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Campi Flegrei (Italy) is among the areas with the greatest volcanic explosive risk in
the world due to the dangerousness of the expected hazards, the high exposed
value (about 500,000 people will be evacuated during the “alarm phase”), and the
vulnerability of the urban settlements under the effect of the volcanic phenomena.
The last two dramatic bradyseism phases occurred in 1969–1972 and
1982–1984 when Pozzuoli town was affected by rapid ground inflation, which
brought an overall higher level of about 3.5 m and caused numerous earthquakes
(M ≤ 4.2), with severe damage to buildings. During 1984, the seismicity was
intense, with 33 events with 0.5 < M ≤ 3 and six with 3 < M ≤ 3.8.
Subsequently, the Campi Flegrei caldera was characterized by general
subsidence for about 20 years until 2005, when a new inflation period started
and is still ongoing (~1 m). The areal distribution of the recent uplift is characterized
by the maximum vertical displacement in the town of Pozzuoli, with a radial
decrease from the caldera center outwards. The need to better understand Campi
Flegrei volcanic activity is fundamental to protecting the population from hazards
linked to explosive volcanic eruptions and understanding the role of seismicity as a
possible precursor of a potential eruption. In this perspective, as part of the
activities of the PLINIVS Study Centre (Centre of Competence of Italian Civil
Protection Department for Volcanic Risk), the authors developed a procedure,
implemented in a web application, that relates the monitoring of the ground
deformation with the behavior of buildings to evaluate the level of progressive
damage to the ordinary Phlegraean buildings due to bradyseism in near real time.
This study describes the models adopted for the three impact/risk factors (hazard,
exposure, and vulnerability) used to estimate building damage.
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1 Introduction

Campi Flegrei is a large and potentially very explosive volcanic area (Jenkins et al., 2015;
Marzocchi et al., 2015; Aucelli et al., 2017; Vitale et al., 2019; Cannatelli et al., 2020) made by
a caldera collapse structure (Orsi et al., 1996; Di Vito et al., 1999; Deino et al., 2004), with the
concrete possibility of high-impact eruptions (Horwell et al., 2015). It is characterized by a
volcanic phenomenon called “bradyseism” (from the Greek bradus, which means slow, and
sism, which means movement), which is a short-term ground deformation (Orsi et al., 1999)
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determining a slow ground uplift and subsidence according to a bell-
shaped geometry. The derived deformation is made by vertical and
horizontal displacements. Earthquakes manifest themselves mainly
as seismic swarms, always following the deformation produced by
the uplift (Tramelli et al., 2006; Giudicepietro et al., 2021; Lima et al.,
2021). The Campi Flegrei area suffered two bradyseismic crises in
recent times, the first between 1969 and 1972, the second between
1982 and 1984, with critical seismic activity and abnormal ground
inflation, reaching a total uplift of 3.56 m (177 cm during the first
crisis, 179 during the second) (Del Gaudio et al., 2010).

The knowledge of the bradyseismic phenomenon in the Campi
Flegrei area and its impact on the built stock is important for the
(very dense) population safety. Extensive literature deals with the
analytic study of the effects of soil motion on building behavior,
especially for masonry structures, from a kinematic (Iannuzzo et al.,
2018; Iannuzzo et al., 2021; Liguori et al., 2022; Maia Avelino et al.,
2022; Perelli et al., 2023a) and static (Cusano et al., 2021; Montanino
et al., 2022) standpoint.

The PLINIVS Study Centre developed for the Italian Civil
Protection is a procedure that relates the monitoring of soil
motion to building behavior to evaluate the level of ordinary
Phlegraean building progressive damage due to bradyseism in
near real time. The tool has been automated in a web application
available at the Civil Protection Department, which returns, for
each square area with a side of 250 m (minimum unit of analysis),
the number of buildings with an assigned damage level (from D0,
no damage, to D5, total collapse), depending on soil slope and
uplift inputs. Some similar web applications can be found in the
literature with respect to seismic events (Işık et al., 2018; Işık
et al., 2021; Columbro et al., 2022; Nanda et al., 2022; Zhang et al.,
2022).

The procedure provides scenario analyses based on hazard,
exposure, and vulnerability. The hazard is provided in terms of
slope and uplift through a periodic automatic transfer in the web
application, where two different monitored pieces of information
are acquired: the CNR-IREA interferometric data and the INGV-
OV geodetic network data. The exposure is assessed through the
distribution on the territory of the typological–structural
characteristics of the buildings. It is estimated by statistical
procedures based on information obtained through detailed
data collection campaigns on the territory, including about
2,000 buildings in Pozzuoli town, and data on buildings
provided by the National Census Building Database (ISTAT,
2001). The vulnerability of the building stock is developed on an
empirical basis from the analysis of the damage to the Puteolan
building stock following the 1982–1984 bradyseismic crisis,
recorded in special survey forms called POZZUOLI, provided
by the Municipality of Pozzuoli, integrated by Perelli et al. (2019)
for the not surveyed buildings. Fragility curves have been
assessed depending on soil slope and uplift for three
bradyseismic vulnerability classes (A, B, and C for decreasing
vulnerability), in which the buildings are grouped according to
their typological–structural characteristics. Based on the SAVE
method (Zuccaro and Cacace, 2015), an empirical model has
been constructed using data collected by the POZZUOLI form
capable of assigning a bradyseismic fragility class to a building
based on its typological characteristics (bradyseismic SAVE).
According to the BINC procedure (Cacace et al., 2018),

statistical correlations were determined between bradyseismic
fragility classes and the year of building construction. A possible
distribution of building fragility over the analyzed territory was
determined using the ISTAT 2011 database (ISTAT, 2001), which
provides the number of buildings by the age of construction over
census areas.

