
Volcanic Eruptions and Hazards



What is a volcano?

 A volcano is a vent or 
'chimney' that connects 
molten rock (magma) 
from within the Earth’s 
crust to the Earth's 
surface. 

The volcano includes the 
surrounding cone of 
erupted material. 

vent

cone

magma chamber

conduit



Volcanoes classification

>1300 volcanoes known to have 
erupted in Holocene (last 10 000 years)

~500 classified as ‘active’ (i.e. known to 
have erupted in recorded history)

Remainder classified as ‘dormant’ (may 
become active again) or ‘extinct’ (not 
expected to erupt again), but Vesuvius 
was thought to be extinct before AD 
79! Paricutin (Michoacan, Mexico)

shown erupting in 1943 
(graphic by Diego Rivera)

http://www.protezionecivile.gov.it/jcms/it/rischio_vulcanico.wp

http://www.protezionecivile.gov.it/jcms/it/rischio_vulcanico.wp
http://www.protezionecivile.gov.it/jcms/it/rischio_vulcanico.wp


Distribution of active volcanoes

60% around Pacific; 20% in Mediterranean region



Volcanoes  and eruptive style

Eruptive style and hazard depends on:

Tectonic setting

Depth of magma formation

Rate of magma movement to the surface

Percent and type of volatiles (gases)



How and why do volcanoes erupt?
Hot, molten rock (magma) is buoyant (has a lower density 
than the surrounding rocks) and will rise up through the 
crust to erupt on the surface.

When magma reaches the surface it depends on how easily 
it flows (viscosity) and the amount of gas (H2O, CO2, S) it 
has in it as to how it erupts.

Large amounts of gas and a high viscosity (sticky) magma 
will form an explosive eruption.

Think about shaking a carbonated drink and then releasing the cap

Small amounts of gas and (or) low viscosity (runny) magma 
will form an effusive eruption.

Where the magma just trickles out of the volcano (lava flow)



Volcanoes - tectonic settings

Oceanic ridges, hotspots Subduction zones

Basic/Mafic volcanics Acidic/Felsic volcanics

Low SiO2 High SiO2

Fluid lava (10 m/s) Viscous lava (3 m/s)

Low gas pressure
(little explosive activity)

High gas pressure
(explosive activity)



Low Medium High

Fluid Icelandic
Hawaiian

Strombolian Vesuvian

Inter. - Vulcanian Perretian
Viscous Merapian Vincentian Peléean

Classification of volcanic eruptions 
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Explosive Eruptions

Mt. Redoubt

Explosive volcanic 
eruptions can be 
catastrophic

Erupt 10’s-1000’s km3 of 
magma

Send ash clouds >25 km 
into the stratosphere

Have severe environmental 
and climatic effects

Hazardous!!!
Above: Large eruption column and ash 
cloud from an explosive eruption at Mt 

Redoubt, Alaska



Three products from an 
explosive eruption:

Ash fall

Pyroclastic flow

Pyroclastic surge

Explosive Eruptions

Pyroclastic flows on 
Montserrat, buried the 

capital city.



Direct measurements 
of pyroclastic flows 

are extremely 
dangerous!!!



Effusive Eruptions

Effusive eruptions are 
characterised by outpourings 
of lava on to the ground.

Hawaii

Courtesy of www.swisseduc.ch



VEI (Volcanic Explosivity Index)

https://www.wired.com/2013/07/revamping-the-volcanic-explosivity-index-or-tiny-eruptions-need-love-too/

https://www.wired.com/2013/07/revamping-the-volcanic-explosivity-index-or-tiny-eruptions-need-love-too/
https://www.wired.com/2013/07/revamping-the-volcanic-explosivity-index-or-tiny-eruptions-need-love-too/


Pyroclastic flow

Lahars/Mud flows

Pyroclastic fall

Lava flow

Noxious Gas

Earthquakes

Volcanic Hazards

http://volcanoes.usgs.gov/Hazards/What/hazards.html



Major volcanic eruptions since AD1600 (>8000 deaths)

Event Date Deaths Hazard type

Laki, Iceland 1783 9000 Starvation

Unzen, Japan 1792 14300 70% by cone collapse;
30% by tsunami

Tambora, Indonesia 1815 92000 90% by starvation

Krakatoa, Indonesia 1883 36000 90% by starvation;
<10% pyro. flows and tephra

Mt. Pelée, Martinique 1902 29000 Pyroclastic flows

Nevada del Ruiz,
Colombia

1985 25000 Lahars



Volcanic hazards: deaths (AD 1900-2000)

Pyro flows
Lahars
Disease, etc.
Tephra falls
Others
Unknown



Basaltic lava flows

Hazards - property burnt and buried by lava

   “Aa” (blocky lava) flow, Hawaii            “Pahoehoe” (ropy lava) flow, Reunion



Volcanic hazards - Hawaii

Five active volcanoes;
hazards are mainly lava flows, although 
tephra and gas emissions also occur.  
Hazard profile similar for all three.



Pyroclastic Flow (nuée ardente)

Collapse of eruption
column (Mt. Mayon
Phillipines, 1968)

Ruins of St. Pierre, Martinique.
Pyroclastic flow (>700°C; ~200 km/h) from 
Mt. Pelée in 1902 killed  30 000 people; 2 

survived. 



