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ARTICLE INFO ABSTRACT

Keywords: The contribution presents the results of field research aimed at assessing the effects of the
Bradyseism Phlaegrean Bradyseism phenomena on a building system located in the historic centre of Pozzuoli
Building risk (Italy). The study falls within the scope of building facade vulnerability analyses conducted by the
Building envelope authors to support the Public Administration in managing bradyseismic emergencies.
Vulnerability

Considering that the seismic-deformation phenomena connected to Bradyseism affect the
performance and integrity of facade components, the research focused on studying its impact on
the technical elements within the Technological Unit Classes of “Load-bearing Structure”,
“Enclosure”, and “External Partition”, which directly project onto the external environment and
collectively constitute the Building Envelope. The methodology for impact assessment was
developed by correlating data acquired from a monitoring system installed on the facade of a
surveyed building with characteristic parameters related to seismic events and soil deformations
in a specific reference period. The analyses conducted excluded any significant impact of these
seismic-deformation forcings on the building’s Load-bearing Structure, both in terms of dis-
placements and damage. On the other hand, significant impacts were found on the technical
elements of the building envelope, which, due to their lower resistance and ductility, represent a
constant hazard for the exposed urban system’s safety, configuring a Building Risk scenario.

Urban system
Risk management

1. Introduction

The contribution presents the results of field research aimed at assessing the effects of the Phlaegrean Bradyseism on a building
system located in the historic centre of Pozzuoli (Italy), and the subsequent impacts on the urban system. The study is part of the
building facade vulnerability analyses conducted by the authors to support the management of the bradyseismic emergency for the
Public Administration.

Pozzuoli is located within the vast volcanic region of the Campi Flegrei (CF) in Campania, Italy. This area comprises a system of
nested and resurgent calderas distinguished for millennia by its complex geological and seismological history, characterised by intense
volcanic, tectonic and bradyseismic activity in constant evolution [1-6]. Bradyseism is a phenomenon related to the volcanic dynamics
of the calderas and consists of a periodic uplift and subsidence of the ground, generating numerous seismic sequences of low-intensity
and high-frequency during the ascending phases [2,7-9]. These events particularly affect the area of Pozzuoli’s historic centre, where
maximum deformation is recorded, and have influenced the city’s history for many centuries [1,6,10-12]. The most recent brady-
seismic crises occurred from 1969 to 1972 and from 1982 to 1984. During these periods, the ground uplift values, and the intensity of
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the seismic swarms reached such levels within a short period that the historic centre had to be evacuated to protect the population from
building damage and in anticipation of a potential eruption, which ultimately did not occur [2,7,11,13,14]. After a subsistence period
of approximately 22 years, a new uplift phase has been underway since November 2005. As of March 2024, this phase has resulted in a
ground uplift of about 122 c¢m in the Rione Terra area, with 89 cm of uplift occurring since January 2016, exceeding in absolute value
the maximum historical deformation [15-17]. Unlike the two previous phases, the uplift velocity was on average low for most of the
period considered, except for a few peaks, such as the one that occurred in 2012, which prompted the Civil Protection Department to
declare a “yellow alert” level under the Campi Flegrei National Plan, which is still in force today [9,10,12,18-20]. Alert levels describe
the state of volcano activity and are represented by four different colours (green, yellow, orange, red) indicating its possible evolution;
the yellow level, in particular, indicates a state of potential disequilibrium of the volcano [21].

Since 2018, an increase in deformation velocity has been recorded, accompanied by a gradual rise in seismic activity, both in terms
of frequency and intensity. This trend peaked in 2023, with over 2200 seismic events occurring in August and September alone, with a
peak value of recorded Duration Magnitude of 4.2 + 0.3, and an average uplift velocity value of approximately 15 + 3 mm/month,
causing significant concern among the population and all involved entities [11,16,18,22-25].

In the described context, the current configuration of the Bradyseism represents an atypical risk scenario, continuously impacting
the urban system, understood as a set of buildings, infrastructures, and population. The soil deformation and associated seismic
phenomena constantly stress all components of the system and contribute to a state of agitation among the population, strongly
influencing daily life in the city of Pozzuoli [21,26-30]. These phenomena also have equally important impacts, including economic
losses, interruption in essential services, and threats to people’s safety [28,31,32]. These considerations highlight how bradyseismic
activity represents a significant risk factor for the Phlegraean area, regardless of the probability of extreme eruptive or seismic events
occurring.

At the building scale, Bradyseism constitutes a specific extensive risk scenario, exposing buildings to low-intensity and high-
frequency solicitations [33,34]. This type of stresses includes, among others, hazards related to Climate Change (e.g., sudden heavy
rainfalls, heat waves, wind loads), solicitations typical of highly urbanized contexts (such as interference with civil infrastructure
systems), and environmental conditions [35-37]. These hazards continuously affect the building’s technical elements, with significant
effects on those pertaining to the Technological unit classes of “Enclosure” and “External Partition”, rather than the “Load-bearing
Structure”. This is due to the fact that the former are particularly vulnerable to the direct impact of external hazards and suffer damage
more readily and extensively as a result of frequent stresses over time, even if of low intensity [34,36-47]. This high vulnerability,
related to their technological characteristics and state of preservation, leads to a decay in their performance characteristics, causing
progressive deterioration and resulting in phenomena such as degradation and detachment, which constantly expose the urban system
to potential falls of the elements or portion of them onto crowds [34,36,48,49]. In this regard, the technical elements of the building
envelope that overhang public or private open spaces (such as cornices, cladding, gables, etc.), pose an additional and constant hazard
for urban systems, configuring a specific Building Risk scenario [34]. This type of risk is indeed intended as the probability that a
hazardous event, resulting from the vulnerability of the technical elements of the building envelope, can cause harmful effects on
urban systems, in relation to the specific characteristics of the system’s Vulnerability and Exposure [34,48]. This scenario often results
in more frequent harmful effects compared to those related to the Load-bearing Structure, determining significant impacts even with
respect to disasters [49-52].

The expertise gained by the authors through their involvement in supporting the Public Administration of the Campi Flegrei
Municipalities, along with the studies carried out by the research group on Building Risk topics, emphasised the specific relevance of
this risk scenario [34,53]. In this context, the technical elements of the building envelope not only pose a daily threat to the safety of
the population, but can also obstruct escape routes, interrupt services, and compromise the performance and functional integrity of
buildings, including those of strategic importance. This, in turn, amplifies the cascading effects associated with the occurrence of
exceptional events.

The considerations outlined highlight the importance of assessing, together with the Bradyseismic Risk scenario for the Phlaegrean
territory, also its impact on the built environment in terms of Building Risk. This is particularly crucial given the high vulnerability of
the building systems and their facades, worsened by the seismic deformation forcings typical of the bradyseismic phenomena which,
adding to other external hazards, significantly accelerate the degradation and disruption of the technical elements of the building
envelope. Within the evaluation of Building Risk, the hazard deriving from this vulnerability is combined with the system’s vulner-
ability, associated with the narrow structure of the urban centre, and the system’s exposure, associated with the considerable pop-
ulation density that characterises it [35,48]. Despite the clear relevance of this issue, scientific studies in the literature have so far
mainly focused on extreme risk scenarios, whether volcanic or seismic, analysing Bradyseism almost exclusively as a precursor
phenomenon to potential eruptions and concentrating on its impact on Load-bearing Structures, while neglecting the effects on
building systems as a whole, as well as the impacts on the entire urban system and the population, who must contend with the
seismic-deformation phenomena daily [5,14,26,28,41,54].