2 The event of 1982–1984: building
damage dataset

2.1 Building safety check: POZZUOLI form

During the bradyseismic crisis in 1982–1984, the Secretary of
State Minister for Coordination of Civil Protection promoted and
coordinated a census of the constructions aimed at deepening the
knowledge of the static conditions of the buildings in Pozzuoli and
assessing a structural safety check for each of them. For this purpose,
an ad hoc form, called the POZZUOLI form, was developed (Figures
1, 2) by a Technical Scientific Committee (TSC) on the basis of the
form tested for the 1980 Irpinia earthquake.

The form defines the state of the construction and collects data
useful to the structural safety judgment. The data are grouped into
two pages of the form (Figures 1, 2), and they are divided into ten
sections: date, building location, metric data, intended use, structural
characteristics, previous interventions, damage, vulnerability,
structural suitability, and comments.

Page 1 of the POZZUOLI form (Figure 1) comprises six
sections. Section 1 contains information on the date of the
survey activity, the team identifier, and the order number of
the structural unit under examination (isolated or in structural
aggregate). Section 2 collects data on the location (address) and
context (old town, urban area, and rural area) of the building.
Section 3 collects metric data of the building, such as surface,
height, volume, number of floors above ground level, number of
underground floors, presence of attic, and the possible presence
of fronts common to other buildings. Section 4 relates to the
intended use of the building (residential or productive) and the
possible annexed structures. Section 5 collects the structural
characteristics of the building, including age and construction
techniques for vertical and horizontal structures and the roof.
Section 6 contains information on possible previous structural
interventions.

Page 2 of the POZZUOLI form (Figure 2) comprises four
sections. Section 7 contains an assessment of damage on vertical
structures, floors, roofs, external infill panels, partitions, and stairs,
according to eight levels of judgment: no damage, irrelevant, slight,
notable, severe, very severe, partially collapsed, and collapsed.
Section 8 presents information on vulnerability factors, divided
by masonry and reinforced concrete typologies and the
assessment of a vulnerability index. Section 9 presents the
structural safety check of the building through suitability expert
judgment. Section 10 contains a note space for observations.

A total of 3,695 buildings were examined using the POZZUOLI
form (Figure 3), including 2,726 masonry buildings and
969 reinforced concrete buildings. The aggregates were 361, and
the interconnected (in aggregates) structural units were
1,144 globally.
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2.2 Analyses of correlations between the
building characteristics and the damage

Based on the SAVE approach (Zuccaro and Cacace, 2015)
developed in the seismic field, the data collected following the
1982–1984 events have been analyzed to calibrate a statistical
procedure that can understand the behavior of buildings in the
case of bradyseism phenomena. In particular, the correlations
between data on building features and damage have been
determined.

For each building, there are four typological–structural
characteristics deduced using the POZZUOLI form: the vertical
typology (stone masonry, tuff, brick masonry, reinforced concrete,

and mixed structure); the horizontal typology (vault, timber floor,
steel floor, and reinforced concrete); the number of floors (1–12, but
grouped in 1–2, 3–4, 5–6, and 7+); and the age of the construction
(before 1900, 1901–1943, 1944–1962, 1963–1971, and after 1971).
The type of roof is not considered because the information is not
always clearly defined for the available sample.

The damage collected in the POZZUOLI form is expressed on a
scale of eight levels. In this work, damage information has been
defined according to the European Macroseismic Scale-98
(Grünthal, 1998) scale, which is structured on six grades
representing the overall damage of the structure: D5, total
collapse; D4, partial collapse; D3, severe structural damage; D2,
light structural damage; D1, light nonstructural damage; and D0, no

FIGURE 1
Pozzuoli form, page 1.
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damage. The correlation between the two damage scales was set
based on the damage indicated on the vertical structure, horizontal
structures, and interior infill panels of the POZZUOLI form because
these are the most filled data in the database. The correspondence
has been set as follows: D5: the damage of the vertical and horizontal
structures is marked as “collapsed”; D4: at least one damage scale of
the vertical structure or that of the horizontal structures is marked as
“partially collapsed” or “very severe” and the other is marked as
other than “collapsed”; D3: at least one damage scale of the vertical
structure and that of the horizontal structures is marked as “severe”
or “notable,” and the other is other than “collapsed” or “partially
collapsed”; D2: at least one between the damage of the vertical
structure and that of the horizontal structure is marked as “slight,”
and the other is other than “collapsed,” “partially collapsed,” “very
severe,” “severe,” or “notable”; D1: at least one between the damage
of the vertical structure and the damage of the horizontal structures
is marked as “irrelevant” or both the damage of the vertical structure
and the damage of the horizontal structures are crossed out as “no
damage” and the damage of the interior infill panels is other than
“no damage”; and D0: damage of vertical and horizontal structures
and interior infill panels is marked as “no damage.”