An eruption of Mt Peleé in 1902 produced a 
pyroclastic flow that destroyed the city of St. Pierre.

before after

Mt Peleé, Martinique (1902)



Pyroclastic Flow

For example, 
eruption of 
Vesuvius in 79 AD 
destroyed the city 
of Pompeii



Pompeii (79AD)

	 On August 24, 79AD Mount Vesuvius literally blew its top, 
erupting tonnes of molten ash, pumice and sulfuric gas miles 
into the atmosphere. Pyroclastic flows flowed over the city 
of Pompeii and surrounding areas.



Pompeii (79AD)

Pyroclastic flows of poisonous gas 
and hot volcanic debris engulfed the 
cities of Pompeii, Herculaneum and 
Stabiae suffocating the inhabitants 
and burying the buildings.



Pompeii (79AD)

	 The cities remained buried and 
undiscovered for almost 1700 years 
until excavation began in 1748. These 
excavations continue today and provide 
insight into life during the Roman 
Empire.



Vesuvius today
Vesuvius remains a 
hazardous volcano 
with heavily populated 
flanks: 

around 1.5 million 
people live in the city 
of Naples alone

Naples is situated 
approx. 30 km from 
Vesuvius

Pyroclastic flows can 
flow up to 100 km 
from source!

Bay of Naples

Vesuvius

Naples

Courtesy of www.swisseduc.ch



Pyroclastic Flow - direct impact

Courtesy of www.swisseduc.ch



Pyroclastic Flow - burial



Pyroclastic Flow - burns



Pyroclastic Flow - lahars
Hot volcanic activity can melt 
snow and ice

Melt water picks up rock and 
debris

Forms fast flowing, high energy 
torrents

Destroys all in its path



Lahars

Lahars: volcanic mudflows

Eruptive
  “volcanic rain”  

(e.g. Herculaneum)
   melting of summit snow/ice 

      (e.g. Nevado del Ruiz) 

Post-eruptive
  intense rainstorms (e.g. 

Hurricane Mitch)



Lahars, Mt Rainier

Osceola lahar:
age: 5600 yrs BP
length: 120 km

volume: 40x Ruiz
depth: 20m

velocity: >70 km/h
pop: 100 000



Pyroclastic Fall

Ash load

Collapses roofs

Brings down power lines

Kills plants

Contaminates water supplies

Respiratory hazard for 
humans and animals



Lava Flow

It is not just explosive volcanic activity that can be 
hazardous. Effusive (lava) activity is also dangerous. 



Lava Flow - Heimaey, Iceland

Iceland, January 
23,1973

Large fissure 
eruption 
threatened the 
town of 
Vestmannaeyjar



Lava Flow - Heimaey, Iceland

The lava flows caught the 
inhabitants by surprise

Before the eruption was 
over, approximately one-
third of the town of 
Vestmannaeyjer had been 
destroyed



Lava Flow - Heimaey, Iceland

However, the potential damage was reduced by spraying 
seawater onto the advancing lava flows. 

This caused them to slow and/or stop, or diverted them away 
from the undamaged part of the town.



Jokulhlaups  (e.g. Vatnajokull, Iceland)

In 1996 a subglacial eruption released 4 km3 of 
meltwater



Volcano Monitoring

Volcano Observatories are 
set up on all active 

volcanoes that threaten 
the human population. 
These are designed to 

monitor and potentially to 
predict the eruptive 

behaviour of the volcano in 
question.



Volcano Monitoring

Seismicity

Deformation

Gas Output 

(on volcano and 
remote sensing 
techniques)

These three things are the most important 
precursors to an eruption.



Seismic Activity

Earthquake activity commonly precedes an eruption

Result of magma pushing up towards the surface

Increase volume of material in the volcano shatters the rock

This causes earthquakes



Seismic Activity

Earthquake activity is measured by Seismographs
Seismographs are stationed on the flanks of the volcano
These record the frequency, duration and intensity of the 

earthquakes and report it back to the volcano observatory.



Deformation Monitoring

“Tiltmeters” are used to measure the deformation of 
the volcano

The tiltmeters measure changes in slope as small as one 
part per million. A slope change of one part per million is 
equivalent to raising the end of a board one kilometer long 
only one millimeter!



Deformation Monitoring

Tilltmeters can tell you when new material enters the magma chamber.

Note the presence 
of earthquakes in 

relation to the 
deformation. Often it 
is a combination of 
events that fore-

warns of an 
eruption.

A

B



Gas Monitoring

Commonly gas output from a volcano increases or changes 
composition before an eruption.

As magma rises to the surface it releases (exsolves) much of its 
gas content.

This can be measured



Gas Monitoring

 Gas samples are collected from fumaroles and 
active vents. 



Volcanic gases

Lake Nyos (Cameroon, 1986)

More than 1700 people killed as a result of 
a massive release of CO2; formed a ‘river’ 
about 50m deep that flowed for 25 km.  L. 
Nyos currently contains about 350 M m3 

of CO2.  Similar event at L. Monoun 
(Cameroon) in 1984 resulted in 37 deaths.

In 1783 a massive fissure eruption near Laki, Iceland released huge amounts of 
basaltic lava (5 000 m3/s), and a ‘dry fog’ rich in SO2 and flourine.  Some 75% of 

stock animals in Iceland died, the subsequent famine killed 10 000 people.



