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Abstract
In this paper, the authors analyse the volcanic threats that over 2 million inhabitants of the Naples region have to face. The authors 
look for the best solutions to protect architecture and infrastructure from volcanic activity. They examine the possibilities of evacuat-
ing residents from threatened areas. They analyse the solutions developed so far and check the scientific literature. They wonder if 
there is any chance for residents at all if Campi Flegrei erupts? How big an eruption can the residents, architecture and infrastructure 
withstand? Will it be possible to evacuate residents in time to return after some time? The analyses lead to the conclusion that in the 
event of an eruption of up to 4/5 on the VEI scale, with appropriate security measures and evacuation organisation, we are able to 
protect residents, architecture and technical infrastructure from the effects of volcanic activity in this area.
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1. INTRODUCTION
There are discussions ongoing about climate change 
and its impact on life on Earth. It is a constant process, 
and its effects are visible at every turn. However, we 
forget about the threats associated with volcanic activ-
ity, perhaps because we feel its effects, although clearly, 
not every day, but once or twice a century. 
Recently, researchers from the University of Leeds have 
discovered that the largest mass extinction event 260 
million years ago was caused by the eruption of a su-
pervolcano. The eruption in what is now China, wiped 
out 96% of marine species and 70% of terrestrial verte-
brates (Shen, 2024)
Supervolcanoes erupt every 50–100 thousand years, 
hiding deep underground. Their eruptions cause mas-
sive destruction. Examples include the Taupo super-
volcano in New Zealand, which erupted 26.5 thousand 

years ago (Jolly et al., 2008), and Mount Toba in Suma-
tra, whose explosion 70–75 thousand years ago may 
have reduced the human population to about 2  thou-
sand survivors (Jackson et al., 2015).
The researchers found that these dramatic events had 
a  significant impact on human genetic diversity. The 
eruption of Mount Toba was three thousand times more 
powerful than Mount St Helens, reaching a level of 8 on 
the Volcanic Explosivity Index (VEI), and ash circled the 
Earth for six months. Sulphur fumes blocked sunlight, 
leading to a  thousand-year nuclear winter and a  dra-
matic drop in temperatures. As a  result, life survived 
mainly in the equatorial zone (Robock et al., 2009).
Could the Phlegraean Fields erupt in a  similar way? 
Some researchers question the possibility of a  large 
eruption. They point out that it would only be possible if 
the Phlegraean Fields turned out to be one of those large 
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volcanic systems similar to Yellowstone (Chiodini, 2007). 
It is impossible to predict an eruption in the near future, 
but such a situation must also be taken into account.
Currently, 350 to 500 million people who live in volca-
nic zones are at risk of volcanic eruptions. In densely 
populated areas, eruptions can claim more lives in one 
go than all the volcanic explosions since the 18th cen-
tury. Eruptions have killed more than 220,000 people, 
mostly from famine and disease (30.3%), pyroclastic 
clouds and avalanches (26.8%), lahars (17.1%), tsuna-
mis (16.9%), debris avalanches (4.5%), ashfall and vol-
canic bombs (4.1%), lava flows (0.3%), and toxic gases 
and seismic shocks (0.03%) (Makówka, 2020).
The biggest disasters were caused by volcanic erup-
tions: Tambora (1815), Krakatoa (1883), Pelée (1902) 
and Nevado del Ruiz (1985), responsible for 66% of the 
deaths in the last 200 years (Jackowicz, 2013). Explo-
sive eruptions generate huge amounts of pyroclastic 
materials, which can be much more destructive than 
lava eruptions.
Volcanic activity destroys soil, burns forests and pol-
lutes water and air, disrupting ecosystems and leading 
to hunger and disease. Gases and ash released into the 
atmosphere affect climate change.

2. RESEARCH QUESTIONS, OBJECTIVES, METHODS
We wonder whether researchers are able to predict 
volcanic hazard and find possible ways to prevent the 
destruction of buildings and infrastructure, as well as 
ways to evacuate the population.
The authors posed the following research questions 
and formulated the goals that can be achieved by trying 
to answer the questions.
�� Are there effective technologies that can significant-

ly reduce the effects of volcanic activity? The aim of 
research on technologies aimed at reducing the ef-
fects of volcanic activity is to thoroughly understand 
the effects of eruptions and improve the effective-
ness of crisis management.

�� Are the current evacuation strategies and protection 
against the effects of volcanic eruptions effective 
enough? The aim of these actions, including preven-
tive evacuation strategies, is to ensure the safety of 
residents and protect infrastructure from destruction.

�� Are there ways to overcome the obstacles related 
to the implementation of volcanic hazard protection 
measures? The main obstacles include the lack of 
awareness of local authorities and citizens regard-
ing the economic aspects of intervention and the 
extensive reach of potentially affected areas.

�� How effective is the integration of the database and 
simulation models? Integration allows for the veri-
fication of the effectiveness of various mitigation 
strategies, and aims to create more precise and ef-
fective crisis management strategies.

�� What are the possibilities for further research devel-
opment? Continuing research allows for the devel-
opment of alternative risk reduction scenarios for 
more effective coping with volcanic hazards.