According to the SAVE approach, on the basis of the
correlations among typological–structural characteristics of the
building and occurred damage, it is possible to assess a
parameter that allows to identify buildings with similar behaviors
(similar damage) in regard to the bradyseismic phenomenon and
group them into specific classes (called “vulnerability classes”).
Accordingly, it is necessary to calculate the barycentric abscissa
of the damage level i, called the Synthetic Parameter of Damage
(SPDPj) relative to each category j (described in the following) of
each typological feature P (vertical structure, horizontal structure,
number of floors, and age), through the relation (Eq. 1). Table 1
summarizes the obtained results.

In particular,

SPDPj �
∑5

i�0i ·NPji

NPj

(1)

where SPDPj is the Synthetic Parameter of Damage relative category
j of feature P, included in the range [0, 5]; i is the level of damage (0,
1, 2, 3, 4, and 5); P is the building feature (V, vertical structure; H,
horizontal structure; F, number of floors; and A, age); j is the
category of each feature P (e.g., in the case of vertical structure, j is
stone masonry, tuff, brick masonry, reinforced concrete, mixed
structure); NPji is the number of buildings with feature P of
category j and level of damage i; and NPj is the number of
buildings with feature P of category j.

By assuming the “vertical structure” V as a reference parameter,
the relative influence of the other features P (horizontal structure,
number of floors, and age of construction) on it is calculated as
follows:

ΔVjPk
� SPDPk

− SPDVj, (2)

where ΔVjPk is the relative influence parameter of category k of
feature P on the category j of the vertical structure feature V; SPDVj

is the Synthetic Parameter of Damage relative to the category j of the
vertical structure feature V; and SPDPk is the Synthetic Parameter of
Damage relative to category k of feature P (horizontal structure,
number of floors, and age of construction) assessed on a smaller
sample of buildings with category j of feature V.

Tables 2, 3, 4 summarize the scores calculated with reference to
the parameters’ horizontal structure, number of floors, and age,
respectively. For each building, it is possible to evaluate a synthetic
damage parameter that considers the contribution of vertical
structure damage and the relative influence of the other features
as follows:

SPD � SPDVj +
∑PΔVjPk ·∑QcPkQl

2 m − 1( ) (3)

where SPD is the Synthetic Parameter of Damage to the building,
included in the range [0, 5]; cPkQl is the non-correlation coefficient
between categories k and l of features P and Q, respectively, assessed
by relation (Eq. 4); andm is the number of correlated parameters for
the building (≤3):

cPkQl
� 1 − NPkQl

NPk

(4)

where NPkQl is the number of buildings with category k for
feature P and category l for feature Q and NPk is the number of

FIGURE 2
Pozzuoli form, page 2.
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buildings with category k for feature P. The non-correlation
coefficients calculated by the POZZUOLI form on the sample of
buildings are summarized in Table 5.

Buildings can be classified according to three vulnerability
classes (A, B, and C) based on the following SPD ranges,
computed assuming the vertical structures SPD (Table 1) as a
reference: SPD ≥ 2.47 Class A, 1.87 ≤ SPD < 2.47 Class B, and
SPD < 1.87 Class C.

2.3 Empirical fragility curves

Fragility curves represent the probability that a fixed level of
damage can be achieved or exceeded. The vulnerability curves can be

estimated through analytical, empirical, or hybrid methods (Calvi
et al., 2006). The first one studies building vulnerability through
mechanical analyses that can describe the damage evolution of a
building with the assigned typological and structural characteristics,
increasing the hazard input value. The second one defines building
behavior by exploiting detected data about structures affected by
seismic events since statistical correlation and regression methods to
evaluate the relation among typological characteristics of the
buildings, hazard input, and level of damage. The third one
combines mechanical and observational analyses of the damage
produced by past events. Some recent works (Harrichian, 2021;
Nanda et al., 2022) also exploited rapid visual screening through soft
computing techniques to define the vulnerability class of the
buildings.

FIGURE 3
Map of the buildings surveyed using the Pozzuoli form.

TABLE 1 Synthetic Parameter of Damage (SPD) for each category of the typological–structural characteristics.

Vertical structure SPDV Buildings (n°) Horizontal structure SPDH Buildings (n°)

Reinforced concrete 1.29 791 R.C. floor 1.63 1,709

Brick masonry 1.85 26 Steel floor 2.53 898

Stone masonry 2.87 45 Timber floor 3.30 252

Tuff 2.47 1,841 Vault 3.09 128

Mixed structure 1.91 321

Age of construction SPDH Buildings (n°) Floors SPDF Buildings (n°)

Before 1900 3.08 301 1–2 2.07 1,547

1901–1943 2.73 407 3–4 2.18 1,312

1944–1962 2.03 777 5–6 1.94 171

1963–1971 1.60 697 7+ 1.38 13

After 1971 1.33 475
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In this work, empirical fragility curves of ordinary buildings
are proposed based on the damage that occurred during the
1982–1984 crisis. The movements that occurred in the
1982–1984 crisis have been studied to analyze the correlation
among the vulnerability classes (i.e., the structural–typological
features of the buildings), the reached damage, and the
bradyseism hazard. The data were furnished by the INGV
geodetic network recording the vertical ground movements
related to the strongholds distributed throughout the Campi
Flegrei territory (Del Gaudio et al., 2010). Bradyseism is a
phenomenon that consists of a periodic lowering or raising of
the ground level. The hazard caused by the phenomenon can,
therefore, be identified in the average variation in height that
concerns an area (uplift) or in the lifting differences created
between the structural elements of the buildings (slope). In
order to evaluate a correlation between the damage to the
buildings and the uplift caused by bradyseism, the maximum
vertical movements (m) that occurred up to June 1984 were
deduced from the provided geodetic data. A continuous
distribution of the phenomenon has been evaluated through
interpolation by the b-spline function (Figure 4). This enabled
the evaluation of the uplift and slope relative to the center of
gravity of each building plan surveyed using the POZZUOLI form.