Noxious Gas

1,700 people living in the valley 
below Lake Nyos in 
northwestern Cameroon 
mysteriously died on the 
evening of August 26, 1986.



Noxious Gas

Lake Nyos is a crater lake inside a dormant 
volcano.

The lake had become laden with carbon dioxide 
gas. 

This gas had suddenly bubbled out of the lake and 
asphyxiated nearly every living being in the 
surrounding valley.



Noxious Gas

A management plan has been developed 
to remove gas from the lake to prevent 
a further tragedy.

An artificial vent to the lake surface was 
created with pipe.

Water is pumped from the bottom of 
the lake to the surface through the 
pipe, where it can degas.



Noxious Gas



Noxious Gas



Noxious Gas

The Lake Nyos incident was not unique. 

Two years earlier, Lake Monoun, 60 miles to the 
southeast, released a heavy cloud of toxic gas, 
killing 37 people. 

A third lake, Lake Kivu, on the Congo-Rwanda 
border in Central Africa, is also known to act as a 
reservoir of carbon dioxide and methane, which is 
a valuable natural gas that is gathered from the lake 
and used locally.



Earthquakes
Large volumes of magma moving through the 
shallow crust can cause large earthquakes.

This can lead to building collapse, slope failure and 
avalanches

Destruction after a volcanic 
induced earthquake in Japan



I b e r i a n

A f r i c a n

A p u l i a n

E u r a s i a nE u r a s i a n

I ran ianIo.

Volcanoes
Plate motions

Volcanoes of the Mediterranean 



Mount Vesuvius: recent major eruptions

A.D. 79: destruction of Pompeii and Herculaneum;

80 eruptions since then -
most violently in 1631 and 1906; 
quiet since 1944



Eruption of Vesuvius, A.D. 79
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 from Pliny’s letters

Pumice begins to fall on Pompeii

First surge cloud kills Herculaneum
victims; pyroclastic flow follows

Second surge and flow

Third surge reaches northern walls of
Pompeii; flow buries Herculaneum

Fourth surge asphyxiates Pompeii victims;
flow follows

Fifth surge and flow

Sixth (final) surge causes Pliny to flee
Misenum; flow buries Pompeii



Mt. Vesuvius

modern 
Herculaneum

excavated area of 
Roman 

Herculaneum
(20 m below
modern city)



Bed Date (BP) Eruptive style Volume (km3)

Pompeii ~1900 Plinian 2.8

AP6 ~2200 Strombolian ?

AP5  ? Strombolian to Vulcanian 0.08

AP4  ? Phreato-Plinian 0.12

AP3 ~2700 Strombolian to Vulcanian 0.15

AP2 ~3000
Sub-Plinian to phreato-

Plinian 0.14

AP1 ~3300
Sub-Plinian to phreato-

Plinian 0.15

Avellino ~3450 Plinian 1.5

Why wasn’t Vesuvius recognized as high-risk by the Romans?

From data in: Andronico, D. and Cioni, R. 2002.  Bull. Volcanology 64, 372-391.



Super Volcanoes



Continental caldera formation



The after-effects of a super-eruption

Stratospheric loading of ~1000 Mt of SO2 and 
sulphate aerosols

Aerosol veil persists for 5 - 10 years

Global cooling of 3-5°C (locally 15°C)

Collapse of agricultural production for several years 
--> famine --> conflict

Last great supereruption (Toba, ~73,000 BP) may 
have reduced human population to ~10,000 people 
(Ambrose, 1998, J. Human Evolution., v. 34, 623)

(Rampino, 2002, Icarus, v.156, p. 562)



Since 1980 some 2M m3 of CO2 released and substantial 
earthquake activity (some quakes M ~ 6) associated with 

intrusion of magma tongue

10 km



The last super-eruption from Long Valley caldera

Bishop Tuff



Volcanic hazards in the Naples region

Campi Flegrei

La Solfatara

http://www.ov.ingv.it/ov/doc/vulcani_napoletani_HQ.pdf

http://www.ov.ingv.it/ov/doc/vulcani_napoletani_HQ.pdf
http://www.ov.ingv.it/ov/doc/vulcani_napoletani_HQ.pdf


Tectonic 
deformation, 
Campi Flegrei

(1982-1985 pulse)



Ruins of Roman 
market, Pozzuoli; inundated by 
sea, uplifted by 2m in <10 years 
as a result of volcano-tectonic 
forces beneath Campi Flegrei 
caldera

1976

1984



Earthquake damage,
Church of Purgatory, 

Puzzuoli
1982



La Solfatara, 
one of several small active craters in the Campi Flegrei

City of Naples



The effect of VOLCANIC ACTIONS
Mitigation options for natural hazards, with a special focus on volcanic eruptions

WP4 Team
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DESCRIPTION

LAVA	FLOWS
BOMBS	
and	
MISSILES

PYROCLASTIC	
FLOWS	and
	SURGES

AIR	FALL	
DEPOSITS

EARTHQUAKE
Seismic	events	before	the
1631	Sub-Plinian	Vesuvius	erup:on	

Cumulative effects given by a complex eruptive scenario 
(SpeeD and EXPLORIS projects for Vesuvian area) 