The following considerations will be an attempt to an-
swer the above theses using the example of the possi-
bility of evacuating people and protecting buildings and 
infrastructure in the event of an eruption of the Campi 
Flegrei supervolcano.
This research utilises a comprehensive review of scien-
tific literature on volcanic activity, focusing on the Campi 
Flegrei supervolcano. The study employs comparative 
analysis of historical supervolcanic eruptions, such as 
Taupo, Toba and others, to evaluate potential threats. 
Insights from bradyseismic events will be examined to 
explore their impact on structural stability and potential 
methods to minimise damage. Data from geological 
monitoring systems and simulation models are analysed 
to assess current mitigation strategies. The methodology 
also includes case studies of past evacuation efforts and 
infrastructure protection techniques, aiming to identify ef-
fective solutions for crisis management in volcanic zones.

3. THE STUDY AREA OF CAMPI FLEGREI AND ITS SPE-
CIAL FEATURES
The Campi Flegrei supervolcano was formed in a mon-
umental eruption 39,000 years ago. It now sits in an 
area of almost 3  million people encompassing three 
volcanoes –  the mighty Campi Flegrei caldera, the fa-
mous Vesuvius (which some researchers consider one 
of the five most dangerous volcanoes in the world) and 
a dormant volcano on the island of Ischia.

Ill. 1. A small Strombolian eruption of the Etna volcano (October 
2021), however, a plume of volcanic ash was shot to a height of 
about 7 km. To capture the scale, the photo shows the lower part of 
the volcanic ash thrown by the eruption and the gondola lift. Photo 
by Mariusz Twardowski

Ill. 2. Satellite image of the Naples area with over 2 million 
inhabitants living next to three volcanos, (Brown et al., 2015)
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3.1. Ischia
Guido Bertolaso, head of the Italian Civil Protection De-
partment to 2010, warns that the volcano on the island 
of Ischia has a huge explosive potential that could have 
tragic consequences (AP News, 2010). The last erup-
tion took place in 1302, but the volcano is currently 
inactive, although it is constantly monitored. The vol-
canic cone has grown to 800 m  in the last ten thou-
sand years, indicating the accumulation of magma. An 
eruption could have dramatic consequences. In 2017, 
an earthquake hit the island, killing two people and de-
stroying many buildings.
3.2. Vesuvius
Vesuvius is the only active stratovolcano in continen-
tal Europe with basaltic lava (Tilling, 1998). Its activity 
dates back about 16 thousand years, with the great-
est activity from 1631 to 1872. The volcano reaches 
a height of 1281 m above sea level, and its crater is 230 
m deep and 550–650 m in diameter. The cone is located 
in a caldera formed during the eruption in 79 AD.
The last eruption took place in 1944. On the slope there 
is a villa that housed the world’s oldest volcanological 
observatory, Osservatorio Vesuviano, which had been 
in operation since 1845. The observatory was moved to 
the rim of the Campi Flegrei caldera, and the villa now 
houses a museum. The very strong eruption in 79 AD 
(approx. 4 on the VEI scale – Volcanic Explosivity Index) 
is the most famous and dramatic (Sagerson, 2022). The 
eruption of Vesuvius at that time was described in de-
tail by Pliny the Younger (the current term Plinian erup-
tion is named after him). The volcano is considered 
extremely dangerous, but the author notes that the 
problem is not only the force of its eruptions but above 
all the huge number of people living in its surroundings.
3.3. Campi Flegrei
After the eruption of the Phlegraean Fields, which 
took place almost 39,300 years ago, the supervolcano 
showed several times less activity, and none of the 
eruptions reached the strength of the initial one. Over 
the next 20,000 years, during the second Phlegraean 
period, the volcano erupted with less power, creating 
several smaller calderas inside. The greatest activity oc-
curred about 12,000 years ago, when huge amounts of 
yellow ash, known as Neapolitan yellow tuff, were ex-
tracted, which fell on an area with a diameter of about 
35 km (Scarpati, Cole and Perrotta, 1993). Due to the 
activity of this volcano, the area around the edge of La 
Starza in Pozzuoli rose by about 60–80 m (Sacchi et al., 
2014). Tuff, which has been compressed over the centu-
ries, is the most common byproduct of the volcano. Be-
cause of its colour, lightness, and insulating properties, 
it has been used as a building material since antiquity.
The Third Phlegraean Period, which lasted from 8000 
to 500 CE, saw minor supervolcanic activity. During this 
time, lakes were formed in smaller calderas and the 
cone of Monte Nuovo. This volcano erupted between 
29 September and 6 October 1538, destroying the me-
dieval village of Tripergole (Arzilli et al., 2016). 
Currently, the greatest threat in the region is brady-
seism, which causes the ground and buildings to rise 
and fall. The caldera area, apart from local tremors, does 
not show major seismic unrests. Only in two places, 

Ill. 3. Map of the volcanic island of Ischia. Red triangles indicate fixed 
seismic stations in transmission. Yellow triangles indicate a mobile 
seismic station – local acquisition. Green squares indicate a mobile 
seismic station in transmission, source: (Galluzzo et al., 2018)

Ill. 4. Vesuvius from the Bay of Naples, photo: Mariusz Twardowski

Ill. 5. Vesuvius and some of the visible seismic stations set around 
the volcanic cone, photo by Mariusz Twardowski

