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ABSTRACT: The Probabilistic Seismic Hazard Analysis (PSHA) is performed for the west-
ern area of the city Naples (southern Italy) by employing the database of individual seismo-
genic sources (DISS3.2) and parametric catalogue of Italian earthquakes (CPTI15).
Seismogenic models include the individual seismogenic faults responsible for generating major
earthquakes with magnitude greater than 5.5, and the background areal source model to
encounter earthquakes with magnitude less than 5.5. In this context, the long-term earthquake
recurrence on seismogenic tectonic faults as well as the spatial distribution of historical earth-
quakes are considered. Site amplifications are obtained from seismic microzonation maps
derived for the designated area. Hazard maps are derived for a number of return periods for
ground-shaking in terms of peak ground acceleration and 5%-damped pseudo-spectral accel-
eration at a range of periods that are representative of the existing construction within the
area. Comparisons of the results with the code-based design spectra are provided.

1 INTRODUCTION

The reference seismic hazard map for Italy (Mappa di Pericolosità Sismica 2004, MPS04,
Gruppo di Lavoro 2004a) was released by Istituto Nazionale di Geofisica e Vulcanologia
(INGV) following the standard Cornell’s PSHA approach (1968). The input parameters
adopted by INGV for computing MPS04 were the CPTI04 earthquake catalog (Gruppo di
Lavoro 2004b), the seismogenic source model ZS9 (Meletti et al. 2008), and the ground
motion prediction equations (GMPEs) described in Montaldo et al. (2005). MPS04 provides
the seismic hazard maps for Peak Ground Acceleration (PGA) with a probability of excee-
dance of 10% in 50 years. The MPS04 was consequently improved by carrying out the
national research Project S1 (2004–2006, http://esse1.mi.ingv.it/). The project provided maps
associated with different exceedance probabilities in 50 years for PGA, and the pseudo-spec-
tral acceleration (Sa) at the period range of 0.1-2.0 seconds. The recent seismic sequences in
central Italy raised the problem of seismogenic source characterization and seismicity rate esti-
mation for faults that have been silent or unknown during historical times. The Database of
Individual Seismogenic Sources (DISS) has been first developed in 2000 and updated in the
next years (Basili et al. 2008). Nevertheless, the PSHA calculations in Italy (at national level)
have not utilized so far the DISS data (Basili et al. 2008). These calculations are usually based
on vast areal seismic source zones (e.g., Gruppo di Lavoro 2004a). However, the individual
and composite seismogenic areas, recently introduced in the latest version 3.0 of the DISS
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database (Basili et al. 2008) provide an interesting alternative to areal seismic zoning –to be
explored in future Italian National seismic hazard maps.
The only seismic hazard maps available for the city of Naples in southern Italy are those pro-

vided by INGV in terms of MPS04 national hazard maps (not based on seismogenic individual
faults). In this work, a new methodology has been implemented for carrying out site-specific
PSHA for the western area of Naples. The seismogenic source modelling herein is based on a bi-
layer model (Pace et al. 2006) including (a) the individual structures capable of producing major
earthquakes (magnitude greater than 5.5), for which the magnitude recurrence relation and seis-
micity rate are estimated based on the DISS 3.2.0 subset data (DISS Working Group 2015); (b)
background source model (magnitude less than 5.5) characterized based on the latest INGV-
released catalogue of Italian earthquakes (CPTI15; Rovida et al. 2016, with events of magni-
tudes greater than or equal to 4.0 in the time period 1000-2014). The western area of Naples has
a high potential of being affected by site response amplification, since it rests on soft soil of allu-
vial and volcanic origin. Herein, a detailed seismic microzonation has been conducted on the
zone in order to properly evaluate the local soil-site effects. The seismic hazard maps for PGA
and Sa at several periods (consistent with estimated first-mode vibration frequency for the
building classes in this area) are provided (see Ebrahimian et al. 2018). Three most recent Ital-
ian, European and global models are adopted as GMPE’s adopted herein; namely, ITA10
(Bindi et al. 2011), BND14 (Bindi et al. 2014a, b) and BSSA (Boore et al. 2014). Since ITA10
and BND14 use the geometric mean of the two horizontal components of ground motion, we
have modified these two GMPEs in order to account for an arbitrary horizontal component of
ground shaking. The seismic hazard results obtained in this study are compared (in terms of the
uniform hazard spectrum and hazard curves) with the national hazard data provided by INGV
and National Technical Code for seismic design (NTC 2018) for the designated site.