This approach is reflected in the risk management policies adopted to date, which prioritise emergency planning over prevention
measures and strategies for mitigating bradyseismic risk. These strategies should aim at reducing the vulnerability of urban systems at
a multi-scale level, starting from the vulnerability of the technical elements of the building envelope, as well as implementing training
and information programmes for the population [26,32,55,56]. This narrow focus undermines a comprehensive understanding and
adequate perception of Bradyseism as an atypical risk scenario. A more holistic approach should consider the specific nature of
deformation forcings and seismic phenomena and their potential impact on urban, economic, and social systems, regardless of the
potential disaster events.

It is, therefore, of fundamental importance to deepen studies on the effects of bradyseismic phenomena on building and urban
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systems, and to assess the additional Building Risk amplified by typical Bradyseism forcings on the urban system [13,16,22,29,30].
Such an approach provides the knowledge and tools necessary to reduce the vulnerability of the building envelope and, consequently,
of the built environment. This ensures efficient prevention and mitigation measures for Building Risk, that should be coherent with the
system of risks to which urban systems are exposed and supported by effective risk management and governance strategies aimed at
enhancing overall urban resilience [57-60].

With this objective in mind, the contribution presents the results of experimental field research aimed at assessing the impact of
solicitations typical of the bradyseismic scenario on the built environment, analysing the subsequent impacts on urban systems
considering a period of reference marked by a significant series of low-intensity and high-frequency events.

The data processed in the framework of this study were collected through monitoring activities conducted by the authors as part of
the support provided to the Public Administration for managing the emergency resulting from the collapse of a building’s foundation
system in the historic centre of the Municipality of Pozzuoli [61]. The building was evacuated in July 2023 by the Provincial Command
of the Naples Fire Department to ensure public and private safety in the surrounding urban area and was subsequently subjected to
safety interventions. After consolidating the subsoil by filling the cavities generated below the foundation level, effectively eliminating
the causes of subsidence, a monitoring campaign was initiated. Its purpose was to record any further displacements or evolution of the
cracking patterns related to Bradyseism forcings. The monitoring period included the period of maximum intensification of
seismo-deformation events registered in August and September 2023 [23,24]. This coincidence provided the opportunity to record and
correlate the information collected on the characteristic parameters of the seismic phenomena, detected by the Osservatorio Vesuviano
[62], with the corresponding behaviour of the monitored building.

The data collected confirmed the stabilisation of the ground affected by subsidence and the building’s substantial stabilisation even
under the influence of bradyseismic forcings. However, the analyses conducted revealed the significant impact of Building Risk on the
reference urban system: even after safety measures were implemented, the street remained closed to the public, and ground-floor
commercial premises were shut down for a prolonged period, causing direct repercussions on the economic system and the popula-
tion, as well as on the physical system at the building and infrastructure scale.

1.1. The classes of technological units investigated

Considering that seismic-deformation phenomena associated with Bradyseism have a significant influence on the performance and
integrity of facade components rather than those of the Load-bearing Structure, the field investigation focused on examining all these
technical elements to study and compare the different relevant impacts of the bradyseismic risk scenario. In the context of the proposed
research, the technical elements of the building were broken down and classified according to the national standards in force, the UNI
8290 [63]. The classification outlined in the standard comprises three levels: 1) Class of technological units; 2) Technological units; 3)
Classes of technical elements. This breakdown acknowledges the interconnection between the various components, transcending the
conventional division between “structural” and “non-structural” elements, commonly found in the scientific literature [39,45,47,64].
The traditional classification does not adequately address the complexity of the building system nor provides a correct comprehensive
view of the functionality and safety of each part of the system [38,65].

Applying the UNI 8290 classification, the building is instead intended as a “system” of different technical elements and, in this
contribution, the Classes of technological units “Load-bearing Structure”, “Enclosure” and “External Partition” are examined. The
latter two directly overhang the external environment and, together, encompass all the Classes of technical elements that constitute the
Building Envelope as a whole. The Building Envelope fulfils the purpose of protecting the building from external actions and defines
the “boundary” between the building itself and its context. As already outlined in the introduction, it is essential to assess the impact of
the bradyseismic scenario on these technical elements and, consequently, of the Building Risk they pose on urban systems [34,49,
66-68].

1.2. Building displacement monitoring systems

Displacement monitoring systems are utilised to assess the behaviour of buildings in response to various external stresses, including
accidental and cyclic loads as well as environmental conditions [69,70]. The significance of employing this type of instruments lies in
their ability to provide real-time monitoring of building systems performance, allowing for an assessment of safety, functionality, and
durability for all technical elements [14,70,71].

Monitoring systems generally consist of three main components: a data-collecting sensor, an acquisition and transmission unit, and
a storage database [70]. Sensors can be categorised into two types: contact and non-contact, depending on whether they require direct
installation on the element being investigated. Contact sensors include accelerometers, inclinometers, strain sensors, optical fibre
sensors and global navigation satellite systems (GNSS) among others. Typical non-contact sensors, on the other hand, include vision
cameras, laser Doppler vibrometers (LDV), radar, laser triangulation sensors (LTS), light detection and ranging (LiDAR) and total
stations (TS) [70].

The potential and limitations of these systems depend on the type of sensor chosen and are primarily related to factors such as
measurement accuracy, frequency range, cost, installation method, data processing or maintenance, susceptibility to interference, the
type and range of displacement detected, and operating autonomy [14,70]. For contact systems, the accuracy of recorded data is
closely linked to the number of sensors and their positioning on the survey surface. Proper positioning must be carefully designed in
relation to the element being monitored and the amount of data required to evaluate its behaviour [14,70]. Therefore, the selection of
the monitoring system to be employed cannot disregard a comprehensive understanding of the element under study and its context.

In the investigation conducted for this study, monitoring systems served as an essential tool for assessing the effects of Bradyseism-
induced stresses on the building system. Given the nature and low-intensity of the seismic-deformation forcings analysed, the type and
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amount of data provided by these contact monitoring systems were considered sufficiently accurate for the purpose of the study, as
detailed in Section 2.2 [14].

2. Methodology

The methodological approach used for achieving the intended objectives was developed through the following steps: description of
the application context of the field research (§ 2.1); acquisition and preliminary analysis of data related to inclinations and associated
displacements (§ 2.2); selection and analysis of data related to seismic events (§ 2.3); data processing for comparison between seismic
events and trend in displacement variations (§ 2.4). The conducted study relayed on the data acquired by the contact monitoring
system, installed directly on the investigated facade, and the data related to the seismic events retrieved from the open-source
GOSSIPO (GeneratOr of Serenade Statlc Pages) portal of the National Institute of Geophysics and Volcanology (INGV) [72]. The
impacts on technical elements of the facade were assessed according to a critical analysis of the results obtained through the cited
comparison.

The overall data analysis and processing cover the period from August 8, 2023, to January 23, 2024, which encompasses both the
installation and removal dates of the monitoring system. The monitoring period spans the entire available dataset and includes the
critical phase of intensified bradyseismic phenomena that occurred in August and September.

The reference period considered (less than one year) introduces limitations to the adopted procedure, as it does not allow for a full
account of seasonal temperature variations and the effects on the trends of displacement, which may affect the interpretation of results
related to proposed analysis. However, within the broader scope of the paper, it can still be functional to provide insights and to
substantiate the study.

2.1. The application context of the field research

The analysed building is located within the area delineated by Goglia dei Mille street, Allumiera street and Corso Giuseppe
Garibaldi (Fig. 1a). The latter represents one of the city’s main thoroughfares and, considering its proximity to the Cumana railway
station, experiences significant vehicular traffic, pedestrian congestion, and commercial activities.