Ill. 6. Neapolitan yellow tuff, source: (Gelagi, 2006) 
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Solfatara and Pisciarelli, there is an intense emission of 
solfataras and fumaroles. In Solfatara, there are fissures 
from which fumes with a  temperature of 150–160 °C, 
containing hydrogen sulphide, water vapor and carbon 
dioxide, escape. In the area of Pisciarelli, fumes with 
temperatures ranging from 300 to 1000 °C are emitted 
(Giudicepietro et al., 2019). Solfatara was open to visi-
tors until 2017, when an entire family fell into one of the 

vents. Pisciarelli is the most active area in the entire cal-
dera and too dangerous to allow visitors.
The Campi Flegrei and Yellowstone calderas, although 
different in size (Campi Flegrei has a diameter of about 
12 km, while Yellowstone is more elliptical and about 50 
km long), are equally dangerous. Recent studies have 
shown that there are two huge magma chambers be-
neath Yellowstone. The first, with a capacity of about 10 
thousand km3, is located at a depth of 3 to 8 km, and the 
second, with a capacity of as much as 46 thousand km3, 
is located below the first. However, the magma cham-
bers beneath Yellowstone are separated by a cold man-
tle of plates, which would require much greater force 
(several times greater than today) to erupt the volcano 
(Chiodini, 2007).
Recently, scientists from the Italian National Institute 
of Geophysics and Volcanology (INGV) reported that 
the pressure in the magma chamber of the Campi 
Flegrei caldera exceeds the threshold that could trigger 
a powerful eruption at any moment, by as much as ten 
times (Montagna, Papale and Longo, 2022). The Campi 
Flegrei magma chamber is located about 3-4 km below 
the Earth’s surface. Although the magma reservoir un-
der Campi Flegrei is much smaller, scientists believe it 
is connected to the magma chamber under Vesuvius 
(Amoruso, Gualandi and Crescentini, 2024). Inside the 
caldera near Naples there are as many as 29 craters and 
volcanic cones.
The Phlegraean Fields area is one of the most closely 
monitored volcanic areas in the world. Thanks to GPS 
systems, radars and satellite images, researchers are 
able to detect any movements inside the earth, record 
the smallest earthquakes, measure the temperature in-
side the magma chamber and observe gas ejections. 
Although there are currently no indications of an ap-
proaching eruption (although recently in 2024 there 
have been regularly stronger earthquakes)1, scientists 
are wondering how to organise the evacuation of Na-
ples in the event of a threat. The aim is to ensure the 
safety of three million residents, including those in hos-
pitals, nursing homes and kindergartens. Warning signs 
announcing an eruption may appear a dozen or several 
weeks in advance. It is assumed that magma will accu-
mulate near the reservoir at a depth of 3 km before the 
eruption, which will cause a sudden increase in pres-
sure that will be realistic for geophysicists to measure.

Ill. 7. The volcanic cone of Monte Nuovo formed in 1538 AD. Graphics: 
Marco Antonio Delli Falconi. Source: (Fiorentino et al., 2022)

Ill. 8. Sulphur gas emission, Solfatara 2024, photo by Mariusz 
Twardowski

Ill. 9. Campi Flegrei calderas near Naples and Yellowstone, Wyoming, 
Campi Flegrei: Mariusz Twardowski on Google map, Yellowstone 
source: (Lowenstern et al., 2005)

Ill. 10. Campi Flegrei. Dozens of seismic stations record all the un-
rest in the caldera area. Orange and red dots indicate events from 
around the last six months. source: data from the Italian National 
Institute of Geophysics and Volcanology INGV, https://terremoti.
ov.ingv.it/gossip/flegrei/, accessed: 03.09.2024
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3.4. Ground movements in the Phlegrean Fields area 
(Bradyseism)
In the Campi Flegrei caldera there is another important 
phenomenon worth mentioning in the context of volca-
nic activity. Although it is not endemic (in several other 
calderas around the world there have also been small 
earth movements), in the Campi Flegrei it is common, 
aggressive and requires the use of appropriate protec-
tive measures (Cannatelli et al., 2020). 
Researchers analyse many hypotheses trying to ex-
plain the origin of the ancient volcanic activity in the 
Campi Flegrei caldera, especially after the eruption of 
the ‘Neapolitan yellow tuff’. Their hypotheses mainly 
focus on the following factors: interaction or periodic 
emergence of magma, the influence of heating or cool-
ing by hydrothermal waters, various processes related 
to the geothermal system, chaos theory (Cannatelli et 
al., 2020). Each of these hypotheses tries to explain 
the genesis of the volcanic phenomenon in the Campi 
Flegrei caldera.
The phenomenon of bradyseism (slow earth move-
ments), has been present in the Campi Flegrei region 
since Roman times. This is evidenced by the traces 
left on the columns of the Roman temple of Serapis 
in Pozzuoli. The interpretation of this phenomenon is 
extremely important not only for scientific research, 
but also for assessing the risks associated with pos-
sible volcanic eruptions, which could lead to the need 
to evacuate large numbers of inhabitants and to find 
architectural solutions to protect buildings and techni-
cal infrastructure. In the past, such evacuations caused 
a great financial, emotional and physical burden for the 
affected community. That is the reason, it is important 
to understand the relationship between bradyseism 
and the risk of volcanic eruptions (Perelli et al., 2023)
the high exposed value (about 500,000 people will be 
evacuated during the “alarm phase”.
Over the last 2,000 years, the Campi Flegrei area has 
experienced many periods of ground movement, but 
eruptions associated with uplift have been rare. The 
only confirmed case is the eruption of Monte Nuovo in 
1538 CE and a possible small phreatic event in 1198 CE, 
where ground deformation was directly related to the 
eruption. Similar deformation without eruptions is quite 
common in other areas of significant bradyseism, such 
as Yellowstone and Long Valley (Cannatelli et al., 2020). 