DESIGN METHODOLOGY FOR TECHNICAL RETROFIT

ACTIONS

LAHARS



The effect of VOLCANIC ACTIONS
Mitigation options for natural hazards, with a special focus on volcanic eruptions
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MITIGATION ACTIONS
EARTHQUAKE:

ASH FALL DEPOSITS 

SEISMIC REINFORCEMENT: iron chains in masonry building, insertion of infill 
panels or resistant elements in soft floors of reinforced concrete buildings 

1. pitched roofs by overlapping light structures 
(CFS, Cold Formed Steel; UHPC, Ultra High Performance Concrete)

2. the reinforcement of the roof slab:

- FRP, Fiber Reinforced Polymers
  (physical and mechanical properties degrade in range above 60-80°C)

- FRCM (Fiber Reinforced Cementitious Matrix)

Vuln.	classes Roofing	type Load	[kPa] Collapse	prob.	[%]
A Weak	pitched	wooden	roof 2,0 50

B Standard	wooden	flat	roof;	Flat	floor	with	steel			
beams	and	brick	vaults;	Sap	floors

3,0 		50

C1 Flat	floor	with	steel	beams	and	hollow	bricks	;	R.C	
flat	slab	(more	than	20	year	old)

5,0 60

C2 R.C	flat	slab	(less	than	20	year	old);	Last	genera:on		
R.C.	flat	slab	

7,0 51

D Last	genera:on		R.R.	pitched	slab	;	Last	genera:on		
steel	pitched	roof

12,0 50



The effect of VOLCANIC ACTIONS
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MITIGATION ACTIONS

PYROCLASTIC FLOWS

LAHARS ð PYROCLASTIC FLOWS and LANDSLIDES

PROTECTION OF OPENINGS :

•Overlay steel anchored along the external perimeter
•Fire safety shutters of steel or alluminium
•Special protective films on glass surfaces
 

RESISTANCE	TO	LATERAL	PRESSURE	OF	STRUCTURAL	ELEMENTS	FOR	BUILDING	TYPE.RESISTANCE	TO	LATERAL	PRESSURE	OF	STRUCTURAL	ELEMENTS	FOR	BUILDING	TYPE.
TECHNICAL	ELEMENT CRITICAL	PRESSURE	[kPa]
Wooden	seasonal	structures 3,5
3-4	floors	weak	masonry	buildings	with	deformable	floors	 3,5	-	5
4+	floors	weak	or	strong	masonry	building	

3,5	-	5

6+	floors	r.c.	buildings 4	-	5
Weak	tuff	walls	(thickness	≤40cm,	span>4m) 4	-	7,5
4-6	floors	r.c.	buildings 4,5	-	6
Non	aseismic	weak	r.c.	buildings	 4,5	-	8
1-3	floors	r.c.	buildings 6,5	-	9
Medium	strength	tufo	walls	(thickness	≥40cm,	span>4m) 7	-	9
Non	aseismic	strong	r.c.	buildings

7	-	9

1-2	floors	weak	masonry	buildings	with	deformable	floors 11	-	18
3-4	floors	masonry	buildings	with	rigid	floors	

11	-	18

1-2	floors	masonry	buildings	with	rigid	floors 14	-	19



The effect of VOLCANIC ACTIONS
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MITIGATION ACTIONS

CHOICE OF THE TECHNICAL OPTIONS

To assess the effectiveness of mitigation actions, it is necessary a 
comprehensive analysis of technological options. 

A qualitative judgment can be expressed by six key indicators:

1.Quick installation
2.Storability
3.Lightness
4.Cost; 
5.Preservation of constructive and architectural features;
6.Multifunctionality (ability of the technical solution to respond to different 
phenomena).

Through four categories:

SE – Interventions on elevation structures
SV – Interventions on vertical surfaces
SO – Interventions on horizontal structures
AP – Interventions on openings



VOLCANIC RISK
Mitigation options for natural hazards, with a special focus on volcanic eruptions

WP4 Team
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• Development of accurate volcanic models (physical and mathematical), 
assessing future eruption scenarios and their consequences on the 
surrounding territory.

• Assessment of the global vulnerability and potential damage induced by the 
volcano on the entire system (population, built environment, infrastructure, 
etc.).

• Production of volcanic risk-reduction guidelines for communities and local/
national governments.

• Promotion of a socio-cultural methodology enhancing consciousness and 
auto-regulation of the territory.

• Identification of alternative people settlements and the reorganization of the 
entire infrastructural network in the whole region, relieving the current 
situation to more manageable scenarios.

SECURE COHABITATION WITH THE VOLCANO 

MAIN OBJECTIVES
(Vesuvian area):



Simulation of tsunamis induced by volcanic activity in the Gulf of Naples (Italy)
Tinti, Pagnoni & Piatanesi, 2003. Natural hazards, 311, 320.

The Gulf of Naples belongs to the Tyrrhenian sea and is a 40 km long and 25 km wide 
rectangular basin elongated approximately SW-NE

The gulf is shallow with the lowest bathymetric gradients that are found in the south-east corner at the 
base of the Sorrento peninsula around Castellammare (∼1:10 near- shore slope). The sea bottom lies 
mostly between 100 m and 200 m depth. The offshore side of the basin can be taken to correspond to the 
sharp transition from 200 m down to 500 m depth: this has a quite complex shape, due mostly to a low- 
altitude relief located in the sea floor at mid-distance between the islands of Ischia and Capri.