2 GEOLOGICAL CHARACTERISTICS AND MICROZONATION OF THE AREA

Fig. 1 shows the case-study area encompasses the zones of Bagnoli and Fuorigrotta (see the
red-dashed rectangle and the yellow-highlighted area in the sub-figure). The area is an active
volcanic field. Powerful eruptions in the past has led to the creation of geological formations
(see the black and yellow-colored borders in the sub-figure of Fig. 1). The designated area
rests on soft soil of alluvial and volcanic origin that can strongly affect the local seismic
response. The urban fabric in this area consists of masonry and reinforced concrete construc-
tions of different ages ranging from 1919 (and even older) up to 2001 (mainly constructed
1946-1971). Fig. 1 also shows the distribution of the composite seismic sources within and
around the Campania region (Basili et al. 2008) together with few important historical events
(highlighted with asterisks). The geological and geotechnical subsoil model adopted for the
case-study area is described in detail in Licata et al. (2016) and Licata et al. (2019) and dis-
played in Fig. 2a as a synthetic geolithological map (see also Ebrahimian et al. 2018). The

Figure 1. Tectonic and seismological setting of Campania Region; the location of the case-study area,

main faults, and historical earthquakes
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black contour lines represent the topographic elevations. The seismic microzonation was car-
ried out based on 30 measurements of the shear wave velocity (VS) obtained through several
geophysical tests. The locations of VS-measurement tests are highlighted with yellow circles
on Fig. 2a. Accordingly, the average shear wave velocity of the upper 30m, denoted as VS30, is
calculated for each geolithological complex. The seismic soil classification map, shown in
Fig. 2b, is based on NTC (2008) site classes (Forte et al. 2017). The results of geological stui-
dies and microzonation of the area are summerized in Table 1 as follows:

3 SEISMOGENIC SOURCE CHARACTERIZATION

The first step in a PSHA procedure is the characterization of the seismogenic source model(s).
The rectangular area located in southern Apennines, highlighted in Fig. 3a, is adopted herein
as the “background area”. The Italian national seismogenic zones (ZS9, Gruppo di Lavoro
2004a) surrounding the background zone are also shown in Fig. 3a. Fig. 3b zooms in the
background area, and the cyan-colored case-study area (i.e., the western part of the city of
Naples) is shown also in Fig. 3b. The background area is extended from the case-study site
through the northeast around 100 km and in the southeast direction around 160 km.

3.1 Finite-fault source models

The yellow-colored rectangles in Fig. 3b represent the Seismogenic Boxes (denoted herein as
SBox) within the background area. As mentioned before, the SBoxs are the surface projection

Figure 2. (a) Geolithological map of the area, (b) Seismic microzonation map

Table 1. Seismic Microzonation

Geological
Characterization*

Soil
Class**

VS30

(m/s) Description

(1) Pyroclastic soils below

sand dune

C 302 Aeolian sands above pyroclastic deposits made of clayey

silts with peat layers, highly susceptible to liquefaction,

classified as ground type S2 in Fig. 2b

(2) Pyroclastic soils on

unlithified NYT

C 295 Pyroclastic deposits lying on the soil of the NYT eruption.

The depth of the bedrock is not defined.

(3) Pyroclastic and marine

soils with peats on NYT

C 295 Pyroclastic deposits made of clayey silts with peat layers;

the depth of the bedrock is >20m.

(4) Pyroclastic soils on NYT C 295 Pyroclastic deposits made of clayey silts resting on the

bedrock (NYT). The depth of the layer is >20m.

(5) Pyroclastic soils on NYT E 196 Pyroclastic deposits made of clayey silts resting on the

bedrock (NYT). The depth of the layer is <20m..