Situated in the historical centre of Pozzuoli, the building’s original layout is documented in historical charters, such as the land
registry plan by Galli, A. dating back to 1874 [73]. According to the building age classification provided by the latest Census of
Population and Housing conducted by ISTAT [74], which estimates the average construction age of buildings in the same census
section, the building falls within the “prior to 1919” construction age class. Moreover, it is part of a complex comprising four aggregated
buildings, all with masonry Load-bearing Structure, and it is a three-storey high, with an approximate height of 10 m, mainly used for
residential purposes, except for the ground floor which is designated for commercial premises (Fig. 1b and c).

The studied facade in the present study is the one situated along Corso Garibaldi (Fig. 1). The technical elements analysed include
an external wall with plastered and painted finishings, a masonry cornice with plastered and painted finishings, openings with
plastered cornices and decorations, and balconies with intrados and frontedges with molded shapes and plastered and painted fin-
ishings. The construction technique of the balcony is undetectable, yet according to the prevalent one present in the area, it is hyp-
notised to be with steel girders, hollow core slabs, and reinforced slab on the intrados.

The urban context analysed falls within the CO1 - Rione Terra compartment, as defined in a previous study by the authors on the
vulnerability of the built environment in the Municipality of Pozzuoli (Fig. 2) [48].

The entire area, with a considerable population density (approximately 7320 inhabitants/km?), has been classified as a High
Building Vulnerability zone and is situated within the area of maximum bradyseismic ground deformation. This vulnerability was
assessed in the study already mentioned and attributed to clusters of buildings with homogeneous characteristics in terms of

Fig. 1. The application context. a) Location of the surveyed building with the indication of the analysed fagcade on Corso Giuseppe Garibaldi, highlighted with a
continuous red line; b) Investigated facade associated with the view “b”; ¢) Investigated facade associated with the view “c”.
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Fig. 2. The application context. a) The Municipality of Pozzuoli divided into the different compartments. The Rione Terra compartment is highlighted with a red
hatching; b) Closer individuation of the CO1 - Rione Terra compartment within the Municipality of Pozzuoli; ¢) location of the surveyed building in the Rione Terra
compartment.

construction date, structure, and the typology of their technical elements, which together define specific Subcompartments. For each
Representative Building, characteristic of its Subcompartment, the initial vulnerability analysis focused on the technical elements of
the building envelope. A vulnerability score was first assigned based on construction techniques, their percentual incident on the
envelope, and their positioning in height, using a numerical weighting algorithm. These factors were then combined with a first
multiplier factor accounted for the state of preservation of these elements, and a second one related to System vulnerability, in terms of
the ratio of building height to street width, and to Population Exposure, in terms of Housing Density. This qualitative-numerical
analysis made it possible to determine the Building Vulnerability value, which, assigned to the Subcompartments, was expressed
on a scale of 1-4: Class 1 Moderate Vulnerability; Class 2 Medium Vulnerability; Class 3 High Vulnerability; Class 4 Very High
Vulnerability [48]. The Subcompartment where the analysed building is located is characterised by buildings built before 1964
(according to the classification used in the cited study [48]), primarily with masonry load-bearing structures. The prevalent con-
struction techniques for the envelope’s technical elements are similar to those of the analysed building, featuring plastered and painted
finishings, along with balconies and cornices on at least two-to-three fagades, all in a fair state of preservation (information dated to the
cited study). When these factors were combined with the Building Height-to-Street width ratio and the Subcompartment’s Housing
Density, the previously mentioned High Vulnerability Class was assigned.

Following the emergence of a significant increase in a crack pattern on the fagade and disruption of the sidewalk underneath, the
Provincial Command of the Naples Fire Department urgently ordered the evacuation of the building and those directly adjacent to it in
July 2023 (Fig. 3) [61]. In response to the emergency management support required by the Public Administration, immediate diag-
nostic investigations were aimed at understanding the causes of the observed phenomena and defining the necessary intervention
measures.

The crack pattern in question, identified in Fig. 3 in red, includes diagonal cracks located on the cantonments of the building, and
sub-vertical cracks in the central portions of the facade.

After the initial diagnostic investigations, this type and distribution of cracks were considered compatible with an active kine-
matism of the building. It was attributed to the progressive subsidence of the foundation-soil system, caused by the formation of large
cavities beneath the left cantonment of the building, due to surface water leaks.

On the investigated facade, other crack patterns and degradation and damage phenomena have been observed, not related to the
described kinematism and already existent before the occurrence of the emergency. These are indicated in Fig. 3 in green and include: a

Fig. 3. Graphical representation of the crack patterns observed on the investigated facade and identification of the degradation and damage phenomena observed on
the building envelope. In red are the anomalies clearly associated with the subsidence of the foundation soil; in green are the anomalies not directly attributable to
the subsidence.
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widespread lesion pattern on the external wall, with lesions that do not seem to be localised and have no prevalent direction; more or
less severe swellings and detachments of the finishings; other minor superficial anomalies such as chromatic alteration, staining,
colatura and other superficial deposits. These same superficial anomalies are also observed on the cornice and the intrados and front-
edge of the balconies (Fig. 3).

The damage of these elements determined a hazard for the urban context associated with the probability of their detachment and
fall onto crowds. The direct consequences of this hazardous condition resulted in the prohibition of both vehicular and pedestrian
traffic along the road axes facing the building, enforced to ensure public and private safety.

Following safety interventions, which involved filling the cavities with cohesive material of a specific weight equivalent to the
original soils, a continuous contact monitoring system was set up with the installation of inclinometers. The objective was to validate
the effectiveness of the safety measures adopted and to assess potential evolutions of the observed prevalent cracks, also due to the
potential effects of bradyseismic phenomena on the building’s behaviour. In the proposed study, to monitor the other types of lesions
and anomalies, an analysis of the previous state of conservation of the technical elements of the building was conducted.

2.2. Acquisition and analysis of data related to inclinations and associated displacements

The installation of the monitoring system and the related data acquisition were carried out with the support of TECNO IN S.p.A,, a
company specialised and certified in diagnostic surveys on the built environment. Three fixed biaxial surface inclinometers were
installed on the investigated facade, connected to a stand-alone acquisition unit.

The inclinometers were installed in the horizontal direction by means of an anchor plate fixed to the building facade, according to
the diagram depicted in Fig. 4a.

Fig. 4b shows the reference system adopted by the monitoring system for data reading and interpretation.

The first transducer (INCL_1) was positioned on the cantonment where the prevailing foundational failure has been identified, at an
elevation of 10 m (Fig. 5a). The other two transducers (INCL_2, INCL_3) were located on the opposite cantonment, vertically aligned,
and placed at elevations of 10m and 6m, respectively (Fig. 5b). The number of inclinometers and their positioning were chosen to
ensure effective coverage of key areas of the building and to obtain an adequate assessment of its behaviour in response to external
solicitations [14,70,75].

The acquisition unit (model UAD MS-16) was installed directly on the facade (Fig. 5¢) and was equipped with a high-capacity
battery, continuously powered by a 50W solar panel, to ensure that the system could operate even during night-time and on cloudy
days.

The transducer model used (SCA128T) features Micro Electro Mechanical Systems (MEMS) sensors enclosed in waterproof
aluminium enclosures. These sensors are capable of transmitting acquired data up to a distance of 2 km and measuring inclination
variations in the range of +10° relative to the zero established on the reference surface at the time of installation. The resolution,
defined as the smallest detectable variation within the sensor’s measuring range, is 0.01°; the measurement accuracy, which accounts
for combined errors including linearity, repeatability, hysteresis, zero deviation, and horizontal axis error under normal temperature
conditions (25 °C), is 0.03°. These instrumental characteristics ensure that the measurements have appropriate resolution and stability
for typical usage conditions.

