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Abstract

The PhD thesis presents a semi-quantitative methodology, developed to increase the
efficacy of Land Use Planning related to the Management of risks, in particular as far as it
concerns multiple risks impinging on the same territory (Multi-risks).

At the moment, each risk is managed through a dedicated sectorial plan, having its proper
procedures and scale, and the only “meeting point” for these plans — at least in Italy - are
the Municipal city plans. The Municipalities have to implement the contents related to the
various risks and directly intervene on the territory, but the lack of linkage and coordination
between the plans and the authorities in charge often makes the emergency management
and LUP less effective towards the achievement of a real safety of territories. In addition,
the actual legislative framework does not face the possible consequences of risk
interactions.

In this context, the objective of the thesis was to develop a simple risk pre-screening tool,
expressly designed for local planners, able to point out the areas more exposed to risks and
risks interactions, in order to better address the distribution of the municipal resources for
further studies and interventions. The local planners that, especially in Italy, have a central
role for the risk management of the territory, became the central point for the proposed
framework, assuming the role of evaluators, and then decision-makers.

The methodology was developed taking into account the existing experimental frameworks
developed for Multi-risks and NaTech events. Both qualitative and quantitative
methodologies were settled in the last years, however the scales and the complex
approaches proposed collide with the objectives of this PhD thesis. In fact, few
methodologies were elaborated for little scales, and frequently the application of
quantitative multi-risk methodologies at a local scale encountered difficulties related to
data availability; in addition, all the methodologies require the involvement of experts of
several disciplines. These aspects, in particular considering the scarce financial resources
of Municipalities, risk to limit the awareness of the importance of a multi-risk approach for
LUP planners.

Therefore, a semi-quantitative approach, based on an index scale from 0 to 3 onwards was
developed for a direct use from Municipal technicians; the proposed scale is applied to
measure both the impact of the risks and risk interaction. The methodology is composed
by 4 steps: 1) characterization of the risks; 2) assignation of the ratings to the risks; 3)
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assessment of binary risk interactions; 4) assessment of the compatibility and planning
phase. Each step is accompanied by GIS mapping.

Steps 1 and 2) Risk characterization and rating. The users (local planners) are required to
describe the main territorial risks according to 3 macro-categories: Historical Events,
Protection Measures and Strengthening Effects. The macro-categories help in majorly
focus on the different aspects of the risks, in particular those that could enhance its final
impact, or that could have been neglected in the existing plans. Each macro-category is
evaluated and rated on the basis of a dedicated guide, developed on the basis of literature
data.

Step 3) Risk interaction. The impact of one risk on another one (binary interaction) is
assessed in the areas where risks overlay, thanks to a weighted average sum of the values
of their macro-categories. An excel table for the application of the formula was developed.
The calculation of the interaction vales can be also executed directly through GIS.

Step 4) Compatibility. Territorial and environmental vulnerabilities are classified in
compliance with E.R.LLR. national and regional regulations. Then, the compatibility is
assessed on the basis of an “alarm threshold”; when highly vulnerable territorial or
environmental elements fall down in areas where the risks macro-categories or risks
interaction are above 2,5, a potential incompatibility is detected. The Municipalities will
have to focus here further studies, and then possible interventions: a collection of the
possible actions, extracted from existing Guidelines and Manuals was drafted to guide this
process.

An optional step for the compatibility assessment was added to provide the Municipalities
with an indicative mapping of the spatial consequences of the interactions involving
industrial plants. This is the only step of the methodology that could presents difficulties
for not expert users, because it entails the use of two modelling software (ALOHA and
HSSM), that simulates the consequences of the releases.

The methodology was tested on two Italian case-studies, two Municipalities affected by
multiple types of risks which could interact. Both the territories were connoted by low
levels of risk, however the application of the methodology highlighted possible unforeseen
problems deriving from the interactions, that currently are not described in any existing
sectorial or local plan. Once that the areas more exposed are identified, ad-hoc
investigations and actions can be settled to address the problem, on the basis of a guide-
line.

The proposed approach demonstrated to be able in identifying and bring multi-risks aspects
to the attention of the decision makers; in this way, they have a simple guide to risk that
can be integrated with the existing planning instruments to improve the quality of decisions
related to risks. Furthermore, local administrators recover a more active role, increasing
their awareness about the contents and information of the sectorial plans, but also exploiting
their major direct knowledge of the territory. This approach tried to fill two different
existing gaps: on one side, the absence of an official and recognized legislation on Multi-
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risks; on the other side, the difficulties for non-risk experts to effectively use the Multi-risk
and NaTech experimental methodologies developed so far now.

The framework developed for this PhD thesis can be easily adapted to LUP procedures of
other countries, through a re-construction of the tables that guide the risk-rating; the simple
index scale can be easily managed by different types of users. Being the methodology a

risk pre-screening, it can be useful in every context in which it is necessary to acquire more
information about multi-risks and their consequences, to better define future actions and
drive the application of quantitative methodologies. Some further steps could strengthen
and promote the use of the methodology:

1)

2)

3)

4)

5)

6)

Development of the guidelines for rating for other territorial risks, defining the
levels for the three macro-categories in cooperation with experts of each specific
discipline (landslide, volcanic risk, sea risk etc.)