Tsunami hazard in the Gulf of Naples



Historical tsunamis in Campania

Tinti S., Maramai A., Graziani L. (2007). The Italian Tsunami Catalogue (ITC), Version 2. 
http://www.ingv.it/servizi-e-risorse/BD/catalogo-tsunami/catalogo-degli-tsunami-italiani

Date Coordinates I M Reliab. Cause VEI Description

8-24-79 40°49’,14°26’ 2 VA 5 Sea retreat in the Gulf of Naples           

6-20-1112 2 UN Sea withdrawal of about 200 steps                 

12-17-1631 40°49’,14°26’ 4 VA 4 Sea retreat at Pizzo Calabro                      

5-14-1698 40°49’,14°26’ 2 VA 3 Sea oscillations in Gulf of Naples                

6-30-1714 40°49’,14°26’ 0 VA 2 Sea withdrawals in Gulf of Naples                 

6-16-1760 40°51’,14°16’ VI 4.3 2 ER Sea withdrawal in Portici                         

7-26-1805 41°30’,14°28’ X 6.6 4 EA Sea rise in the Gulf of Naples                    

5-17-1813 40°49’,14°26’ 1 VA 2 Sea withdrawal in Gulf of Naples                  

8-26-1847 0 UN Sea level lowering in Naples                      

4-4-1906 40°49’,14°26’ 4 VA 3 Sea oscillations in Naples Gulf                   



Tsunami hazard in the Gulf of Naples

Tsunamis associated with Vesuvius activity are rare. However, according to 
historical documents, anomalous sea oscillations and waves in the Gulf of 
Naples were observed not only concomitantly to the largest eruptions (79 AD 
and 1631), but also to some of the smaller events, such as the cases of 14 May 
1698, 17 May 1813 and April 1906.

There are no records of catastrophic tsunamis and the tsunamigenic 
mechanism of the Vesuvian tsunamis is not certain. 

They may be attributed to:

sea floor displacement determined by the earthquakes accompanying the 
volcanic activity, 

to rapid inflation or deflation of the volcanic flanks involving the submarine 
area of the Gulf of Naples, 

to pyroclastic flows affecting the sea.

Simulation of tsunamis induced by volcanic activity in the Gulf of Naples (Italy)
Tinti, Pagnoni & Piatanesi, 2003. Natural hazards, 311, 320.



Hydrodynamic characteristics

Hydrodynamic characteristics of the Gulf of 
Naples seen as an open basin subjected to long-
wave excitation for a  scenario of the largest 
expected eruption the Italian Department of Civil 
Protection makes use of in order to plan 
emergency actions (DPC, 1995).

shallow water approximation theory 

simulate a tsunami produced by an 
instantaneous displacement of the sea surface 
as the one that is associated with a submarine 
earthquake

Water elevation fields plotted every 8 min until 40 min after tsunami initiation

Simulation of tsunamis induced by volcanic activity in the Gulf of Naples (Italy)
Tinti, Pagnoni & Piatanesi, 2003. Natural hazards, 311, 320.



 Tsunami records computed at various coastal nodes of the 
grid until 50 min after the tsunami excitation

Maximum (solid) and minimum (dashed) water elevation computed 
along the mainland coastline. Vertical lines mark the position of the 

localities shown in Fig. 1: 1-Miseno, 2- Bagnoli, 3- Naples, 4- 
Granatello, 5- Torre del Greco, 6- Torre Annunziata, 7- 

Castellammare, 8- Sorrento. On the coast outside, the level remains 
almost unperturbed. 

Earthquake source



Pyroclastic flows

Pyroclastic flows have been 
sometimes speculated to be the 
cause of tsunamis, though their 
potential to produce tsunamis is 
largely unexplored and geological 
and numerical studies on this topic 
are not frequent. 

very dense flows penetrating 
underwater, 

light flows running on the sea 
surface 

Pressure pulse fields (on the left) computed at 
different times, given in minutes. Water 
elevation fields (on the right) computed at the 
same instants. Time is measured from tsunami 
origin time and contour line labels are in cm



 Tsunami records computed at various coastal nodes

Pyroclastic source

Maximum (solid) and minimum (dashed) water elevation computed 
along the mainland coastline. Vertical lines mark the position of the 

localities shown in Fig. 1: 1-Miseno, 2- Bagnoli, 3- Naples, 4- 
Granatello, 5- Torre del Greco, 6- Torre Annunziata, 7- 

Castellammare, 8- Sorrento. 
On the coast outside, the level remains almost unperturbed. 



Conclusions

The tsunami amplitude computed is modest. Such a tsunami cannot be 
considered hazarduous, and in terms of the Ambraseys-Sieberg scale adopted for 
European tsunamis  its intensity would be not larger than 2.

Varying parameters (e.g. amplitude&velocity of the pressure pulse) , provided 
however that they remain within the reasonable limits required by the pyroclastic 
flow dynamics, will probably produce more sizeable tsunamis.