Ill. 11. Phlegraean bradyseism in Pozzuoli, phase difference of ground 
movements in the 20th and 21st centuries, level measured in Macellum 
di Pozzuoli (Tempio di Serapide), source:(Cannatelli et al., 2020)

Ill. 12. Port Iulius (under the water surface) in the Campi Flegrei 
caldera, in the background the Monte Nuovo volcano, photo by 
Mariusz Twardowski

Ill. 13. Phlegraean bradyseism, Macellum di Pozzuoli (Tempio di 
Serapide) – the main site for observing ground movements in the 
caldera, 2022 (left) and 2024 (right), photo by Mariusz Twardowski
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The 20th and 21st centuries were active. Land survey-
ors measured that in the period 1950-1952 the ground 
rose by about 0.73 m and in the period 1969-1972 the 
terrain rose by about 1.77 m. In turn, in the years 1972-
1975 the level dropped by about 0.2 m. A  large jump 
occurred in the period 1982–1984, when the uplift was 
about 1.79 m. During this period, over 16,000 earth-
quakes with a magnitude of up to 4 on the Richter scale 
were recorded (De Natale et al., 1991). 
This led to the temporary evacuation of about 40,000 
people from the city of Pozzuoli. Residents were not 
able to return to their homes for several months. The 
evacuated population was moved to two newly built 
cities (Rione Toiano and Monteruscello), built a few ki-
lometres from Pozzuoli. Unfortunately, both towns were 
founded in the Campi Flegrei caldera area, even though 
they were still at risk of eruption (De Natale et al., 1995). 
After this rapid period of uplift and earthquakes, be-
tween 1985 and 1988, there was a decrease of about 
0.2 m. Over the next two years, 1988-1989, the terrain 
rose slightly (by 0.13 m). There was a  slow phase of 
ground lowering with short-term uplift actions in 1994 
and 2000. In 2024, the terrain began to rise again, but 
not as steadily as in the 20th century. Once it rose, then 
quickly fell (unstable ground behaviour), additionally 
showing constant deformation trends (Cannatelli et al., 
2020). At the turn of 2012 and 2013, a  large accelera-
tion of ground uplift was noted. At that time, an excep-
tional ground heaving speed was noted - about 3 cm 
per month (De Martino et al., 2014). From November 
2005 to August 2024, the ground rose by 132.5 cm, of 
which about 14.5 cm since January 2024 (Il sistema di 
sorveglianza dell’Osservatorio Vesuviano, 2024). Since 
2012, there has been significant magma activity in the 
magma chamber under Pozzuoli.

4. PREVENTING THE EFFECTS OF VOLCANIC ERUP-
TIONS, ANALYSIS, RESEARCH
4.1. Research and awareness of volcanic hazards in 
the Campi Flegrei caldera
In the case of the Campi Flegrei caldera, it is necessary 
to consider the protection of the inhabitants of a dense-
ly populated area (Ischia, Campi Flegrei, Vesuvius) in-
habited by about 3 million people.
Volcano research aims to predict eruptions. It includes 
seismic, acoustic, thermal and geochemical monitoring, 

as well as satellite and computer modelling of volcanic 
processes. Researchers and authorities develop evacu-
ation plans and warning systems. Rescue services are 
trained, There are programs to educate residents. Au-
thorities also prepare urban planes to avoid concentra-
tion of population in dangerous places. Dams and chan-
nels are also built to manage the effects of eruptions.
In the last decade, catastrophic volcanic eruptions have 
occurred mainly on the eastern and southeastern coasts 
of Asia and in Central America, including the Lesser An-
tilles. They have caused more than 1,500 victims, 80% 
of whom died as a result of the eruption of Mount Pina-
tubo. The cause of death was ashfall, volcanic bombs, 
pyroclastic flows and fire clouds (de Guzman, 2004). In 
the case of seismic hazards, the most important thing is 
the evacuation of residents and animals.
In the Campi Flegrei caldera, volcanic unrest and evacu-
ations in the 1970s and 1980s caused serious difficulties 
for the local population, especially in Pozzuoli (several 
months of evacuation from their homes, destruction of 
buildings, infrastructure). However, studies have shown 
that residents are still more afraid of losing their jobs 
than of the eruption (Ricci et al., 2013). Analyses have 
been started on the potential risks to the population 
and infrastructure resulting from volcanic unrest with-
out an eruption. Using a GIS database, the interactions 
between hazard scenarios and existing buildings and 
the vulnerability of infrastructure around the caldera to 
damage caused by volcanic activity have been studied 
(Charlton, Kilburn, Edwards, 2020). 
4.2. The seismic unrest of the 20th century in Campi 
Flegrei
The Campi Flegrei caldera is a prime example of how 
unrest can severely affect local communities. Covering 
an area of about 12 km in diameter, the eastern end of 
the caldera coincides with the outskirts of Naples and 
has erupted at least 60 times since the eruption of the 
yellow tuff of the Naples caldera 15,600 years ago. Since 
1950, the Campi Flegrei area has experienced periodic 
unrest, characterised by caldera uplift. The largest uplift 
occurred in Pozzuoli, where the ground rose by more 
than 4 m. As a result of this, and the seismicity of the 
VT at a depth of up to 4 km, some 40,000 people were 
evacuated. The earthquakes and ground movements 
damaged at least 70 buildings, prompting the govern-
ment to build 5,000 apartments in the Monte Ruscello 