The correlation between the vulnerability classes, damage,
and hazard parameters (uplift and slope) provided by INGV has

been determined. The results related to total buildings are shown
in Table 6. They show a clear underestimation of the damage level
D0. Experience testifies that vulnerability models built on an
observational basis are often affected by an underestimation of
low damage levels caused by the failure to survey undamaged
buildings, although affected by the studied phenomenon (Perelli
et al., 2019). A confirmation of the lack of such data is shown in
Figure 5, which depicts both the strongholds of the INGV
stations, where the uplift data related to the
1982–1984 bradyseismic event are recorded, and the buildings
surveyed using the POZZUOLI form. In particular, the
strongholds are represented by two concentric circles whose
red intensity increases as the uplift increases, whereas the
damaged buildings are represented by squares whose orange
intensity increases as their level of damage increases.
Therefore, it is evident that the survey activity mainly focused
on the most damaged buildings, also distributed around the
strongholds that reached the greatest displacements.

For an accurate definition of the vulnerability model, it is
necessary to define a criterion for the recovery of missing data to
create a tool able to describe the complete damage evolution of
building types for each considered hazard phase. This requires
integrating undamaged buildings of the 1982–1984 stock,
distributed by vulnerability class and hazard level of the
1982–1984 event. Therefore, the procedure described in

TABLE 2 Influence of the horizontal structures on the vertical typologies.

Vertical structure Horizontal structure Buildings (n°) SPDV SPDH ΔVjHk

Reinforced concrete R.C. floor 780 1.29 1.29 0.00

Reinforced concrete Steel floor — 1.29 — —

Reinforced concrete Timber floor — 1.29 — —

Reinforced concrete Vault — 1.29 — —

Brick masonry R.C. floor 8 1.85 1.75 −0.10

Brick masonry Steel floor 16 1.85 1.81 −0.03

Brick masonry Timber floor 2 1.85 2.50 0.65

Brick masonry Vault — 1.85 0.00 −1.85

Stone masonry R.C. floor — 2.87 — —

Stone masonry Steel floor 17 2.87 2.53 −0.34

Stone masonry Timber floor 17 2.87 3.18 0.31

Stone masonry Vault 8 2.87 3.00 0.13

Tuff R.C. floor 657 2.47 1.96 −0.51

Tuff Steel floor 811 2.47 2.56 0.08

Tuff Timber floor 230 2.47 3.34 0.86

Tuff Vault 117 2.47 3.11 0.63

Mixed structure R.C. floor 264 1.91 1.81 −0.10

Mixed structure Steel floor 46 1.91 2.39 0.48

Mixed structure Timber floor 2 1.91 2.00 0.09

Mixed structure Vault 3 1.91 2.67 0.76
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Section 2.2, based on census data on buildings constructed before
1980, has been adopted.

Summing the number of buildings grouped for vulnerability
class and hazard value, the total number of buildings associated
with each of these values is obtained (Table 7). The number of
undamaged buildings has been determined (D0 value in Table 8)
by subtracting the number of damaged buildings from the total
number of buildings for each vulnerability class and each hazard
value. The pair of logarithmic mean and logarithmic standard
deviation parameters that best fit the trend of representative
points of cumulative damage rates for each class and each hazard
parameter have been evaluated using the least squares method
(Figure 6 for slope and Figure 7 for uplift).

3 Impact model

3.1 Scenario analyses

A procedure based on scenario analysis has been developed to
evaluate in near real time the damage induced to buildings by
uplifts or slopes caused by the bradyseismic phenomenon in the
Phlegraean area based on previous studies on seismic impact
analyses (Zuccaro et al., 2021a; Zuccaro et al., 2021b; Perelli et al.,
2023b). The scenario to achieve an assigned damage level “l”

under the effect of an assigned uplift (or slope) is determined as
follows:

scenariol,i � ∫
m
qm Hi( ) · Vl,i,m( )[ ] (5)

whereHi is the intensity value of the bradyseismic hazard (uplift
or slope) registered by networks in the Campi Flegrei area; Vl,i,m is
the vulnerability, which is the probability of achieving an assigned
damage level “l” by a specific category “m” (vulnerability class) of
elements; and qm characterizes the exposure as the percentage of
exposed elements of category “m.”

The procedure, implemented in a specific web application, connects
three centers of competence of Civil Protection (PLINIVS, INGV-OV,
and CNR-IREA) to correlate the records of the movements induced by
the bradyseismic phenomenon of the geodetic and interferometric
networks with exposure and vulnerability models for evaluating the
induced damage. Theminimumunit of analysis of themodel is a square
cell with a side of 250 m. The individual parameters of the model are
described in the following sections.

3.2 Hazard

The hazard model provides each minimum unit of analysis
(250 × 250 m) the parameters against which the bradyseismic

TABLE 3 Influence of the number of floors on the vertical typologies.