If a large plinian or subplinian eruption of Vesuvius occurs, the associated low-
density component of the pyroclastic flows are expected to produce a tsunami 
that affects the Gulf of Naples, but the tsunami is expectedly not catastrophic, and 
it will be at most as large as the one observed in the second day of the 1631 
eruption. 

Simulation of tsunamis induced by volcanic activity in the Gulf of Naples (Italy)
Tinti, Pagnoni & Piatanesi, 2003. Natural hazards, 311, 320.



Seismic input for isolated sites - Ercolano

Map of maximum design ground 
acceleration (DGA), obtained as the 

result of the deterministic zonation at 
national scale, for the Campania region.

First application in the world to archaeological 
heritage of a three directional SIS, developed in the EC-
funded SPACE project, which provides isolation from 

both horizontal and vertical

Shaking table testing and numerical calculations have 
been carried out, in order to confirm the SIS 

performance, together with a study of the seismic 
characterization of the site

1 INTRODUCTION 
The wooden ship of the Herculaneum Suburban 
Thermae (8.5m length and about 2.6m maximum 
width, Fig. 1) was discovered in 1982, during the ex-
cavation of the ancient harbor of the Roman city 
(Ferroni 1989, Meucci 2001). During the violent and 
destructive 79 AD Vesuvius eruption, the ship, 
moored alongside the Herculaneum wharf and  swept 
away by the waves produced by the eruption, cap-
sized and sank. The massive pyroclastic flow, which 
entirely SsealedT the city by the accumulation of tuff 
materials, penetrated through the damaged keel of 
the boat, filling up the interior. Thus, the ship be-
came partly submerged below the seabed and wood 
carbonization occurred. The ship structure presented 
a coherent and reasonably complete structure and 
clearly showed the construction methods, despite the 
wood badly charred. All the components of the ship 
were very fragile; consequently, the ship was 
wrapped in a protective shell, consisting of a com-
plex multi-layer structure (cloths, silicon rubber, fi-
berglass) and placed on a metallic frame (Figs. 2-3, 
Meucci 2001).  

After 2001, the Archaeological Office of Pompeii 
(Napoli) planned a complex intervention to restore 
completely the ship and exhibit it permanently in a 
special museum area, with funds of the EU Regional 
Development (POR 2000). Because the extremely 

fragile ship structure could be damaged even by 
small excitations (both in the horizontal and vertical 
directions), ENEA proposed to the Pompeii Archaeo-
logical Office the use of  a Three Directional (3D) 
Seismic Isolation System (SIS).  

 

 
Figure 1. Sketch of the Roman ship after excavation. 

 

 
Figure 2. The ship in its metallic 
frame. 

Figure 3. The wreck in its 
protective shell. 

 
The idea was accepted and ENEA entrusted to de-

sign the ship supporting system (Indirli 2001, Meucci 
2001). Thus, four SIS devices, fabricated by TARRC 
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ABSTRACT: In 1982 a Roman ship, almost completely covered by pyroclastic soils during the 79 AD Vesu-
vius eruption, was discovered in the ancient harbour of Herculaneum (Napoli, Italy). After the recovery, the 
Pompeii Archaeological Office planned an intervention to restore and exhibit the ship. Due to its fragility, and 
taking into account periodic volcanic eruptions and earthquakes affecting the Herculaneum area, the use of a 
Three Directional (3D) Seismic Isolation System (SIS), operating both in the horizontal and vertical direc-
tions, was proposed by ENEA, entrusted to design the ship supporting system. Therefore, four SIS devices, 
fabricated in the framework of the EU SPACE project, have been provided to the Pompeii Archaeological Of-
fice, considering the Roman ship as a pilot application exploiting SPACE research. Shaking table testing and 
numerical calculations have been carried out, in order to confirm the SIS performance, together with a study 
of the seismic characterization of the site. In 2008, the new support and SIS have been placed under the ship 
and the wood restoration is underway. 
 

Rayleigh waves, artificially generated, and represen-
tative of the properties along paths effectively 
crossed by seismic waves (e.g. Nunziata 2004 and 
references therein).  

 

Figure 5. Location map of the Vesuvius area with Ercolano (red 
ellipse), drillings (black dots), and the sites of VS measurements
obtained from the non-linear inversion (hedgehog method) of 
the average group velocity dispersion curve of Rayleigh waves
(pale blue triangles). 

Figure 6. Geological cross section at the ship site. 
 
The propagation of the waves in the bedrock from 

the source to the local laterally varying structure is 
computed with the modal summation technique, 
while in the laterally heterogeneous structure the fi-
nite difference method is used (Panza 2001).  

In a further step towards realism, as regards the 
simulation of Vesuvius seismic activity, extended 
sources must be considered to take into account the 
rupture process at the source and the related directiv-
ity effect (i.e. the dependence of the radiation at a 
site on its azimuth with respect to the rupture propa-
gation direction, as reported in Zuccolo 2008). 

3 SUPPORT AND SIS SYSTEMS 

3.1 The supporting system 
The supporting system (a sketch is reported by Fig. 
7) has been designed by ENEA for the Archaeologi-
cal Office of Pompeii. It consists of a rigid frame 
(mixed metallic and reinforced concrete) above the 
SIS, sustaining the ship during the final restoring op-
erations (without moving the ship) and the permanent 
exhibition. The system will allow all kind of inspec-
tions and also a possible replacement  of the devices. 