This type of sensor is commonly used to measure changes in inclination in civil structures where displacements with rotational
components are expected. Among its various applications, it is frequently used in monitoring buildings affected by landslides or
earthquakes, making it well-suited for the specific objectives of this study.

The sensor operates on the capacitive micro-pendulum principle, which leverages the variation in electrical capacity induced by the
movement of a small pendulum between two electrodes inside the sensor. Fig. 6 shows the operating principle of the sensors, with Uy,
and Up representing the tensions between the left and right plates of the pendulum and the respective electrodes. When the sensor’s
inclination deviates from its initial position, the earth’s gravitational component influences the pendulum in motion, altering the
distance between the capacitor plates.

This change in distance results in a corresponding alteration in the electrical capacity of the system, which affects the U, and Ug

Fig. 4. Location of the monitoring system. a) Aerial view of the surveyed building and indication of the positioning scheme of the inclinometers. b) Aerial photo-
grammetry of the area with identification of the reference system used by the monitoring system.
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Fig. 5. Details of the monitoring system components. a) Positioning of transducer INCL_1. b) Positioning of transducers INCL_2 and INCL_3; c) Positioning of the
acquisition unit.

Fig. 6. Schematic representation of the operating principle of inclinometers.

values. The relationship between the variation of these two values depends on the inclination angle a of the sensor with respect to the
reference surface (Eq. (1)) [69,76,77].

The sensors, therefore, allow for a measurement of the angular values of building inclination relative to the reference surface on
which they are installed. According to the reference system adopted in this analysis, they provide inclination values in the two
mutually orthogonal planes XOZ and YOZ (Fig. 4b). Simultaneously, they also record the external temperature values at each mea-
surement instants. The acquisition unit records the information with a transmission frequency of 30 min and transmits it in real-time to
a cloud server for storage. Data access is available via the personal web portal of the monitoring company.

In the reference period under consideration, from the first measurement at 12:05 a.m. UTC on August 8, 2023, corresponding to the
activation of the inclinometers, to the last measurement at 11:56 p.m. UTC on January 23, 2024, the system carried out a total of 7652
measurements. Table 1 shows the number of measurements taken per each month.

Below, for each installed inclinometer, the diagrams of the inclination variation in the XOZ (Fig. 7a) and YOZ (Fig. 7b) planes,
expressed in sexagesimal degrees, are shown. At times, interpreting data collected through monitoring systems of this type can be
complex due to excessive temperature variations occurring during the observation period [14,78]. Therefore, to account for possible
influences on the changes in recorded inclinations, the temperature trend, expressed in degrees Celsius, is also overlaid on the
diagrams.

Table 1

Number of measurements taken by the monitoring system during the entire reference period and per each month.
Period considered Measurements taken
Entire Reference Period (August 08, 2023 - January 23, 2024) 7652
August (August 08, 2023 - August 31, 2023) 1128
September (September 01, 2023 — September 30, 2023) 1443
October (October 01, 2023 — October 31, 2023) 1488
November (November 01, 2023 — November 30, 2023) 1440
December (December 01, 2023 — December 31, 2023) 1468
January (January 01, 2024 - January 23, 2024) 685
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Fig. 7. Results of inclinometer monitoring. a) Trend of inclination variation registered by inclinometers in the XOZ reference plane; b) Trend of inclination variation
registered by inclinometers in the YOZ reference plane. Both diagrams also include a graph depicting the external temperature trend.

In detail, the temperature variation from August to September ranged between 19 °C and 30 °C, with average temperatures of
approximately 28 °C for August and 25 °C for September. In August, there were some peaks during which temperatures exceeded
30 °C, with a maximum of 37 °C recorded on August 21, 2023, around noon. There was a relatively rapid decrease in temperature,
concentrated over a few days, between the end of August and the beginning of September, followed by stabilisation around the average
September values. From October to January, temperatures ranged between 10 °C and 25 °C. During this period, there were no sig-
nificant peaks, while there were some notable drops between October 15 and 17 where the temperature dropped from 24 °C to 15 °C;
between November 24 and 26, with the temperature changing from 19 °C to 7 °C, and from January 19 to 21 with a change from 16 °C
to 5 °C, the latter being the minimum temperature value for the entire reference period. Considering the sensitivity error associated
with thermal variations for the sensors used, it can be assumed that the observed trend remained within a reliable range to guarantee
the accuracy of the collected data.

The recorded data were processed to derive the relative displacements. In detail, the displacement associated with the registered
inclination can be obtained using the trigonometric relationship existing between the inclination angle (&) expressed in radians; the
distance along the inclination, corresponding to the height of the inclinometer considered from the reference 0 point (H); and the
horizontal distance, corresponding to the relative displacement (d) (Eq. (2)).

d
tana= i 2)

The value of the displacement along the two directions of the X and Y axes, denoted as dy and dy, can therefore be derived using Eq.
(3):

d(@)=tanax H 3)

This involves converting the angular inclination values from degrees centigrade to radians and placing the height values of each
inclinometer. The resulting diagrams, showing the trend of variation of the relative displacement values along the X and Y components,
expressed in centimetres, are presented in Fig. 8. Considering the reference system adopted (Fig. 4b), positive/negative inclination
values along the X component can be associated with horizontal displacements of the reference plane in the west/east direction.
Conversely, positive/negative values along the Y component can be correlated with rotations in the south/north direction.

By studying both the trends in the displacement variations values and their amplitude, as well as the average cumulative dis-
placements over time, the following preliminary considerations can be deduced. This analysis is aimed at describing the obtained
diagrams and is prodromic for the subsequent phases, deferring their elaboration to the results sections.

The INCL_1 inclinometer (Fig. 8a), shows almost no variations along the X component, while slightly more pronounced variations
are observed on the Y component throughout the entire reference period. In both cases, the variations follow a stabilised cyclical
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Fig. 8. Trend of displacement variation along the components X and Y. a) Variation of displacement values for INCL_1; b) Variation of displacement values for INCL_2;
¢) Variation of displacement values for INCL_3.

pattern with no sudden peaks or notable changes in their amplitude, indicating an absence of significant displacement variations along
either component. Considering the cumulative trend of displacements, it can be observed that the variations fluctuate in a range close
to zero until the beginning of October. After this point, the variations continue to follow a regular pattern, although slightly deviating
from the zero axis, accumulating an average final displacement (dx,med, dy,med) of less than 0.2 cm along both positive axes (south-west
directions) (Table 2), which can be considered close to null. The maximum displacement value along the X component (dx max) Was
recorded in January (Table 2); it is close to the final average trend previously estimated and follows the same positive direction,
appearing to be consistent with the overall trend analysis shown in the diagram. The maximum displacement value along the Y
component (dy, max), recorded in the middle of August, is slightly higher and in the negative direction (Table 2); however it is not high
enough to be considered a significant peak, and the different direction is coherent with the overall trend of variations that occurred in
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Table 2

Maximum recorded values of displacements [cm] along the X and Y components for each inclinometer, along with the corresponding measurement dates and average
recorded values of displacement over the reference period. Negative or positive signs indicate the direction of the displacements along the two components relative to
the reference system employed.