(6) Pyroclastic soils below

STT

C 295 Pyroclastic deposits below the tuff of STT, characterized

by VS inversions. The class cannot be defined (ND); it is

assumed to be of class C herein.

(7) NYT outcrop A 800 Represents the engineering seismic bedrock of the whole

area

* See the geological characterization map in Fig. 2a;
** See the site classification map in Fig. 2b.
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of individual seismogenic active faults. The name assigned by DISS 3.2.0 (DISS Working
Group 2015) to each SBox is shown right next to the corresponding SBox, together with an
identification (reference) number in the parenthesis. The closest edge of each seismic box to the
ground surface is highlighted with thick gray line. The spatial distribution of historical earth-
quakes based on CPTI15 catalog in the time interval from 1000 to 2014 and with magnitude
greater than 4.0 is also shown in Fig. 3b. For each event with Mw≥5.5 in Fig. 3b, two lines of
information are provided: the first line specifies Mw and the time of occurrence (year) of the
event; the second line identifies the record’s label in CPTI15 catalog and the seismogenic fault to
which it is attributed (if available). A complete description of these SBox’s together with the
historical earthquake(s) assigned to each SBox is summarized in Ebrahimian et al. (2018).
To estimate the distribution of maximum characteristic magnitude on a fault segment, five

different methods are employed herein (see Ebrahimian et al. 2018 for the complete descrip-
tion of each method). The vector of alternative calculated/observed maximum moment magni-
tude estimates (based on five different methods), denoted as Mmax, and the corresponding
dispersions, �Mmax, are considered for characterizing the distribution of the maximum charac-
teristic magnitude. In this context, Mchar denotes the average value of the maximum magni-
tude and σm represents its standard deviation. Thus,

Mchar ¼ Mmax ; �m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s2
Mmax

þ
1

n2
Mmax

XnMmax

i¼1

�2
MmaxðiÞ

v
u
u
t ð1Þ

where Mmax is the average of the vector Mmax, nMmax
=5 is the length of the vector Mmax, sMmax

is
the sample standard deviation of the calculated/observed values in Mmax, and finally �Mmax ið Þ is
the standard deviation reported for each individual component in Mmax. Note that the expres-
sion in Eq. (1) encompasses not only the uncertainty in the estimation of Mmax, but also the
dispersion due to the calculated/observed values in Mmax. Eq. (1) is derived assuming that the
different components of Mmax are uncorrelated. A truncated normal probability density func-
tion with Mchar as mean and σm as the standard deviation can be generated for each SBox. The
normal distribution is truncated at a lower magnitude equal to MSB

l =5.50 in one side and at an
upper magnitude MSB

u lying two standard deviation above the mean value, Mchar+2σm (for the
upper-bound truncation). This truncated PDF, denoted herein as f SBM , can then be expressed as,

f SBM mð Þ ¼ �
m�Mchar

�m

� �

= �
MSB

u �Mchar

�m

� �

� �
MSB

l �Mchar

�m

� �� �

ð2Þ

Figure 3. (a) the background area overlayed with the Italian seismic zonation (ZS9); (b) The 14 seismo-

genic sources within the background area
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where ϕ(·) is the standard Normal PDF, and Φ(·) is the standard Normal cumulative density
function (CDF).
The activity rate can be expressed in terms of mean annual rate of events with magnitude

greater than or equal to MSB
l =5.50 for each SBox. The annual seismicity rate to each seismic

box, denoted as vSB, is assumed herein to be the maximum value obtained by employing three
different methods (see Ebrahimian et al. 2018). The first method uses the geometric and kine-
matic parameters assigned to each SBox based on the conservation of seismic moment; the
second method estimates the mean occurrence time of the characteristic magnitude, Tmean,
assigned to each SBox (Peruzza et al. 2010) using the criterion of segment seismic moment
conservation; finally, a rough estimate for the seismicity rate can be calculated as the number
of events with M4MSB

l divided by the time span.