 

Figure 7. Sketches of the ship supporting system. 
 
The structure (Cami 2004) has to perform two 

main functions: supporting the complex shape of the 
ship with light frames, allowing to view the wooden 
structure; increasing weight and stiffness, consenting 
the SIS best behaviour. The superstructure is formed 
by the following parts:   
i) cradle structure; it supports the ship hull, avoiding 
dangerous stress concentrations, leaving the wooden 
framework clearly visible; between the cradle struc-
ture and the ship a soft layer should be placed; 
ii) double arch structure; it connects the cradle upper 
framework to the lower chassis; its shape derives 
from the intersection of two 41° inclined arches with 
190 cm radius, made with hollow circular section 
beams (114.3 mm diameter), intersecting at two 
points and connected to each other by means of five 
transversal stiffening beams (88.9 mm diameter);  
iii) rigid framework; the double arch structure is 
fixed to a rectangular base frame (3500x1650 mm) 
formed by three longitudinal and seven transversal 
beams (hollow rectangular section 168x240 mm), 
creating twelve rectangular cavities (387x573x240 
mm deep); the hollow inside the beams is filled with 
baritic concrete (3300 kg/m3), increasing the total 
weight, in order to achieve the desired SIS effect; the 
devices are placed in correspondence of the four cor-
ner cavities, while in the eight central ones steel slabs 
are put to achieve the necessary weight; 
iv) steel slabs; the eight central cavities are filled 
with steel slabs, to reach the weight necessary for the 
proper functioning of the SIS devices; 
v) basement steel plates; these plates are used for the 
connection of the devices to the upper structure; they 
are welded to the bottom of the rectangular frame-
work, and provided with the necessary holes for in-
serting and fixing the devices; 
vi) SIS devices; at the top they are fixed with an ad-
justable fastening system to the steel base plate of the 

frame, and they roll on steel plates fixed to the 
ground. 

3.2 The Seismic Isolation System (SIS) 

The innovative 3D SIS devices (Fig. 8, Table 1), de-
veloped by TARRC in the SPACE project (SPACE 
1999, Fuller 2002) for the control room of electrical 
power plants located in low-medium seismic areas, 
have been considered suitable to protect the ship 
from vibrations and seismic actions.  
 

 
Figure 8. 3D SIS device (left) and rolling-ball element (right). 
 
 

Table 1. Specification for the SIS. 
Dead load 6000-8000 kg 
Live load 2000 kg 

Mass supported per device 2000 kg 
Peak Ground Acceleration  (PGA) 0.2 g 

Damping of the 3-D isolation system in 
each of the 3 directions (% of critical) 10 

Horizontal natural frequency 0.5 Hz 
Vertical natural frequency 1.0 Hz 

Design horizontal displacement 150 mm 
Design vertical displacement 30 mm 

Device Diameter 500 mm 
Device Height 300 mm 

 
The devices are able to isolate light structures 

from both horizontal and vertical excitation, with a 
negligible contribution to the horizontal stiffness (in 
order to achieve the desired isolation frequency of 
0.5 Hz), and providing high vertical and tilting stiff-
ness for the decoupling of the horizontal and vertical 
vibration modes.  

The required low horizontal stiffness is achieved 
by separating the support of the dead load, which is 
carried by three single steel ball units (able to roll on 
a base plate), from the provision of the horizontal re-
storing force, which comes from a high damping 
(over 15% of critical) rubber element.  

The mass is mainly supported by a steel spring, 
which deflects about 250 mm under the gravity load. 
A soft spring is necessary to provide the low vertical 
natural frequency required. The rotation of the sup-
ported structure during the action of the seismic 
forces could be reduced by placing the devices in the 
plane of the centre of gravity. An auxiliary damper 
reduces the vertical movement during a seismic 
event. Once installed, the height of the device is only 
300 mm.  

4 TESTING ACTIVITIES 

A set of shaking table tests, carried out at the Struc-
tural Testing Laboratory of CESI-ISMES in 2002 
(Fuller 2002), established the performance of the 3D 
SIS system under several earthquake records, with 
the purpose of evaluating the response superstructure 
under dynamic excitations (Tables 2-3, Figs. 9-11). 
The tests proved that the SIS response to dynamic 
excitations was good, so that to be suitable for the 
protection of fragile archaeological heritage. 
 

Table 2. Seismic input. Predicted response. 
Eurocode 8 Type I Response Spectrum for soil type B 

Peak ground horizontal acceleration 1.96 m/sec2 
Peak ground vertical acceleration 1.77 m/sec2 
Peak horizontal acceleration of the floor 1.00 m/sec2 
Peak vertical acceleration of the floor 0.65 m/sec2 

Peak horizontal displacement of the device 101 mm 

Peak vertical displacement of the device 17 mm 

 
Table 3. 3D Shaking Table Tests of The Floor 

Mass of the floor 6500kg 
Dimensions of the floor 2.85 x 2.92 x 0.34 m

Tests 
(a) Resonant frequency search tests 
(b) Time history  tri-axial tests EC8 Soil B (-9,-6,-3,0,5 dB) 
(c) Real time history ground motion tests (Tolmezzo, Calitri) 
(d) Road Traffic ground motion 

 

Figure 9. Shaking table tests at CESI-ISMES. 
 