Maximum displacement values

Inclinometer Components Displacement [cm] Time-Origin [dd/mm/yyyy] [UTC]
INCL_1 dy max (+)0,66 January 19, 2024 10:21:40
dy,max (-)0,80 August 22, 2023 09:09:14
INCL_2 dy max (+)3,07 August 30, 2023 23:07:45
dy, max (-)2,51 August 30, 2023 23:07:45
INCL_3 Ay max (+)1,53 August 30, 2023 23:07:45
dymax (—)2,16 August 14, 2023 19:15:46
Inclinometer Components Average displacement values [cm]
INCL_1 dyxmed (+)0,15
dy,med (+)0,13
INCL_2 dy med (+)1,61
dy,med (-)0,37
INCL_3 Ay med (+)0,67
Cly,med (-)0,90
August.

The INCL_2 and INCL_3 inclinometers (Fig. 8b and c) exhibit significant variations along both components until the end of August,
still following a prevalent cyclical pattern. In this same period few notable changes and peaks in their extents can be observed, some of
them corresponding to maximum displacement values dy max and dy, max recorded for both inclinometers (Table 2). These values show a
significant deviation from the August trend as well as from the overall trend observed over the entire reference period. Thereafter, the
variations are still notable, but progressively decrease over the reference period, assuming eventually an oscillatory trend with almost
no variation, yet stabilised within a range of values distinct from the reference zero. This indicates the presence of a permanent cu-
mulative displacement that occurred over time, which for INCL_3 is evident along both components, while for INCL_2 it is more
pronounced along the Y component. In detail, the average final displacement cumulated for INCL_2 is about 1.6 cm along the +X axis
(east direction) and 0.4 cm along the -Y axis (north direction); while for INC_3 there is an average final displacement of about 0.7 cm
along the +X axis (east direction) and 0.9 cm along the -Y axis (north direction) (Table 2).

In general, the analysis of variations and cumulative displacement behaviour for INCL_1 shows minimal fluctuations and changes in
values. INCL_2 and INCL_3 exhibit similar trends among them, which differ notably from the one observed for INCL_1. In this case,
more pronounced variations are observed, specifically from August to the beginning of October. After this period, the analysis leads to
the same considerations made for INCL_1, with no more significant fluctuation in the displacement variations, but with a slightly more
significant extent of the permanent displacement cumulated over time. Moreover, INCL_2 and INCL_3 have undergone prevalent
displacements along the +X and -Y axes (northeast direction), while for INCL_1, the final displacements are along the +X and +Y axes
(southeast direction).

2.3. Selection and analysis of data related to seismic events

Once data on displacement variations have been acquired, the subsequent step focuses on the selection and analysis of seismic
events that occurred during the same reference period.

The open-source GOSSIP© (GeneratOr of Serenade Statlc Pages) portal provided by the National Institute of Geophysics and
Volcanology (INGV) [72] was used for event selection. This portal, which is updated in real-time, relies on the information from the
SERENADE® database, which comprehensively documents all earthquakes recorded by the Permanent Seismic Network of
multi-parameter monitoring, managed by the Vesuvius Observatory, and occurred in the relevant areas of responsibility (Tirreno
Litorale Domizio, Campi Flegrei, Vesuvio, Ischia, Golfo di Napoli and Penisola Sorrentina) [11,62,72,79].

During the reference period from August 8 to January 23, a total of 2936 earthquakes were documented. Table 3 presents the
monthly distribution of these earthquakes, clearly showing the extent of the intensification of bradyseismic phenomena between
August and September, with a significant difference in the number of earthquakes during these two months (70 % of the total)
compared to those occurred from October to the 23rd of January.

Table 3

Number of earthquakes occurred per each month of the reference period.
Month considered Number of earthquakes % of the total
August (August 08, 2023 - August 31, 2023) 940 32 %
September (September 01, 2023 — September 30, 2023) 1106 38 %
October (October 01, 2023 - October 31, 2023) 553 19 %
November (November 01, 2023 — November 30, 2023) 159 5%
December (December 01, 2023 — December 31, 2023) 76 2%
January (January 01, 2024 — January 23, 2024) 102 3%
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Among these, events with magnitudes less than Mg = 1.2 + 0.3 were omitted to focus on earthquakes with substantial intensity in
terms of effects on building systems. This refinement resulted in the identification of 161 earthquakes. To streamline the analysis and
concentrate on relevant events within the studied area, the results of this initial selection were further narrowed considering only those
earthquakes with hypocentres within a 3 Km radius of a designated Center Point, selected in the vicinity of the building (Fig. 9).

The decision not to centre the designated Center Point on the building’s location was made to encompass the Solfatara-Pisciarelli
area within the selection radius, as it recorded the highest number of earthquakes during the period considered, thereby giving an
additional dimension to the selection process [16,23,24]. From the 161 earthquakes previously identified, a new selection of 131
events was thus obtained. Further refinement excluded earthquakes with epicentres located within the Gulf of Pozzuoli, which might
have had lesser impacts on the built environment, leading to a final selection of 128 earthquakes.

In Annex A, detailed data on the main location parameters are provided for each event, including Time-Origin (date and time) in
UTC zone; Location (epicentre location), in decimal degrees; Depth of hypocentre, in km; Duration Magnitude (My).

Fig. 10 illustrates the geographic distribution of the 128 selected seismic events within the designated survey area, categorised
graphically according to the two parameters of hypocentre location depth and Duration Magnitude.

Fig. 11aillustrates the daily distribution of the 128 selected seismic events throughout the reference period. It also highlights time
intervals of increased seismic activity, identified as “clusters” of earthquake events, in which multiple events occurred close together.
Over the entire reference period, two distinct clusters of seismic activity were observed, both during the two months of the phenomena
intensification. The first cluster spans from August 15 to 21, during which 34 earthquakes were recorded, accounting for 81 % of the
August events and 27 % of the total. Notably, the highest number of daily earthquakes was recorded on August 18, with 19 occur-
rences. The second cluster was observed from Sept. 22 to September 29, encompassing a total of 43 events, which accounted for 86 %
of September events and 34 % of the total, with 12 earthquakes recorded on September 26 alone. During the months from October to
January, seismic activity decreased rapidly, with only 20 significant events recorded in October, 13 in November, 2 in December and
only 1 in January. These time intervals, as well as those falling outside the two clusters, are categorised as periods “of minor seismicity”.

Fig. 11b depicts the distribution of the events across their various hypocentre depth intervals, highlighting the percentages of
events within each depth range. Consistent with the characteristics of bradyseismic phenomena, all earthquakes exhibit shallow
depths, with the prevalent distribution varying between 0.2 km and 3 km.

Regarding the distribution of Duration Magnitudes, illustrated in Fig. 11c, of the total 128 earthquakes, 93 have values between 1.5
and 2; 27 have intensities ranging from 2 to 3; while 8 events show magnitude greater than 3. The most significant event occurred on
September 9, 2023, at 01:35 a.m. UTC, with a Duration Magnitude of 4.2 + 0.3. So far, this event represents one of the most energetic
recorded since the beginning of the current unrest phase and in the last 40 years. Although the magnitudes of these earthquakes may
appear low compared to typical thresholds considered in seismic assessments [80,81], they are located almost entirely in the Mu-
nicipality of Pozzuoli and are characterised by particularly shallow hypocentre depths. This results in more intense local effects on the
affected building systems, warranting a lower magnitude threshold value to be considered [82,83].

2.4. Data processing for comparison between seismic events and trends of displacement variations

The last phase of the methodology consisted of processing the data sets collected in the previous phases to elaborate the comparison
between seismic events and the trends of displacement variation.