Ill. 14. Darsena di Pozzuoli – currently used only by small boats, the 
old inner port (dock) of Pozzuoli. Since 2005, the port area has risen 
by 132.5 cm, photo by Mariusz Twardowski

Ill. 15. According to the ISTAT statistical office, the province of 
Naples is inhabited by 2,972,830 people (source: https://demo.
istat.it/app/?l=it&a=2022&i=D7B) accessed: 19/06/2024), photo by 
Mariusz Twardowski
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area for the affected (Barberi et al., 1984). In 2016, the 
caldera was inhabited by 350,000 people, an increase 
of 16% since 1982–1984. Meanwhile, the described 
phenomena suggest new disturbances in the magmatic 
system (Charlton, Kilburn, Edwards, 2020).
4.3. Alert Level and Volcano Activity Status
The alert levels for the Flegrean Fields indicate the activ-
ity of the volcano and the time before a possible erup-
tion, changing based on observations. There are four 
levels: green, yellow, orange and red. The Civil Pro-
tection Department regularly holds video conferences 
with experts and the Campania Region to assess the 
risk and declare a state of alarm. Every six months, after 
consulting the Serious Risks Commission, it decides on 
the alert levels and operational phases. Currently, ac-
cording to the INGV Vesuvian Observatory surveillance 
system, the Flegrean Fields are in the yellow level and 
the ‘caution’ phase (Il sistema di sorveglianza dell’Oss-
ervatorio Vesuviano, 2024).
The areas at risk have been divided into two zones. In 
the first zone, red, preventive evacuation is the only 
protection in the event of an alarm. Pyroclastic flow is 
the main lethal factor here. This area is home to about 
500,000 people. The second, yellow, zone is exposed 
to significant volcanic ash fall. This zone may require 
temporary evacuation of the population. It is home to 
800,000 people (The National Emergency Planning for 
volcanic risk in the Phlegraean Fields, 2024). 
4.4. Scenario of a volcanic event for the possibility of 
evacuating people from the danger zone (red zone)
The Phlegrean volcanic system is complex, with many 
craters and a lack of recent eruptions, making it difficult 
to predict their timing, location, and scale. Eruptions 
can have several outlets at once, and their duration is 
unpredictable.
Studies suggest that if the volcano reactivates, there is 
a 95% chance of a medium-sized or smaller eruption. 
Civil protection planning focuses on such eruptions, 
anticipating:
�� Eruptive column of gas and lava up to several dozen 

kilometres high,
�� Fall of volcanic material near the vent and spread of 

ash for several dozen kilometres,
�� Pyroclastic flows - fast, hot avalanches of gas, ash and 

volcanic fragments (The National Emergency Plan-
ning for volcanic risk in the Phlegraean Fields, 2024).

In the case of pyroclastic flows, it would be necessary to 
stop longer, because in the first minutes of the eruption, 
they are one of the most dangerous, which can affect 
the evacuation of the population and the destruction of 
buildings. Eruptions of VEI 2 and VEI 3 will create a small 
threat and the probability of the pyroclastic flow reach-
ing 2 km from the vent is small. In the case of an erup-
tion of VEI 4, the pyroclastic flows should not develop 
further than 3–5 km and should not cross the caldera. 
However, if they encounter flat terrain, they can extend 
up to 10 km, maintaining a  high temperature inside. 
They can pose a very serious threat to the city of Poz-
zuoli. In the case of an eruption of VEI 5, the pyroclastic 
flows can easily break through the surrounding hills and 
spread within a radius of 25 km, reaching the centre of 
Naples. The VEI 6 eruption will cause pyroclastic flows 