EC8 vert. component     
(Z direction) Soil B (+5 dB) 

Z vert. response pos. A5,  
midpoint of the frame side 

 
EC8 hor. component    

(X direction) Soil B (+5 dB) 
X hor. response pos. A1,   

frame corner, Filter >17 Hz  

  
EC8 hor. component    

(Y-direction) Soil B (+5 dB) 
Y hor. response pos. A1, 

frame corner, Filter >17 Hz 

  
Figure 10. Some results of shaking table tests: acceleration. 

(Tun Abdul Razak Research Centre) in the frame-
work of the EU SPACE project (SPACE 1999, 
Medeot 2001), have been provided, considering the 
Roman ship as a pilot application exploiting SPACE 
research. Shaking table testing (carried out at the 
Structural Testing Laboratory of CESI-ISMES in 
2002, Fuller 2002) and numerical calculations (per-
formed at ENEA, Cami 2004) have been done, in or-
der to confirm the SIS performance. 

2 SEISMIC INPUT OF THE SITE 
Herculaneum (today Ercolano) is located in the 
Southern part of Somma-Vesuvius volcanic area, 
where lava layers are covered by pyroclastic deposits 
of several eruptions. Major earthquakes striking Her-
culaneum (CPTI 2004, Meucci 2001) are: 
- local earthquakes of volcanic origin, with epicentral 
Intensities not exceeding VII MCS and Mmax=4.5 
(Cubellis 2007) corresponding to current seismicity 
(most energetic event on October 9, 1999 with 
ML=3.6) and that accompanying volcanic activity in 
the eruptive period 1631-1944, and with epicentral 
Intensities of IX for the 62 AD event (estimated 
M=5.1 by Cubellis 2007). A quick energy attenuation 
is characteristic of Vesuvius seismic activity so that 
Herculaneum suffered maximum intensity VIII for 
the 62 AD event and VI for the other events; 
- into a radius of 50 km from the site, the epicentral 
intensities remain around VII MCS, except for Ischia 
Island events (Imax=IX for the 1883 Casamicciola 
earthquake), which may have been felt with intensi-
ties around V MCS; 
- at larger distances, Sannio and Irpinia seismic 
sources are present: the former affected the site with 
VII MCS Intensity, at a distance slightly larger than 
50 km; the latter can produce at the site VI or VII 
MCS Intensity at most, at a distance of about 70 km;  
- other effects of stronger, but more distant, earth-
quakes (Maiella, Avezzano and Aquila sources) with 
distances between 150 and 200 km, can be felt at the 
site with Intensities around IV/V MCS. 

An adequate description of the seismic ground 
motion can be done following a neo-deterministic 
approach, which allows to give a realistic description 
of the seismic ground motion due to an earthquake of 
given distance and magnitude (e.g. Panza 2001). The 
approach is based on modelling techniques that have 
been developed from the knowledge of the seismic 
source process and of the propagation of seismic 
waves and it enables the generalization of empirical 
observations by means of, physically sound, theoreti-
cal considerations. It is very useful because it permits 
to define a set of earthquake scenarios and to com-
pute the associated synthetic signals, without having 
to wait for a strong event to occur. Synthetic signals 
can be produced in short time and at a very low 
cost/benefit ratio, and can be used as seismic input in 

subsequent engineering analysis aimed at the compu-
tation of the seismic response of the structures. Mod-
elling can be done at different level of detail, depend-
ing on the available knowledge of geological, 
geophysical, seismological and seismotectonic set-
ting.  

For a first-order seismic zonation of the Italian 
territory, which does not account for local site condi-
tions, a database of synthetic seismograms is gener-
ated, by means of full waveforms modeling at bed-
rock (Panza 2001). In the first-order zoning, seismic 
sources are defined considering the earthquake cata-
logue and the seismogenic zones, with their represen-
tative focal mechanisms (Meletti 2004). Synthetic 
seismograms are then computed for sources and re-
ceivers placed at the nodes of a grid with step 
0.2°x0.2°, covering the Italian territory. The syn-
thetic signals (radial and transverse component) are 
computed for an upper frequency limit of 1 Hz, and 
are properly scaled using the relatively simple spec-
tral scaling laws (see Gusev 1983). From the set of 
complete synthetic seismograms, the DGA (Design 
Ground Acceleration) map shown in Fig. 4 has been 
obtained (as described in Panza 1996). At the node 
of the grid closest to Ercolano, we obtain a value of 
DGA between 0.3 g and 0.45 g. This value is higher  
than that provided by the Italian seismic code that at-
tributes to Ercolano a horizontal acceleration for the 
anchoring of the elastic response spectrum equal to 
0.16 g, for a return period of 475 years, and of 0.28 g 
for a return period of 2475 years (Nuove Norme Tec-
niche 2008).  
 

 
Figure 4. Map of maximum design ground acceleration (DGA),
obtained as the result of the deterministic zonation at national 
scale, for the Campania region. 

 
In a second step, the evaluation of site amplifica-

tions is requested in the light of the lateral heteroge-
neities and the low VS velocities of the soil cover 
(Figs. 5-6) as obtained from the non-linear inversion 
of the dispersion curve of group velocities of 

Sketches of the ship supporting system

3D SIS device (left) and rolling-ball 
element (right)