3.2 Background source model

The magnitude distribution for the background source, denoted as f BGM follows a truncated
Exponential distribution as (see also Jalayer et al. 2011, Ebrahimian et al. 2014):

f BGM mð Þ ¼
�e��m

e��MBG
l � e��MSB

l

ð3Þ

where MBG
l ≤m≤MSB

l =5.50, MBG
l is the lower cut-off magnitude of the background area, β is

the slope of the Gutenberg-Richter (GR) earthquake rate model. The first step toward quanti-
fying f BGM is to have an estimate of MBG

l . The designated lower cut-off magnitude of the back-
ground area MBG

l should be greater than or equal to Mc, i.e., M
BG
l �Mc, where Mc denotes

the completeness magnitude. To find Mc, we have employed two different methods (see Ebra-
himian et al. 2018): direct use of frequency-magnitude distribution plot, and Bayesian updat-
ing approach for calculating the β-value versus various magnitude thresholds (see also
Ebrahimian et al. 2014; Ebrahimian and Jalayer 2017). Accordingly, we set MBG

l =4.60. The
next parameters required are β (for calculating f BGM ) and also the seismicity rate.
To make a sound estimate of the seismicity rate, it is essential to identify a time interval in

which the catalogue is complete, known as the completeness interval. More specifically, the com-
pleteness interval is the time interval in which the magnitude range assigned to the background,
i.e., MBG

l =4.60 ≤ m ≤ MSB
l =5.50, is likely to be completely reported. In this study, we use two

different methods to address this issue (see Ebrahimian et al. 2018): (a) the Visual Cumulative
Method proposed by and Mulargia et al. (1987); and (b) the statistical approach called herein as
Stepp Method and proposed by Stepp (1972). According to both methods, the time interval of
[1900-2014] is considered as the completeness period of the catalog for the desired background
area. As a result, one can estimate the annual rate of events within the background area as
v MBG

l � M � MSB
l

� �
¼
�
vBG = 0.37. To find the GR seismicity slope β, the Bayesian updating

approach described previously is used which gives the maximum likelihood (mode) of the pos-
terior distribution of β at 2.83. This value is used for estimating f BGM in Eq. (3).

3.3 The ground motion prediction models

A GMPE represents the probability distribution for a given ground shaking parameter at a desig-
nated site as a function of source/site characteristics such as magnitude, source-to-site distance,
style of faulting, and soil-site conditions. The GMPEs selected for this study are as follows: (a)
ITA10 (Bindi et al. 2011) derived based on the improved seismic Italian archive (ITACA; http://
itaca.mi.ingv.it), with site classification based on national code (NTC 2018); (b) BND14 (Bindi
et al. 2014a, b) derived from the reference database for seismic ground-motion prediction in
Europe with site classification based on NTC as well as VS30 (i.e., measured average shear-wave
velocity of the uppermost 30 m of the soil layer); (c) and BSSA (Boore et al. 2014) derived from
the PEER NGA-West2 database and site classification based on VS30 (see also Ebrahimian et al.
2019). While ITA10 and BND14 use geometric mean of the two horizontal components of
ground motion., BSSA employs the single-component horizontal ground-motion. Integrating seis-
mic hazard calculated based on the GMPE with geometric mean of the two horizontal
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components of ground-motion, and structural analysis based on single-component horizontal
ground-motion, leads to inaccurate and unconservative estimates of the seismic risk. To overcome
this inconsistency in GMPEs, the ITA10 and BND14 are modified herein in order to account also
for the arbitrary component of ground shaking (see Ebrahimian et al. 2019 for more details).

4 PROBABILISTIC SEISMIC HAZARD ASSESSMENT

Probabilistic seismic hazard analysis (PSHA) is the most appropriate approach for consider-
ing various sources of uncertainty to be explicitly considered for the evaluation of seismic
hazard. The annual rate of exceeding a specified level of ground-motion intensity measure,
IM, equal to x is denoted as lðIM4xÞ. The rate l IM4xð Þ can be expressed as the sum of the
exceedance rates for all seismic sources including: (a) finite-fault sources (a.k.a. SBox’s and
denoted as SBi, where i=1,···,nSB=14, see Fig. 3b); (b) areal source (i.e., background, denoted
as BG). Thus, the rate l IM4xð Þ can be calculated as follows:

