormai dei riferimenti imprescindibili, 

specie dopo l’emanazione della legge 24 giugno 2009, n. 77 (art. 
11) a cui hanno fatto seguito varie ordinanze aventi come oggetto 
la disciplina per la distribuzione di risorse alle amministrazioni 
regionali che promuovono studi di MS..

Con MS si indica l’identificazione e la perimetrazione in un 
dato territorio di zone omogenee in relazione alla pericolosità 
sismica locale. Quest’ultima tiene conto degli effetti delle 
condizioni geologiche e geotecniche locali sul moto sismico che 
tipicamente si traducono in possibili amplificazioni, variazioni 
del contenuto in frequenza e in durata del moto simico, sviluppo 
di deformazioni permanenti (frane, liquefazione, addensamenti). 
Nel lavoro l’accento è posto sull’amplificazione del moto sismico 
mentre non sono affrontati i fenomeni che causano deformazioni 
permanenti..

Le attività che caratterizzano uno studio di MS di elevato 
livello di approfondimento sono tipicamente multidisciplinari e 
comprendono studi geologici, sismologici, di ingegneria geotecnica 
e di ingegneria strutturale. Dopo una breve storia della MS in 
Italia e la presentazione delle principali linee guida nazionali ed 
internazionali, con l’ausilio di esempi derivanti da casi di studio 
paradigmatici relativi a centri abitati ed aree archeologiche, sono 
esaminate le criticità nelle varie fasi che costituiscono uno studio 
di MS: 1) determinazione dei moti sismici di riferimento, 2) 
definizione del modello di sottosuolo, 3) esecuzione delle analisi 
di risposta sismica locale e scelta dei fattori di amplificazione per 
la quantificazione delle modifiche del moto sismico, 4) estensione 
areale dei risultati numerici per la definizione delle mappe di 
MS. Tra i casi di studio sono presentati: 1) l’esperienza della MS 
eseguita per la ricostruzione dei comuni della Conca Aquilana 
a seguito del terremoto del 2009, 2) la microzonazione sismica 
dell’Area Archeologica Centrale di Roma comprendente Fori, 
colle Palatino e Colosseo, 3) la microzonazione sismica del centro 
abitato di Fivizzano, oggetto negli ultimi anni di vari progetti 
pilota..

Il lavoro si chiude con alcune considerazioni sulle differenze tra 
la valutazione della pericolosità sismica locale per la progettazione 
secondo le norme tecniche italiane NTC08 e quella necessaria per 
la definizione della mappa di MS. Si presentano infine alcune 
proposte per l’utilizzo dei prodotti degli studi di MS a supporto della 
progettazione..