to reach within a  radius of 30 km to Pompeii, Caserta 
and across the Gulf of Naples to Sorrento (Mastroloren-
zo et al., 2017). Human-made road and rail tunnels con-
necting Campi Flegrei with Naples facilitate (especially 
during smaller eruptions) the movement of pyroclastic 
flow, allowing it to bypass the caldera walls.
In addition, eruptions caused by external waters may 
occur in hydrothermal areas such as Solfatara and Pi-
ciarelli, and in places with a  large amount of surface 
water, such as Lakes Agnano and Averno and the Gulf 
of Pozzuoli (Sacchi et al., 2019).
Keeping in mind the above-mentioned threats and vol-
canic unrest from historical times, the scenario should 
assume the protection of the population, buildings and 
infrastructure in the event of sub-Plinian volcanic activ-
ity of the caldera with a VEI (Volcanic Explosivity Index) 
level of 5 (Zuccaro and Leone, 2012).
4.5. Removal Plan and Twinning (an evacuation plan 
for residents from the threatened area and coopera-
tion between partner cities in the threatened area) 
The 2023 law states that ‘in the “pre-alarm” phase, resi-
dents can voluntarily leave the red zone by their own 
transport, moving to alternative housing and receiving 
financial support from the state. In the “alarm” state, 
the entire population must leave the red zone within 72 
hours: the first 12 hours for preparation and movement 
control, the next 48 hours for permanent departure ac-
cording to the municipal schedule, the last 12 hours for 
the management of critical issues and the evacuation of 
civil protection personnel’ (Cimadomo, 2023).
The plan envisages resettlement to different regions 
of Italy. Transport would take place by bus from ‘wait-
ing areas’ to ‘meeting areas’ outside the red zone, and 
then to ‘First Reception Points’ in partner regions (The 
National Emergency Planning for volcanic risk in the 
Phlegraean Fields, 2024).

5. PROTECTION OF BUILDINGS 
AND INFRASTRUCTURE
The impact of the volcanic eruption on the development 
of the Phlegraean Fields has been studied for the last 15 

Ill. 16. Map of the evacuation zones of the Campi Flegrei caldera 
area, waiting areas are marked with blue squares (from these places 
buses take residents to meeting places outside the red zone), while 
green circles mark meeting areas (from these places residents will 
be transported to safe places in partner regions, (source: Map of 
National Emergency Planning zones in the Phlegraean area, 2016)
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years, covering all the phenomena of the eruption and 
its impact on buildings and infrastructure. However, due 
to the fact that the last eruption occurred in 1538, it is 
very often necessary to use studies of other active vol-
canoes (such as Vesuvius, Stromboli or Etna). Strength-
ening the development must rely on a broad approach, 
because the accumulation of the effects of the eruption 
depends on the variety of events, their variability, but 
also on the types of buildings and their construction and 
the materials used (Zuccaro, Leone, 2012).
Within different projects (Exploris, SPeeD), scientists have 
developed numerical models of earthquakes, pyroclastic 
flows, ash fall and lahars for the sub-Plinian eruptions of 
Vesuvius and Campi Flegrei (Zuccaro et al., 2008). 
The damage to the buildings depends on the num-
ber and intensity of events and their distribution. The 
model combines subsequent damage to the buildings, 
updating it based on previous events. When the dam-
age exceeds a certain level, the buildings are consid-
ered destroyed. The model is constantly corrected and 
improved. Some of the improvements include dividing 
the region into a grid of individual cells of 250 × 250 
m (previously 500 × 500 m), adding the Vesuvius and 
Campi Flegrei areas, collecting data on another twenty-
five thousand buildings, tools for assessing the suit-
ability of roads, analysis of the resistance/sensitivity 
of buildings to earthquakes, pyroclastic flows, ashfall 
and lahars, and assessment of the costs of damage and 
protective measures (Zuccaro, Cacace, 2009). Damage 
mitigation strategies were developed for each eruption 
event and a technology selection methodology was de-
veloped, taking into account safety, reliability, durability, 
integration, logistics, ease of installation and low oper-
ating costs (Zuccaro, Leone, 2012).
5.1. Development in volcanic zones
�� Protection of existing buildings and construction of 

new ones in areas affected by ground movements 
(bradyseism)

Since the major movements in 1982–1984, intensive 
research on building movements, damages and protec-
tion methods began. At first, data were obtained from 
surveys (3,700 buildings), then monitoring stations pro-
vided data in each 250 × 250 m cell (Perelli et al., 2023)
the high exposed value (about 500,000 people will be 
evacuated during the “alarm phase”. The research fo-
cused on the sliding of buildings at the roofs, cracking 
of tenement houses without expansion joints, shifting 
of the centre of gravity, or deviations in the verticals 
of house walls. Minor damages were also observed, 
such as problems with opening doors or loss of ver-
ticality of objects inside buildings. Analysing the ef-
fects of ground subsidence, it was identified that this 
process can lead to compression of adjacent building 
walls. In order to protect existing buildings in seismic 
conditions, it is recommended to strengthen the foun-
dations and use technologies that allow for the absorp-
tion of ground movements, such as seismic isolation. 
Additionally, it is proposed to use additional expan-
sion joints. In the case of newly designed structures, it 
is crucial to design buildings with flexible foundations 
and use materials resistant to deformation, which mi-
nimises the risk of damage. Strengthening foundations 

and creating expansion joints in buildings exposed to 
ground movements are proven methods of increasing 
their resistance to deformations resulting from ground 
subsidence (Nakamura and Okada, 2019).
�� Volcanic destruction