Vertical structure Number of floors Buildings (n°) SPDV SPDF ΔVjFk

Reinforced concrete 1–2 272 1.29 1.20 −0.09

Reinforced concrete 3–4 412 1.29 1.31 0.02

Reinforced concrete 5–6 90 1.29 1.48 0.19

Reinforced concrete 7+ 11 1.29 1.27 −0.02

Brick masonry 1–2 19 1.85 1.84 0.00

Brick masonry 3–4 5 1.85 2.00 0.15

Brick masonry 5–6 2 1.85 1.50 −0.35

Brick masonry 7+ — 1.85 — —

Stone masonry 1–2 38 2.87 2.84 −0.02

Stone masonry 3–4 7 2.87 3.00 0.13

Stone masonry 5–6 — 2.87 — —

Stone masonry 7+ — 2.87 — —

Tuff 1–2 1,028 2.47 2.33 −0.14

Tuff 3–4 742 2.47 2.66 0.19

Tuff 5–6 58 2.47 2.57 0.10

Tuff 7+ 1 2.47 1.00 −1.47

Mixed structure 1–2 179 1.91 1.75 −0.16

Mixed structure 3–4 120 1.91 2.11 0.20

Mixed structure 5–6 19 1.91 2.21 0.30

Mixed structure 7+ 1 1.91 3.00 1.09
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behavior of buildings is defined: slope, measured in degrees, and
uplift, measured in meters.

The modalities of hazard data acquisition agree with CNR
IREA and INGV-OV that provided periodic uploads of Campi
Flegrei ground deformation data to the PLINIVS server in the
framework of an agreement involving the analysis (monitoring
and data processing) of the entire Campi Flegrei area. Accounts
have been configured on the server to accept the upload via SFTP
of the data surveys, with the expected cadence (monthly/weekly),
and credentials for access shared with the institutes’ managers.

The provisions and reliabilities of ground deformation data
provided by CNR-IREA and INGV-OV are significantly
different: CNR-IREA data are recorded by radar
interferometry on a 30 × 30-m grid of points covering the
entire Campi Flegrei area; INGV-OV provides east, north, and
vertical components of Global Navigation Satellite System
(GNSS) displacements at 21 Global Positioning System (GPS)
stations (De Martino et al., 2021). Therefore, the hazard model

has been built upon the CNR-IREA data, and INGV-OV data
have been used to validate elaborations. The results of CNR-
IREA’s satellite Synthetic Aperture Radar (SAR) surveys are
provided in a file in which information is organized in an
ASCII text table. Each table row provides the following
parameters: point identifier, latitude, longitude, strain rate,
and uplift. The results are represented on the Shuttle Radar
Topography Mission (SRTM) 1 arcsec Digital Elevation Model
(DEM) grid. Consequently, the geolocation accuracy
corresponds to ± 30 m, and the latitude and longitude
provided are relative to the center of the pixel of the
considered DEM grid.

For each considered pixel, the first value of the displacement
time series is 0.0000 because the first acquisition was considered the
reference one. The data recorded on the 30 × 30-m grid are
interpolated according to the IDW Inverse Distance Weighting
(IDW) method with nearest neighbor searching (Maleika, 2020)
to cover as much analysis area as possible, including areas where

TABLE 4 Influence of the age of construction on the vertical typologies.

Vertical structure Age of construction Buildings (n°) SPDV SPDA ΔVjAk

Reinforced concrete Before 1900 — 1.29 — —

Reinforced concrete 1901–1943 1 1.29 3.00 1.71

Reinforced concrete 1944–1962 129 1.29 1.46 0.17

Reinforced concrete 1963–1971 379 1.29 1.32 0.03

Reinforced concrete After 1971 262 1.29 1.16 −0.13

Brick masonry Before 1900 1 1.85 2.00 0.15

Brick masonry 1901–1943 2 1.85 2.00 0.15

Brick masonry 1944–1962 5 1.85 2.40 0.55

Brick masonry 1963–1971 4 1.85 1.25 −0.60

Brick masonry After 1971 8 1.85 1.63 −0.22

Stone masonry Before 1900 29 2.87 3.10 0.24

Stone masonry 1901–1943 7 2.87 2.71 −0.15

Stone masonry 1944–1962 1 2.87 2.00 −0.87

Stone masonry 1963–1971 1 2.87 2.00 −0.87

Stone masonry After 1971 2 2.87 2.50 −0.37

Tuff Before 1900 258 2.47 3.13 0.65

Tuff 1901–1943 385 2.47 2.74 0.27

Tuff 1944–1962 521 2.47 2.17 −0.30

Tuff 1963–1971 212 2.47 2.00 −0.48

Tuff After 1971 151 2.47 1.51 −0.96

Mixed structure Before 1900 11 1.91 2.27 0.36

Mixed structure 1901–1943 12 1.91 2.58 0.67

Mixed structure 1944–1962 121 1.91 1.98 0.07

Mixed structure 1963–1971 100 1.91 1.84 −0.07

Mixed structure after 1971 52 1.91 1.60 −0.31
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TABLE 5 No correlation coefficients among the parameters.