l IM4xð Þ ¼
Xn SB

i¼1

lSBi
IM4xð Þ þ lBG IM4xð Þ ð4Þ

By employing the concept of filtered Poisson, one can express Eq. (4) as:

l IM4xð Þ ¼
XnSB

i¼1

lSBi
M4MSB

l

� �

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

�SBi

� P IM4xjEQSBi
ð Þ þ lBG MSB

l � M � MBG
l

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

�BG

�P IM4xjEQBGð Þ ð5Þ

The terms P IM4xjEQSBi

� �
and P IM4xjEQBGð Þ denote the probability of IM4x given

that an EQ of interest takes place in SBi and BG, respectively. These exceedance probabilities
are described by a lognormal distribution whose statistical parameters (logarithmic mean and
standard deviation) are provided by a prescribed GMPE taking into account the joint probabil-
ity distribution for the model parameters θ, denoted as f(θ). By using total probability theorem,
and assuming that Ωθ is the domain of the model parameters θ, Eq. (5) can be re-written as:

l IM4xð Þ ¼
Xn SB

i¼1

�SBi

ð

� qSBi

P IM4xjEQSBi
; qSBi

ð Þf qSBi
ð ÞdqSBi

þ �BG
ð

� qBG

P IM4xjEQBG; qBGð Þf qBGð ÞdqBG ð6Þ

The model parameters θSB and θBG for finite fault sources and the background area are
described in details in Ebrahimian et al. (2018).

Figure 4. Seismic Hazard maps for PGA for the return periods of [30, 50, 475, 975] years
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4.1 The seismic hazard analysis maps

The site-specific seismic hazard maps are extracted from the seismic hazard curves calculated
for a grid of sites covering the studied area. Herein, we demonstrate the seismic hazard maps
calculated for PGA corresponding to four hazard levels with TR (inverse of mean annual rate
of exceedance) of [30, 50, 475, 975] years in Fig. 4 (for more IMs, see Ebrahimian et al. 2018).
The PSHA estimates in terms of Uniform Hazard Spectrum (UHS, a by-product of site-spe-

cific PSHA that expresses Sa values for a range of periods given a uniform hazard level) are
compared with the national hazard map data (http://esse1.mi.ingv.it/) released by INGV as
well as the code-based response spectra (NTC 2018). The UHS estimated by this study are
shown for one hazard level in Fig. 5 together with the INGV-based spectra (for the nearest
grid point) and the code-based spectra (NTC 2018). It is to note that the INGV spectra are
derived for stiff-soil condition (i.e., soil type A) and they should be later modified for site amp-
lification effects.
The UHS is also a by-product of the PSHA that is useful especially in the seismic

probabilistic assessment of building structures (Ebrahimian et al. 2014, Jalayer and Cor-
nell 2009, Jalayer et al. 2017). To this end, the PSHA curves constructed by this study
for a reference points are compared with the INGV hazard curves (http://esse1.mi.ingv.
it/) in Fig. 6.

5 SUMMARY AND CONCLUSIONS

A Probabilistic seismic hazard analysis (PSHA) is performed for the western area of the city
Naples (southern Italy) based on a bi-layer model of seismogenic tectonic faults, together
with the background spatial model. The site amplification is seen through a detailed seismic
microzonation study derived for the area. PSHA maps are presented for a number of return
periods (corresponding to prescribed probability of exceedance in 50 years) for peak ground
acceleration (PGA). By comparing the seismic hazard results obtained in this study with the
national hazard maps provided by INGV and the national Italian code (NTC 2018), the fol-
lowing observations are made: (1) The seismic intensities suggested by INGV for T>0.5sec
are underestimated for medium-to-soft soil sites compared to the study performed herein.
(2) The UHS for T<0.50 sec is considerably underestimated both by INGV and national

Figure 5. Comparison of the UHS of this study with the INGV-based and code-based spectra

Figure 6. Comparison of the PSHA curves estimated by this study with the INGV curves
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code for soft soil type E. (3) For soft soil sites (soil types C and E), INGV-based hazard
curves underestimate the annual exceedance frequencies for PGA compared to our study. (4)
More attention needs to be focused on the consideration of local amplification on soft soil
(especially soil type E).
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