Fig. 9. Identification of the chosen survey area within a 3 km radius of the Centre Point. The location of the Centre Point (Lat: 40.83023; Long: 14.13216) and the
respective location of the surveyed building are highlighted - Adapted from: Google Earth, Image © TerraMetrics, Data SIO, NOOA, U.S. Navy, NGA, GEBCO.
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Fig. 10. Geographical location of the 128 selected seismic events. The coloured scale indicates the depth distribution, while the symbol size is proportional to the
Duration Magnitude.

Below is a description of the two different analysis methods used for the comparison.

The first method involved comparing individual seismic events with the displacement variations recorded at the instants of their
occurrence. The aim is to identify potential correlations between the events and the changes in trends of displacement variations
analysed in Section 2.1, to eventually assess the localised impacts on the building.

In this analysis, only the most significant earthquakes in terms of impact on the local response were considered. This selection
includes events with a Duration Magnitude of at least Mq > 2.8 and those with epicentre located within a radius of 1 km from the
surveyed building. This distance represents the limit beyond which seismic phenomena associated with Bradyseism show a significant
level of attenuation. By applying these criteria to the 128 events previously identified (§ 2.3), a total of 38 seismic events were selected,
comprising 20 and 18 earthquakes respectively (Table 4).

Considering that the inclinometer sampling frequency is set at 30-min intervals, there may not always be temporal alignment
between the measurement instants and the occurrence of seismic events. Therefore, the analysis of the displacement variations’ di-
agrams is conducted within suitable time intervals to encompass the instants immediately preceding and following the events. Indeed,
for the purpose of this study, the 30-min sampling is still considered suitable to adequately capture and examine both general and
cumulative effects on the trends of displacement variations patterns due to seismic events.

Data on displacement values and variations registered by each inclinometer in time intervals close to the occurrence of each event
are presented in Annex B of the Supplemental Files.

At the time of each earthquake, the extent of displacements and the direction and amplitude of variations were analysed. The first
set of data, referring to the extent of displacements, is first compared to the maximum dp,.x displacement values observed (Table 2) to
examine any correlation between the two phenomena. This is followed by a comparison to the average dpmeq displacement values
recorded during different selected time intervals (Table 5), which include the entire reference period, the three distinct periods
identified as “minor seismicity”, and the time intervals associated with clusters of seismic activity (§ 2.3). The second set of data, related
to the displacement variations, is compared to the average Adpeq and maximum Adp,x displacement variations values registered over
the entire reference period, as well as over the other time intervals considered, to assess if they are coherent with the relevant trends
observed (Table 5). The method involves comparing both data sets with values from the entire reference period, as well as with those
from the other mentioned time intervals to account for the full range of different conditions to which the building was subjected.

In both cases, if anomalies in the extents of displacements, as well as in the direction and amplitude of variations registered before
and after the seismic event are identified, a comprehensive analysis of the data in relation to the overall trend of displacement var-
iations is conducted to determine whether they could be associated with the occurrence of the event itself.

The second method involved examining the trend of displacement variations in correspondence with the clusters of seismic events
previously identified (§ 2.3) and comparing them with the trends related to the period of minor seismicity and with the general trend
observed over the entire reference period. In this case, the analysis aims at identifying possible correlations between the frequent
stresses induced by the families of closely occurring events and possible differences in the trends observed in the respective time
intervals of occurrence, to obtain an assessment of the cumulative effects on the building. For this purpose, the average displacement
values dyeq and the amplitude of the average variations Adpeq recorded during the clusters are compared to those observed during the
other time intervals considered, to detect possible differences in the temporal patterns and persistence indices (Table 5).

12
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Fig. 11. Trends of the main seismological parameters of the 128 selected seismic events during the reference period. a) Seismic events frequency per day. The trend
line is used to evaluate the trend in the temporal data regarding the number of seismic events; b) Depth distribution of the selected events during the reference period.
The pie graph shows the incidence of the identified depth ranges in relation to the total number of events; ¢) Distribution of the Duration Magnitudes of the selected
events during the reference period with the relative vertical error bars of +0.3. The pie graph shows the incidence of the identified magnitude ranges in relation to the
total number of events.

Fig. 12 shows the diagrams of the trends in displacement variations for the three inclinometers along both components X and Y. For
graphical comparison, on the same graph are indicated the 38 seismic events selected for the first analysis method at their respective
times of occurrence and classified according to their Duration Magnitude, as well as the different time intervals corresponding to the
two identified clusters of events considered for the second method of analysis are indicated as well.

13
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Table 4
Main location parameters of the 38 seismic events and their distance from the surveyed building. Red indicates events with a magnitude
greater than or equal to 2.8; blue indicates events with epicentre located within a 1 km radius of the surveyed building.

3. Results and discussion

The first method involved studying the extent of displacements and the direction and amplitude of variations measured in time
intervals correspondent with the occurrence of individual seismic events, comparing them to the dpyax and the dyeq displacements
values and to the Adpeq and Adpax variations values respectively.

The analyses conducted did not reveal any direct correlations between the occurrence of individual earthquakes, even of significant
intensity or occurring near the surveyed building, and the changes in the trend of displacement variations recorded by any of the three
inclinometers. In terms of extent of the displacements, in no case were the maximum values dyax or other significant ones recorded in

14



M. Fraiese et al. International Journal of Disaster Risk Reduction 113 (2024) 104899

Table 5
Average and maximum displacement variation values and average displacement values along the X and Y components of all three inclinometers for the different
reference time intervals considered in both analysis methods.

Average displacement variation values [cm]

Reference time intervals INCL_1 INCL_2 INCL_3
Ady,med Ady,med Ady med Ady, med Ady,med Ady, med

August 08, 2023-January 23, 2024 (reference period) 0,03 0,04 0,05 0,04 0,03 0,03
August 08, 2023-August 14, 2023 (first period of minor seismicity) 0,04 0,06 0,13 0,08 0,08 0,07
August 22, 2023-September 21, 2023 (second period of minor seismicity) 0,04 0,05 0,09 0,05 0,05 0,04
September 30, 2023-January 23, 2024 (third period of minor seismicity) 0,03 0,03 0,03 0,03 0,02 0,01
August 15, 2023-August 21, 2023 (first cluster) 0,04 0,06 0,21 0,18 0,10 0,11
September 22, 2023-September 29, 2023 (second cluster) 0,03 0,04 0,05 0,04 0,03 0,02

Maximum displacement variation values [cm]

Reference time intervals INCL_1 INCL_ 2 INCL_3
Adymax Ady, max Ady max Ady, max Ady max Ady, max

August 08, 2023-January 23, 2024 (reference period) 0,38 0,52 3,47 2,11 1,49 1,59
August 08, 2023-August 14, 2023 (first period of minor seismicity) 0,28 0,52 2,58 1,40 1,39 0,88
August 22, 2023-September 21, 2023 (second period of minor seismicity) 0,30 0,52 2,09 2,11 1,04 1,07
September 30, 2023-January 23, 2024 (third period of minor seismicity) 0,38 0,47 2,18 0,47 0,93 0,85
August 15, 2023-August 21, 2023 (first cluster) 0,24 0,44 3,47 2,09 1,49 1,59
September 22, 2023-September 29, 2023 (second cluster) 0,17 0,33 0,77 0,40 0,37 0,29

Average displacement values [cm]

Reference time intervals INCL_1 INCL_ 2 INCL_3
dx,med dy, mea dx,med dy, med dy, med dy, med