Strengthening of the approach in relation to the local extreme events caused by
climate change, with a wider local data collection and definition of the phenomena.
Enhancement of the representation of the spatial consequences. At the moment the
simulations related to the interactions were essentially focused on industrial assets;
however, a major involvement of experts of other disciplines could allow to set
tools and instruments to analyze and study the consequences of all the types of
interaction, creating an all-inclusive and more powerful tool.

Strengthening of the approach in relation to the vulnerability analysis, in order to
evaluate the different aspects of susceptibility presented by the vulnerable
elements, and trying to settle possible solutions to enhance the resilience.
Developing a participative process to improve the application of the methodology
among the Municipalities, to reinforce the cooperation between the users and
external authorities. In this context, also the adoption of a Multi-criteria Decision
Analysis (MCDA) could be useful, to better guide and support the choice of the
possible planning actions, as proposed by (Nivolianitou & Papazoglou, 2014) for
LUP around Seveso plants.

Integrating the methodologies with procedures related not only to structural
interventions, but also to emergency management, i.e. taking into account the
guidance for flood disaster management with the use of AHP by (Nivolianitou &
Synodinou, 2015).
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Chapter 1

Introduction

1.1 Foreword

The present research has its starting point in the candidate’s previous experiences in the field
of E.R.LR. drafting, an instrument for the safe planning around Seveso plants'. The problem
of Land Use Planning related to hazardous industrial plants was explicitly addressed by the
EU Seveso directives, and implemented in Italy with the Ministerial Decree DM 09/05/2001,
executive decree of the Legislative Decree 334/1999.

The Municipalities with a Seveso plant within their territory are committed to draft the
E.R.LR. plan (Elaborato Tecnico per il Rischio di Incidente Rilevante — Technical Plan for
major risk accidents) for a safe integration of their urban functions with the existing plants.
The application of E.R.ILR. evidenced some shortcomings related to the environmental
aspects, and to the analysis of the interaction of the industrial risks with natural risks, as later
discussed in Paragraph 1.2.2, t.

However, the Municipalities not only implement in their City plans the indications about
industrial risks; they have to cope with seismic risk, flood, volcanic risk etc.; furthermore,
they are the first authority in charge for emergency interventions.

Therefore, the starting questions for this thesis were: have the Municipalities sufficient tools
to grant a safe management of the territory? Is it possible to improve them, introducing multi-
risks aspects?

! Seveso plant = plant detaining a quantity of hazardous substances equal or overcoming the thresholds
defined by the Annex I of the EU Directive 2012/18/UE (Seveso I1I).
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The following paragraphs aim at providing a general framework of the legislative situation
in Italy, in relation to industrial risk and natural risks, highlighting the main problems related
to the current management; in the end, the main objectives of the research are presented.

1.2 E.R.LLR.

In Italy, the national criteria for Land Use Planning (L.U.P.) related to major accidents dated
back to 2001, with the Ministerial Decree DM 09/05/2001. A new Seveso Directive
2012/18/EU, and a new Legislative Decree (no. 105/2015) were issued, but the new
Guidelines for L.U.P., mentioned in the article 22, have not been issued yet. According to
DM 09/05/2001, Regions, Provinces, and most of all Municipalities, are the authorities in
charge for the definition of minimum criteria to grant the safety around Seveso plants.
Regions and Provinces have the function of guidance and supervision, while the direct
fulfilment of the prevention and protection measures for the safeguard and safe planning of
the areas around Seveso plants is a direct competence of the Municipalities, which have to
draft the E.R.LLR. plan. The scopes of this planning instrument are: the identification of the
environmental and territorial vulnerabilities, the assessment of the compatibility of Seveso
installations, and finally the introduction of binding areas around them.

1.2.1 Procedure

A short summary of E.R.LLR. steps is here provided; in particular, the procedure adopted in
Piedmont Region is presented. The Guidelines attached to Piedmont Regional Decree 17/377
(Regione Piemonte, 2010) gave the Municipalities more detailed indications with respect to
the national law; they can be considered one of the most accurate regional regulation in the
field of safe planning around Seveso plant.
According to (Regione Piemonte, 2010), the drawing up of E.R.LR. consists of three
different phases:

a) The data collection related to Seveso plants and other industries, and to territorial and

environmental receptors;
b) The evaluation of the territorial and environmental compatibility;
¢) The planning phase.

a) The data collection: identification and characterization both of the
environmental/territorial vulnerabilities and of the industrial network. It entails a constant
interaction between the various municipality offices, and the analysis of Regional and
Provincial Strategic Plans, thematic plans and maps with reference to water, hydrogeological
instability, architectonic and landscape protection sites, and Emergency plans and Safety
Reports of the plants.