Horizontal structure Number of floors Age of construction

R.C.
slab (%)

Steel
slab (%)

Timber
slab (%)

Vaults
(%)

1–2
(%)

3–4
(%)

5–6
(%)

7+
(%)

Before
1900 (%)

1901–1943
(%)

1944–1962
(%)

1963–1971
(%)

After
1971 (%)

Horizontal
structure

R.C. slab 0 55 55 92 100 99 97 67 64 77

Steel slab 0 42 61 97 100 86 69 78 92 92

Timber
slab

0 52 51 96 100 62 75 100 99 98

Vaults 0 27 76 100 100 47 84 93 100 98

Number of
floors

1–2 50 66 92 100 0 90 88 77 81 78

3–4 41 73 91 100 0 90 85 72 76 90

5–6 23 84 95 100 0 94 88 75 53 95

7+ 62 85 100 100 0 92 92 69 92 100

Age of
construction

Before
1900

97 59 68 77 49 55 97 100 0

1901–1943 88 32 85 95 53 53 95 100 0

1944–1962 28 75 100 99 55 52 94 99 0

1963–1971 11 90 100 100 58 55 88 100 0

After 1971 17 85 99 100 30 73 98 100 0
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there are no SAR data (e.g., waters and vegetated areas). The
obtained values are analyzed according to the 250 × 250-m
analysis grid by attributing the relevant calculated statistical
values to each element. The uplift of the cell has been calculated
as the average of the uplifts associated with the CNR-IREA points
belonging to the cell. The slope assigned to the cell is defined as the
average of the slopes among the CNR-IREA points belonging to the
cell, estimated based on the uplifts. Figures 8,9 show the maps of the
uplifts and slopes, respectively, with reference to the detection dated
15 December 2022, where the hazard values characterizing the
investigated area are minimum uplift 0.00 m, medium uplift
0.42 m, maximum uplift 1.75 m, minimum slope 0.00%, medium
slope 0.012%, and maximum slope 0.030%.

3.3 Exposure and vulnerability models

Vulnerability and exposure represent strictly connected factors.
For each category of exposed elements, the assessment of vulnerability
due to a given natural event must be combined with “a qualitative and
quantitative analysis of the exposed element” (exposure) to identify
the time-spatial distribution of typological classes of exposed
elements, defined as “vulnerability classes.” Each represents a
group of elements with the same characteristics, which presents a
similar behavior (vulnerability) with respect to a given phenomenon.

In this procedure, the adopted vulnerability model is constituted
by the empirical fragility curves developed in Section 2.3. In order to
link these curves with the exposure, the distribution on the territory
of the typological–structural characteristics of the buildings has been
expressed in terms of “vulnerability classes” distribution, assessed
according to the procedure developed in Section 2.2 for each cell of
250 × 250 m.

Based on the data collected using the POZZUOLI form, a
correlation between the construction age of the (about 2,000)
surveyed buildings and the vulnerability classes has been defined.
The ISTAT 2011 (ISTAT, 2001) database furnishes, for census
areas, the number of buildings for the age of construction for the
following classes: before 1919, 1919–1945, 1946–1961,
1962–1971, 1972–1981, 1982–1991, 1991–1996, 1997–2001,
and 2001–2011. Given the percentage of buildings associated
with each vulnerability class (Table 9) (Cacace et al., 2018), using
relation (Eq. 6), it is possible to identify the number of buildings
associated with each vulnerability class in the census area
(Table 9):

Ek
j � ∑

i

Eij · pk
i (6)

where Ek
j is the number of buildings in the census area j with

vulnerability class k; Eij is the number of buildings in the census area
j with the age of construction i; and pk

i is the percentage of buildings
with class k associated with the age of construction i calculated with
the same procedure presented in (Cacace et al., 2018) but referred to
the bradyseismic data (Table 9).

The number of buildings for each cell c belonging to the
vulnerability class k is computed as follows:

Ek
c � ∑n

i�1
Ek
ij (7)

where Eij
k, the number of buildings in zone i of the census area j

belonging to the vulnerability class k, is

Ek
ij �

Ek,R
ij when: Ecensus

j /ER
j ≤ 1

Ek,R
ij +Ek,R

ij � Ek,R
ij + Ek

j/Ecensus
j · Eij − ER

ij( ) when: Ecensus
j /ER

j > 1

⎧⎨⎩
(8)

FIGURE 4
Map of the maximum vertical ground movements occurring in the 1982–1984 bradyseismic crisis, obtained through the b-spline function.
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c is the cell, j the census area, i the zone, that is, the intersection of
the cell with the census area (Figure 10), k the vulnerability class
(k = A, B, C), n the number of zones in the cell c, Ej

census the
number of buildings in the census area j, Ej

k the number of
buildings in the census area j belonging to the vulnerability class
k, Ej

R the number of surveyed buildings in the census area j, Eij
k,R

the number of surveyed buildings in zone i of the census area j
belonging to the vulnerability class k, and Eij

k,R the number of not
surveyed buildings in zone i of the census area j belonging to the
vulnerability class k.

The number of buildings for each cell belonging to
vulnerability Classes A, B, and C, respectively, and their
percentages are reported in Figures 11, 12, 13. Over the
6,658 buildings placed in the investigated area, the model
provides 17% belonging to vulnerability Class A, 37% to Class
B, and 46% to Class C.

3.4 Outputs

Finally, the number of buildings of cell i reaching the damage
level k caused by the hazard level j (associated with the cell) equals

EDk
ij � ∑

l

El,i · PDk
l,j (9)

where El,i are the buildings belonging to class l in cell i and PDk
l,j is the

probability to have a level of damage k for the vulnerability class l
under the effect of hazard j, computed by the vulnerability curves
(Figures 6, 7).