August 08, 2023-January 23, 2024 (reference period) (+)0,15 (+)0,13 (+)1,61 (-)0,37 (+)0,67 (-)0,90
August 08, 2023-August 14, 2023 (first period of minor seismicity) (-)0,09 (+)0,02 (+)0,60 (-)0,20 (+)0,06 (-)0,76
August 22, 2023-September 21, 2023 (second period of minor seismicity) (-)0,06 (+)0,01 (+)1,31 (-)0,56 (+)0,45 (-)0,91
September 30, 2023-January 23, 2024 (third period of minor seismicity) (+)0,24 (+)0,18 (+)1,82 (-)0,32 (+)0,81 (-)0,91
August 15, 2023-August 21, 2023 (first cluster) (-)0,03 (+)0,01 (+)0,81 (-)0,40 (+)0,16 (-)0,89
September 22, 2023-September 29, 2023 (second cluster) (+)0,05 (+)0,07 (+)1,54 (-)0,51 (+)0,62 (-)0,92

Fig. 12. Trend of displacement variations recorded by inclinometers along both X and Y reference components and indication of the 38 seismic events classified
according to their Duration Magnitude along with an indication of the two time intervals related to the two clusters of events considered.

correspondence with the 38 seismic events considered, and the values observed remain consistent with the average values dpeq of the
reference time intervals in which they fall and the analysed trends. The notable changes and peaks observed for INCL_2 and INCL_3 (§
2.2) were not registered in correspondence of any seismic events, which, in the absence of further stress, may be associated with other
external factors such as temperature compensation issues.

Regarding the direction and amplitude of displacement variations, in almost all cases, there are no sudden variations in direction
during or immediately after the earthquakes, nor are significant differences in amplitude variations recorded from the average Admpeq
and maximum Adpax values, either in the overall trend of the entire reference period or during periods of minor seismicity or cluster
events. In case some changes were noted, a comprehensive analysis of the data registered with respect to the overall trends of
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displacements was developed. When observed, the changes in direction recorded close to the events are still coherent with the cyclical
patterns observed in each relevant time interval, excluding a direct correlation between the two phenomena. Similarly, when the
amplitude of the variations Ad recorded at time intervals close to the event appear the be higher than the Adpeq and Adp,ax values, they
are only marginally higher and do not represent anomalies compared to the general pattern observed over the entire reference period,
as well as over the different time intervals considered.

Moreover, the significant variations observed for INC_2 and INCL_3 in August (§ 2.2), are not limited to time intervals close to the
individual seismic events, and for all three inclinometers substantial differences in variation amplitudes are in fact observed at in-
tervals unrelated to seismic events as well as during periods of minor seismicity. This results in difficulties in establishing a direct
correlation between such changes and the events themselves, and they are not attributable to the occurrence of the individual
earthquake, and do not constitute an anomaly in the oscillatory trends observed.

Some examples of specific comparisons are described, deferring observations of data to an analysis of Annex B of the Supplemental
Files. During the seismic events occurred on August 18, none of the three inclinometers recorded maximum displacement values dpax
in time intervals close to the event, and the extent of displacements do not show significant changes compared to the dyeq observed
across the different time intervals (Tables 2, 5 and 6). The slightly above-average values observed (e.g., along the Y-axis for INCL_1) do
not represent anomalies, as a deeper analysis of the displacement diagrams reveals they are consistent with the overall observed trends.
As for the displacement variations recorded straddling of the event, no sudden changes in direction are observed for any of the three
inclinometers (Table 6), and the amplitudes remain consistent with the Adpeq and lower than Adp,.x across all reference time intervals
(Tables 5 and 6).

Similarly, during the event on September 27th, the displacement values registered by the three inclinometers are all lower than
dmax and aligned with trend patterns of the relevant time intervals (Tables 5 and 6). Furthermore, no variations in direction are
observed between the values registered before and after the event, and no significant differences in amplitude are noted from the
average Adpeq- The consistency of these considerations could be significant, given that, in the first case, the four seismic events
occurred in close succession and were relatively high in magnitude, while the second event had the highest My value of the entire
reference period (Table 4).

The second method involved studying the dpeq and Agmeq displacement values registered during the clusters, comparing them to
those registered during the other reference time intervals considered.

From this second analysis, the anomalies of dpeq and Agmeq values observed during clusters of seismic events result not to be
correlated to the events themselves. No differences result in comparing these values recorded during clusters and the ones referred to
the entire reference period, including periods of minor seismicity.

In this case, INCL_1 behaves differently than INCL 2 and INCL_3. For INC_1, during the time intervals associated with the two
clusters, no significant changes emerged in the extent of the dpeq values either in the amplitudes of Adpeq values compared to the
overall average trends, including those associated with periods with minor seismicity (Table 5). For INCL_2 and INCL_3, the dp,eq values
recorded during the two clusters are consistent with those recorded during the other time intervals, indicating no specific influences of
the high frequency of seismic events on the extents of the average displacement observed.

Regarding the Adpeq values, for INCL_2 and INCL_3 much higher amplitudes are observed only during the first cluster of August
(Table 5). However, these differences are compatible with the relevant period of stabilisation of the building after the consolidation
interventions, suggesting again there is no correlation with the occurrence of high frequency of seismic events. After this period, the
displacement variations of both inclinometers tend to stabilise for both their components.

In general, the analysis of the trend of displacement variations for INCL_1 showed minimal fluctuations and changes in values with
no significant average final displacements, indicating that both its X and Y components remain mainly stable over time. The analysis of
the trend of displacement variations for INCL_2 and INCL_3, in contrast, shows an average final displacement, but is not correlated with
the high frequency of seismic events.

Considering these average final displacement values, the building appears to have experienced a permanent resulting displacement
over the entire reference period, albeit of slight magnitude. However, these values remain within the alert threshold of +1°, as defined
by the company responsible for the monitoring plan. This threshold provides a reasonable margin to account for normal fluctuations
and ensure accuracy control, having been established through experience and cross-referenced with the sensitivity of the monitoring
equipment and potential external influences, such as environmental conditions and temperature variations. If values exceed this
threshold, more detailed inspections and potential interventions would be promptly initiated on the monitored building to prevent
further damage and safety threats.

This substantiates the results indicating that, after a period of stabilisation, the entire monitored building remained stable over
time.

Discussing the results of both comparison methods, no specific correlations have been observed between the trends of displacement
variations and either the occurrence of individual seismic events or clusters of events. The more pronounced fluctuations observed
between August and September, could be therefore attributed to a combination of the following conditions: the building’s stabilisation
period following interventions, which were mostly localised near the cantonment were INCL_1 was installed, indicating the differing
behaviours of the other two inclinometers; the rapid diurnal temperature transitions during these months (§ 2.2), occurring within
higher temperature ranges, to which the monitoring system could be more vulnerable and, therefore, could have been affected more
than during the others; other environmental or external factors. The analysis carried out indicates that the seismic component of the
Bradyseism, in the range of low intensity, does not affect the building in terms of final permanent displacement.

The latter may be related to temperature compensation issues influencing the inclinometers combined with the effects of soil
deformation, that constitutes the second component of bradyseismic phenomena. According to the proposed map in Fig. 13, it is easy to
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Table 6
Displacement values and variations recorded in time intervals close to the occurrence of two of the considered seismic events for all three inclinometers.
Date [dd/mm/yyyy] Seismic event Measurement Displacement values [cm] Displacement variations [cm]
Time [UTC] INCL_1 INCL 2 INCL_3 INCL_1 INCL_ 2 INCL_3
dy dy dy dy dy dy Ady Ady Ady Ad, Ady Ady
August 18, 2023 04:09:59 03:52:41 (+)0,00 (+)0,21 (+)1,08 (-)0,30 (+)0,25 (-)0,85 0,02 0,05 0,10 0,07 0,06 0,00
04:10:30
04:18:05 04:23:05 (+)0,02 (+)0,16 (+)0,19 (-)0,23 (+)0,31 (-)0,85)
04:22:49
September 27, 2023 01:35:34 01:11:11 (+)0,00 (+)0,10 (+)1,61 (-)0,47 (+)0,64 (-)0,92 0,05 0,00 0,05 0,00 0,01 0,01
01:40:51 (+)0,05 (+)0,10 (+)1,66 (-)0,47 (+)0,65 (-)0,91
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understand that the differential increase in height reached in each area of the caldera determines a slight inclination of the soil, that
might be compatible with a subsequent relative displacement of buildings located in the relevant area.