The greatest damage to buildings is caused by mud-
slides (lahars), floods and ash. Ash on roofs is par-
ticularly dangerous, so flat and steeply pitched roofs 
should be avoided because of their susceptibility to ash 
accumulation and corrosive effects (Zuccaro, De Gre-
gorio, 2019).
�� Design of buildings in volcanic zones

Roofs should be smooth so that ash slides off easily. 
Reinforcing the structure with titanium increases dura-
bility. Buildings should be built on stilts thrown above 
the ground. These solutions partially protect against 
earthquakes and tsunamis. It is recommended to avoid 
flat roofs and use additional roof support. Reinforced 
concrete buildings are more resistant to disasters (Patil, 
no date).
New building design and construction systems to pre-
vent collapse in the event of catastrophic events such 
as the effects of a volcanic eruption continue to be re-
searched and developed. In the case of large buildings, 
one of the latest verified approaches is to create a kind 
of ‘structural fuse’, allowing the collapse of one part of 
the building to be isolated from being transmitted to 
the rest of the building and minimising the effects (Ma-
koond et al., 2024)
�� The influence of volcanoes on buildings

Volcanoes produce lava at temperatures of 700–1200 
°C, toxic gases and severe storms. The level of dam-
age can be determined by the proximity of the build-
ing to the lava and pyroclastic flow zones. Pyroclastic 
flows are faster than any means of transport and are un-
stoppable. Lava moves more slowly, allowing escape. 
Buildings on stilts can withstand the lava flow under the 
building, but the ash can damage walls, ceilings, drain-
age, heating and ventilation systems. Interiors must be 
maintained to reduce health risks (Zuccaro et al., 2008).
�� Use of lava rocks

Lava rocks such as pumice, basalt and andesite are 
widely used in construction in areas with high volcanic 
activity. Their unique properties, such as resistance to 
high temperatures and strength, make them ideal for 
strengthening buildings. Pumice is used as a lightweight 
aggregate in concrete, which helps in thermal insula-
tion and protection against seismic shocks. Basalt, on 
the other hand, thanks to its durability and resistance 
to erosion, can be used in the construction of founda-
tions and external walls, which ensures stability in dif-
ficult conditions. Additionally, modern technologies are 
investigating the possibilities of using lava rocks to ab-
sorb CO2, which additionally supports sustainable con-
struction in areas at risk of volcanic eruptions (Dejtiar, 
2021). However, instead of basalt, reinforced concrete 
is often used as a load-bearing structure and pumice is 
used as the outer layer of buildings.
�� Technologies, materials and solutions that reduce 

the building’s susceptibility to volcanic activity
Technologies and materials used in volcanic-resistant 
construction include the use of fire-resistant materials 
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such as reinforced concrete and appropriately fire-re-
sistant steel, which can withstand high temperatures, 
shock waves from pyroclastic flows, lahars and contact 
with volcanic ash (Zuccaro, Cacace, 2009). 
Studies have shown that a sustainable intervention to 
improve seismic protection at a cost not exceeding 60% 
of the reconstruction costs required by Italian law) can 
reduce the vulnerability of buildings to volcanic activity.
Appropriate reinforcement of ceilings, including ash 
fall loads, may be one of the solutions, as may the use 
of sloped roofs with tie beams that stiffen the walls to 
prevent ash from accumulating and collapsing under 
its weight. Sloped roofs should be reinforced with ad-
ditional joists. Materials installed on the roof must be 
highly fire-resistant, if possible, so that they can pro-
tect buildings and the roads and streets below used for 
evacuation of residents. Windows and doors should be 
protected by installing shutters made of non-flammable 
materials (U.S. Geological Survey, 2015). 
The importance of effective ventilation and filtration 
systems that protect buildings from volcanic ash is 
particularly emphasised in studies on volcanic hazards 
(Wilson et al., 2012). In the case of new buildings, it 
would be advisable to avoid placing them perpendicu-
lar to the flow paths of pyroclastic ash, lava or lahars to 
reduce the dynamic load. Proper urban planning, taking 
into account the distance from volcanoes and the to-
pography of the terrain, also minimises the risk.
�� Securing infrastructure against volcanic activity

The research focuses on three threats. The first, which 
the inhabitants of Pozzuoli struggle with on a daily ba-
sis, is bradyseism, the second are earthquakes occur-
ring in the Campi Flegrei area (in August alone there 
were 634 of them with a maximum force of up to 3.7 on 
the Richter scale) (Il sistema di sorveglianza dell’Oss-
ervatorio Vesuviano, 2024) and possible volcanic erup-
tions, against which installations and roads must be 
protected. Bradyseism causes inconvenience in ev-
eryday life, because during the ground rising, existing 
sewage and water pipes crack and leak, moving apart, 
railway tracks also move apart, cracks and sinkholes ap-
pear in the roads, and electrical installations are torn. 
When the ground sinks, compressive forces act on all 
the elements described above. The tracks bend as in 
the case of high temperatures, the roads rise, and the 
sewage and water installations crack, pressing against 
each other. These elements should be rebuilt so that 
they are assembled from flexible materials and flexible 
expansion joints should be made (Perelli et al., 2023)the 
high exposed value (about 500,000 people will be evac-
uated during the “alarm phase”. The above solutions 
also work in the case of low-magnitude earthquakes.
In the case of an eruption, there are more problems with 
infrastructure. The destruction looks slightly different 
with volcanic ash, pyroclastic flow, lava flow and mud-
slides (lahars) (Wilson et al., 2014). In the case of electri-
cal installations, there may be sparks, seizing of venti-
lation turbines causing engine combustion, rupture of 
transmission lines and destruction of pyrotechnic poles. 
Whenever possible, lines should be laid underground 
and possible routes of pyroclastic flows, lava or lahars 
should be avoided. The amount of insulation of power 