Figures 14, 15 show, for each cell, the percentage of buildings
affected by a given level of damage depending on the hazard values
(uplift and slope, respectively) provided by CNR-IREA on 15December
2022. The impact model evaluates light damage to load-bearing
structures (D2–D5) and light damage to nonstructural elements (D1).

TABLE 6 Surveyed building distribution on the levels of damage according to the uplift and slope parameters.

Class Uplift (m) D0 D1 D2 D3 D4 D5 Slope (-) D0 D1 D2 D3 D4 D5

A

0.20 0 14 37 18 3 0 0.002 0 7 22 58 14 0

0.40 0 6 34 28 4 0 0.006 0 6 15 26 6 0

0.60 0 7 41 56 12 0 0.010 0 9 28 52 16 0

0.80 5 8 21 31 9 0 0.014 1 13 43 104 18 0

1.00 0 4 16 28 13 0 0.018 0 10 42 74 26 0

1.20 0 5 20 19 5 0 0.024 2 17 82 92 18 0

1.40 1 19 80 131 31 0 0.028 3 14 63 90 28 0

1.60 1 20 67 219 65 0 0.030 1 7 21 34 16 0

B

0.20 6 30 57 12 0 0 0.002 0 8 28 11 1 0

0.40 3 38 49 25 2 0 0.006 0 1 6 7 0 0

0.60 9 37 51 22 0 0 0.010 3 13 34 21 1 0

0.80 7 35 36 16 1 0 0.014 9 30 43 19 1 0

1.00 1 14 32 9 0 0 0.018 4 45 56 21 0 0

1.20 1 12 22 8 0 0 0.024 8 29 62 33 2 0

1.40 4 25 55 37 0 0 0.028 8 67 101 47 1 0

1.60 5 18 46 37 3 0 0.030 4 16 18 7 0 0

C

0.20 2 45 10 2 0 0 0.002 1 18 7 1 0 0

0.40 3 43 17 8 1 0 0.006 0 11 1 1 0 0

0.60 1 93 34 2 0 0 0.010 2 41 16 3 0 0

0.80 6 77 28 1 0 0 0.014 1 55 10 3 0 0

1.00 2 30 35 1 0 0 0.018 3 39 12 4 0 0

1.20 2 67 19 0 0 0 0.024 6 120 34 9 3 0

1.40 4 99 39 7 2 0 0.028 6 206 112 4 0 0

1.60 3 68 21 4 0 0 0.030 4 32 11 0 0 0
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4 Discussion, conclusion, and future
developments

Campi Flegrei active caldera is a very densely urbanized area
with a consequent very high volcanic risk. The occurrence of several
bradyseism episodes characterized by ground uplift and subsidence
according to a bell-shaped geometry centered in Pozzuoli town
caused damage to the buildings and, consequently, to the resident
population. During the last bradyseismic episode, which occurred in
1982–1984, the Secretary of State Minister for Coordination of Civil
Protection appointed a TSC for Bradyseism in the Campi Flegrei
area that, among the various carried out activities, built up the
POZZUOLI form to define the state of the constructions and, in
particular, the capacity of buildings for future response. The damage

caused by the 1982–1984 bradyseismic event was documented in a
sample of about 3,700 buildings.

In recent years, at Campi Flegrei caldera, a new phase started
with increasing uplift rates over time. This phenomenon has drawn
the attention of the Civil Protection Department (DPC), which is
responsible for emergency coordination and relief activities.
Therefore, under the VIRA agreement (VIRA 2019–2022,
“Assessments of Vulnerability, Impact and Risk Induced by
Campania Volcanoes on the Urban Environment”) signed
between DPC and the PLINIVS Study Centre, one of the DPC
competence centers, a near real-time impact study of the
bradyseismic phenomenon on the built environment was
conducted. Based on this agreement, the PLINIVS Study Centre
produced a web application for the Civil Protection Department

FIGURE 5
Location of the strongholds of the INGV stations and the buildings surveyed using the POZZUOLI form.

TABLE 7 Total building distribution on the levels of damage according to the uplift and slope parameters.

Uplift (m) Class A
buildings

Class B
buildings

Class C
buildings

Slope
(-)

Class A
buildings

Class B
buildings

Class C
buildings

0.20 532 797 1,003 0.002 281 452 563

0.40 98 146 172 0.006 246 248 304

0.60 151 190 214 0.010 117 150 179

0.80 152 203 251 0.014 186 162 164

1.00 109 89 99 0.018 157 123 137

1.20 147 124 140 0.024 300 293 331

1.40 281 163 180 0.028 425 418 486

1.60 381 180 152 0.030 84 47 48
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based on satellite data monthly provided by CNR-IREA regarding
ground uplift, giving the impact, in terms of damage, on the built-up
area divided by a grid of 250 × 250 m cells. The exposure and
vulnerability models adopted by the web application were obtained

on an empirical basis from the survey data of the POZZUOLI forms,
and the outcomes are provided for each cell in terms of building six-
level damage distribution. Models used for each risk factor (hazard,
exposure, and vulnerability) are described, and the impact relative to

TABLE 8 Surveyed building distribution on the levels of damage according to the uplift and slope parameters.