From these observations, it can be discussed that the impact of low-intensity and high-frequency solicitations, typical of brady-
seismic phenomena, do not significantly affect the building’s behaviour in terms of local or cumulative effects on the technical ele-
ments of the Load-bearing Structure.

However, significant disparities were observed between the average displacement values of INCL_1 and those of INCL_2 and
INCL_3, both in terms of directions and extent. This might be due to the fact that the three inclinometers were installed at different
positions on the facade, subjected to differential deformations due to the subsidence of the foundation soil and the broader soil
deformation component of Bradyseism. These types of deformations, as well as those associated with the other extensive hazards
deriving from the surrounding context, are not compatible with the vulnerability of the technical elements of the facade, resulting in
much more significant impacts on these elements.

The results of both analysis methods and the direct observation of the evolution of the anomalies on the facade, showed the sta-
bilisation of the prevalent crack patterns after the consolidation interventions (Fig. 3).

Since the prevalent crack pattern was attributed to the subsidence, while the other facade’s anomalies were pre-existent and were
not significantly increased by specific bradyseismic phenomena occurred in the analysed period, a wider investigation was carried out
to interpret their evolution over time.

The assessment of the state of preservation of the vulnerable technical elements considered was carried out through the comparison
of archival satellite images of the building obtained from the online mapping and navigation service “Google Street View”. The analysis
covered the years from 2008, that represents the earliest available reference in Google’s historical archive, to 2023, with all available
images being examined to capture the progressive deterioration of the building envelope over time. The images presented in Fig. 14
were selected to illustrate the progressive deterioration in correspondence with key time intervals supporting the considerations drawn
from the analysis. The first three-time intervals together show minimal progressive deterioration in the state of preservation of the
building envelope, while the later images reveal, over a shorter period, a more rapid and notable increase in degradation particularly
since 2018, corresponding to the intensification of bradyseismic phenomena. Therefore, it is reasonable to link the amplification of
these anomalies to the impacts of seismic-deformation phenomena of the Bradyseism, in the long term, on the vulnerable technical
elements of the building envelope. These impacts, combined with other extensive hazards, exacerbate the natural deterioration of the
envelope elements, resulting in significant effects on their integrity and performance.

This state of preservation of facades and the related vulnerability of technical elements, mainly due to seismic deformation phe-
nomena linked to Bradyseism still determine a hazardous condition for the urban context, even after the stabilisation of the Load-
Bearing structure. In this view, the impact of Building Risk can be easily understood and qualitatively appreciated as an additional
risk scenario affecting streets and people exposed.

4. Conclusions and future developments

The described research provides a significant assessment of the importance of the vulnerability of technical elements of the en-
velope in Bradyseismic risk scenarios. The analysis carried out demonstrated that with the intensification of bradyseismic stresses in
the range of low intensity and high frequency, the technical elements of the Load-bearing Structure did not pose a significant risk to the
urban system, whereas the technical elements of the building envelope had a much more substantial impact in terms of Building Risk.
With this in mind, the Building Risk can be considered as an additional factor in the multi-risk scenario of Campi Flegrei, mainly
characterized by volcanic and seismic hazards, floods, environmental exposition (especially related to the impact of chloride salts in
the areas near the sea, and sulphates salts in the inner areas, near the Solfatara) and climate change. Considering the influence of
Building risk on urban systems, the conclusion of the emergency phase was declared by the Public Administration only after the
splitting of degraded finishings of the technical elements of the facade. Future research developments aim to overcome some of the
critical issues that emerged in the conducted study, which mainly pertain to the unavailability of data on the components of defor-
mation and ground accelerations at the scale of the building or building aggregate.

Although the analysis conducted did not show direct effects of the seismic deformation stresses linked to Bradyseism, in terms of
detachments and falling parts within the analysed period, significant economic, social, infrastructural, functional, and safety impacts
were recorded on the urban context. Managing the emergency, across all its phases, imposed substantial burdens for the Public
Administration and private individuals to cope with, among others, the costs associated with temporary housing relocation for affected
individuals, the interruption of commercial activities, the reorganization of vehicular circulation, and limited access to essential
services. The impacts on the community were also recorded in terms of the perception of safety, testifying the importance of designing
suitable risk communication strategies aimed at mitigating the overall state of agitation of the population called upon to live with this
kind of recurring event. In this regard, the methodological approach adopted in the research conducted by the authors, along with the
elaborated results, provide valuable data to convey a positive message to the population regarding the actions implemented by the
Public Administration.

Given the limited availability of literature-based data on Building Risk evaluation, the ongoing developments of this research aim at
collecting more experimental data. In this perspective, the challenge consists of elaborating innovative vulnerability models to
describe and predict the behaviour of the technical elements of facades, considering that existing models thought for the assessment of
Load-bearing Structure elements’ vulnerability cannot be applied.

Experimental approaches, aimed at comprehensively understanding this risk factor in urban contexts, cannot disregard a pre-
liminary knowledge of the state of preservation of the building envelopes. This understanding must be further enhanced through
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Fig. 13. Indication of the soil deformation phenomenon registered in the Campi Flegrei area. a) Time series of weekly elevation changes of RITE (Pozzuoli - Rione
Terra), ACAE (Accademia Aeronautica), SOLO (Solfatara) and STRZ (Pozzuoli - Cemetery) stations from January 2016 to January 2024; b) Map of horizontal vertical
GNSS displacements recorded from January 2016 to January 2024. Images curated by © Osservatorio Vesuviano and adapted from the monitoring bulletin released in
January 2024 [84].

Fig. 14. Evolution of the state of preservation of the technical elements of the building envelope. a) Image dated April 2008; b) Image dated August 2012; c) Image
dated August 2016; d) Image dated October 2018; e) Image dated April 2023. Retrieved from © Google Maps Street View. f) Image dated August 2023. © Authors.

monitoring phases aimed at interpreting the evolution of this state preservation over time, considering the multi-hazard scenario
typical of the analysed context.

These lines of research development align with the emergency management planning mandates outlined at the national level
through the Campi Flegrei Decree-Law of October 12, 2023 [85]. The Decree, absorbing the findings of the studies conducted by the
authors in support of the Public Administrations of the Phlegraean area, emphasizes the importance of gaining a comprehensive
understanding and in-depth knowledge of the state of preservation of the built environment, paying renewed attention to the analysis
of the vulnerabilities of the technical elements of the envelope and the assessment of the relevant Building Risk. In this regard, the
relevance of the themes developed extends beyond the advancement of scientific knowledge to the development of methodologies for
implementing operational strategies aimed at mitigating Building Risk and enhancing urban resilience.

The methodological approach holds broad applicability in studying the impacts on the built environment caused by low-intensity
and high-frequency forcings common in urbanized settings in any type of multi-risk scenario. For instance, it can be applied to assess
the stresses exerted on building envelopes by infrastructure systems such as roads, railways, and subways, or by meteorological events
exacerbated by the effects of climate change.
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