networks and lines should be increased. Transformer 
stations should have embankments around them. In 
the case of water supply installations, damage that may 
occur is increased turbidity, reduced water quality, in-
creased water demand, clogging of filters, abrasion of 
moving parts in engines and pumps, corrosion of met-
als, damage to tanks, heads and pipes caused by lat-
eral load, burying of underground access points, pipe 
cracking, erosion damage to underground pipes. Simi-
larly to power networks, water supply networks should 
be laid underground and valleys and possible routes 
of pyroclastic flows, lava or lahars should be avoided. 
Open filter beds, settling tanks and pumps should be 
covered and groundwater sources should be consid-
ered, pipes crossing flow paths should be reinforced or 
placed deep underground. All above ground structures 
(pump stations etc.) should have embankments around 
them. Automatic shut-off devices should be used until 
turbidity and contamination are reduced. In the case of 
sewage installations, abrasion damage to moving parts, 
filter blockage, penetration into the pipeline network 
and sewage treatment plant, damage to structures 
and equipment due to side loading, and submergence 
of underground access points should be avoided. As 
with other networks, valleys and possible routes for 
pyroclastic flows, lava or lahars should be avoided. 
Structures should also be reinforced to minimise dam-
age from additional loading, exposed equipment, tanks 
and pumps should be covered, and volcanic mate-
rial should be reduced by using a separate stormwater 
drainage system. All above ground structures and oxi-
dation ponds should have embankments around them 
(Wilson et al., 2012). In the case of transport networks, 
damage may occur in the form of limited visibility and 
adhesion, covering of road markings, railway networks 
and runways as well as their filling, damage to vehicles, 
blocking of railway switches, disruption of airspace, 
destruction of bridges. All routes should be located, if 
possible, away from valleys and known paths of pyro-
clastic flows, lava or lahars. Consideration should be 
given to strengthening the structure of buildings (rail-
way and sea stations, airports), roof slopes should be 
increased to reduce damage caused by the pressure of 
ash and pyroclastic flows, pillars and abutments should 
be reinforced and the level of bridges should be raised, 
automatic barriers should be installed to protect roads 
and railway tracks. All critical elements of this infra-
structure should have embankments around them. Pro-
tocols for closing roads, railways and airports should be 
organised, alternative routes should be identified, and 
temporary bridge locations should be identified (Wilson 
et al., 2014).

6. CONCLUSIONS
The development of technology in the last 200 years 
has changed our lives, increasing the risk of disasters 
in densely populated cities. Studies from the aforemen-
tioned research projects suggest that the effects of even 
the most destructive eruptions, such as the sub-Plinian, 
can be mitigated by appropriate measures. The emer-
gency plan for the volcanoes of Vesuvius and Campi 
Flegrei, implemented by the National Department of 
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Civil Protection of Italy, assumes the preventive evacu-
ation of the red zone and mitigation of the effects of 
ash fall. Technological solutions are emerging that will 
probably minimise the effects of a volcanic eruption.
The PLINIVS model developed by the scientists for the 
Campi Flegrei and Vesuvius sites allows for the evalu-
ation of the costs and benefits of different strategies, 
although the tool is still in the development stage. How-
ever, it may be used in the future for other hazard sites, 
taking into account risk management, sustainable de-
velopment and the cultural and historical value of the 
buildings. The integration of databases and simulation 
models is progressing slowly, but scientists and author-
ities are trying to be aware of how important this issue 
is in the event of volcanic activity.
There are technologies that can limit the effects of volca-
nic activity and improve the effectiveness of crisis man-
agement. Evacuation strategies seem to be becoming 
more effective. Internet access, appropriate programs 

explaining the problem of the threat to residents, and 
education of residents are becoming better and better. 
Exercises for residents in 2019 showed that regardless 
of whether the exercises were successful, residents are 
becoming aware of the problem, the ability to organise 
in the event of an alarm and evacuation. 
The threat from Vesuvius is predictable, and safeguards 
can protect residents. However, an eruption of the 
Campi Flegrei supervolcano is an unknown and could 
be catastrophic, exceeding safeguards. A  potential 
eruption greater than VEI 5 would cause massive de-
struction, global cooling, the destruction of crops, and 
worldwide famine.
On the one hand, the authors have shown that we are 
prepared. There are evacuation plans and seismic pro-
tections. But on the other hand, volcanic eruptions are 
an unpredictable phenomenon, and therefore some-
thing we can never be fully prepared for.

(Endnotes)

1	  According to data collected continuously by the seismic stations 
of the Italian National Institute of Geophysics and Volcanology INGV 

and presented on the website https://terremoti.ov.ingv.it/gossip/fle-
grei/, accessed: 03/09/2024
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