Class Uplift (m) D0 D1 D2 D3 D4 D5 Slope (-) D0 D1 D2 D3 D4 D5

A

0.20 460 14 37 18 3 0 0.002 180 7 22 58 14 0

0.40 26 6 34 28 4 0 0.006 193 6 15 26 6 0

0.60 35 7 41 56 12 0 0.010 12 9 28 52 16 0

0.80 83 8 21 31 9 0 0.014 8 13 43 104 18 0

1.00 48 4 16 28 13 0 0.018 5 10 42 74 26 0

1.20 98 5 20 19 5 0 0.024 91 17 82 92 18 0

1.40 20 19 80 131 31 0 0.028 230 14 63 90 28 0

1.60 10 20 67 219 65 0 0.030 6 7 21 34 16 0

B

0.20 698 30 57 12 0 0 0.002 404 8 28 11 1 0

0.40 32 38 49 25 2 0 0.006 234 1 6 7 0 0

0.60 80 37 51 22 0 0 0.010 81 13 34 21 1 0

0.80 115 35 36 16 1 0 0.014 69 30 43 19 1 0

1.00 34 14 32 9 0 0 0.018 1 45 56 21 0 0

1.20 82 12 22 8 0 0 0.024 167 29 62 33 2 0

1.40 46 25 55 37 0 0 0.028 202 67 101 47 1 0

1.60 76 18 46 37 3 0 0.030 6 16 18 7 0 0

C

0.20 946 45 10 2 0 0 0.002 537 18 7 1 0 0

0.40 103 43 17 8 1 0 0.006 291 11 1 1 0 0

0.60 85 93 34 2 0 0 0.010 119 41 16 3 0 0

0.80 145 77 28 1 0 0 0.014 96 55 10 3 0 0

1.00 33 30 35 1 0 0 0.018 82 39 12 4 0 0

1.20 54 67 19 0 0 0 0.024 165 120 34 9 3 0

1.40 33 99 39 7 2 0 0.028 164 206 112 4 0 0

1.60 59 68 21 4 0 0 0.030 5 32 11 0 0 0

FIGURE 6
Vulnerability curves for Classed A (A), B (B), and (C) depending on slope.
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the current hazard state is evaluated. The impact values obtained
from the two implemented hazard parameters produce similar
results, although the damage related to the slope is slightly higher.

The model developed on the basis of a web application for
assessing the damage of ordinary buildings in almost real time due to
bradyseism constitutes an innovative advance in the field of

FIGURE 7
Vulnerability curves for Classed A (A), B (B), and (C) depending on uplift.

FIGURE 8
Uplift values at the cells (250 × 250 m) with reference to the detection dated 15 December 2022.

TABLE 9 Number of buildings associated with each vulnerability class on the census area.

Age of
construction

Vulnerability class Total buildings

Class A buildings Class B buildings Class C buildings

n° (%) n° (%) n° (%) n° (%)

Before 1919 287 95 11 4 3 1 301 100

1919–1945 372 91 33 8 3 1 408 100

1946–1961 363 47 281 36 134 17 778 100

1962–1971 64 9 249 36 383 55 696 100

After 1972 7 1 198 42 270 57 475 100
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research, but it presents some critical issues. First of all, the hazard
parameter adopted (uplift or slope of the center of gravity of the
building plan) could be insufficient to capture some fundamental
aspects of the phenomenon, such as differential settlements between
the different foundation elements of the same building, as well as the
speed of occurrence of the phenomenon itself. Another aspect that

should not be underestimated is the development of empirical
curves deduced on the basis of the observation of the damage
caused by bradyseism, which occurred in 1982–1984. Such curves
could be strongly influenced by the characteristics of the specific
event, characterized by a given velocity (in terms of daily uplift), so
extending those results to current bradyseism (which is slower)

FIGURE 9
Slope values at the cells (250 × 250 m) with reference to the detection dated 15 December 2022.

FIGURE 10
Illustrative representation of the zone (green), defined as the area of intersection between the ISTAT census area (yellow) and the 250 × 250-m cell
(red) of the model reference grid (blue).
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could be overly conservative, as the presented analyses show, which
estimate greater damage than those actually recorded by the Civil
Protection of the Municipality of Pozzuoli. Finally, special attention
should be paid to the lower damage levels (<D3), which require
greater analytical attention than that possible through the
POZZUOLI form, which does not capture any disturbances, such
as difficulty in opening the doors and loss of verticality of the items.

Some model improvements were considered as future activities.
With reference to the hazard parameters, activities are planned to

install deformation sensors on some sentinel buildings that can
provide punctual ground deformation values more accurately than
satellite data. Further analyses are programmed to evaluate how the
speed of the phenomenon affects the damage evolution. In terms of
exposure, data collection activities are planned that can provide
more accurate information on the vulnerability distribution over the
analyzed area. Finally, it is proposed to validate the empirical
vulnerability model by comparison with curves built using
analytical models (Perelli et al., 2023a).

FIGURE 11
(A) Number of buildings belonging to vulnerability Class A for each cell and (B) their percentage.

FIGURE 12
(A) Number of buildings belonging to vulnerability Class B for each cell and (B) their percentage.

FIGURE 13
(A) Number of buildings belonging to vulnerability Class C for each cell and (B) their percentage.
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FIGURE 14
Percentage of buildings affected by damage levels D1 (A), D2 (B), D3 (C), and D4 (D) with reference to the uplift reported in Figure 8.

FIGURE 15
Percentage of buildings affected by damage levels D1 (A), D2 (B), D3 (C), and D4 (D) with reference to the slope reported in Figure 9.
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