Seveso plants are characterized through their Safety Reports and Notifications, which point
out the relevant accidental scenarios. In addition, (Regione Piemonte, 2010) required to
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investigate non-Seveso installations that could represent a risk: the Municipalities should
include in E.R.L.R. plan the so-called Sub-threshold Seveso plants, which hold an amount of
hazardous substances equal or higher than 20% of the thresholds established for each
category of substances by the Legislative Decree 334/1999, Annex I - Parts I and 1. Both
the Sub-threshold plants and the other activities are under no obligation to declare the
substances stored, therefore the quantity of hazardous substances, the storage type, the
manufacturing process, the prevention and protection measures adopted, and the transport
modalities of the hazardous goods are determined through a questionnaire. The collection of
these data can create some problems, as the companies are not so accustomed to Seveso
regulations and frequently have difficulty with the compilation of the questionnaire.

As far as it concerns the territorial and environmental receptors, the Municipalities have to
classify as vulnerable territorial elements all the areas, buildings and infrastructures connoted
by a significant presence of people. Six decreasing levels of vulnerability are defined by the
D.M. 09/05/2001, depending on the population density or on the number of people, the
attendance, and the mobility capacity, as detailed in Table 14.

In relation to the environmental vulnerabilities, (Regione Piemonte, 2010) provided a more
detailed list with respect to that of the D.M. 09/05/2001; it includes protected natural areas,
areas suffering from hydrogeological instability, historical-environmental-landscape areas of
high value, zones with high vulnerability aquifers, etc. These environmental receptors should
be grouped into two categories: “Extreme environmental vulnerability” elements and
“Relevant environmental vulnerability” elements.

b) The territorial and environmental compatibility: in this phase, the data from the industries
are crossed with those relative to the territorial and environmental vulnerabilities, and the
interaction between industrial activities and urban functions, the road conditions and the
environmental characteristics of the examined area are evaluated case by case.

For the territorial compatibility, both the D.M. 09/05/2001 and (Regione Piemonte, 2010)
require to overlay the damage areas of each Seveso plant onto the territorial vulnerable
categories identified during the previous data collection stage. A matrix defined by the D.M.
09/05/2001 reports the territorial categories compatible with each level of damage (Elevated
Lethality, Start of Lethality, Irreversible Damage and Reversible Damage), on the basis of
the probability of occurrence of the analyzed scenario.

For non-Seveso activities, which do not have risk analysis, (Regione Piemonte, 2010)
introduced an indicative methodology for the compatibility, based on the type of stored
substances. A specific buffer zone of potential damage is associated to the main hazardous
substance detained (i.e. toxic substances = 1500 m., flammable substances = 500 m.), then a
judgment of “very critical/critical/not critical” is assigned to each plant, depending on the
territorial and environmental vulnerable elements falling into the potential damage buffer.
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Both the D.M. 09/05/2001 and Piedmont regional guidelines provide about the
environmental compatibility more generic procedures; the first only distinguishes two
possible environmental consequences, significant damage and severe damage, based on the
time requested for a complete recovery of the previous situation. A plant causing a potential
severe damage is not compatible.

Piedmont region considered the D.M. 09/05/2001 approach of difficult application;
therefore, it proposed for the environmental compatibility a judgment of criticality, based on
the type of substance stored, the foreseen accidental events (energetic, toxic or with
environmental effects), and the vulnerable environmental elements. Seveso plants and
Seveso sub-thresholds plants located in Extreme environmental vulnerable area are
considered “Very critical”; all the other plants, except those whose protective and
management measures make unlikely a potential environmental scenario, are considered
“critical”. In the Relevant vulnerable areas, if the vulnerable elements are underground
aquifers with Very high/High vulnerability; groundwater recharge areas; areas with water
table depth < 3 m., Seveso plants and Seveso sub-thresholds plants detaining substances
hazardous for the environment shall be considered “Very critical”; in the other cases, Seveso
plants are only “critical”.

As far as it concerns the environmental compatibility, the Turin Province guidelines for
E.R.LLR. drafting provide a more precise approach, which will be explained further on.

¢) Planning: Piedmont Guidelines defined precise criteria for the planning stage, imposing
the definition of two concentric areas of respect, named “Exclusion area” and “Observation
area”, around the Seveso activities and the “critical” or “very critical” activities.

The two areas are drawn up starting from the border of the plant: the exclusion area is a
binding area, which can be of 100, 200 or 300 m, depending on the level of criticality
assigned to the plant. The observation area must extend to at least 500 m from the plant
boundary, and correspond to the area identified in the Emergency Plan for the management
of emergencies related to the accidental events.

In the exclusion area, modifications that involve an increase in the anthropic load,
introducing urban functions belonging to categories A and B are not admitted. In the
observation area, management measures relative to the control of the traffic conditions in
case of an accident can be applied, but no land-planning bonds are imposed.

In the end, (Regione Piemonte, 2010) allows the Municipalities to decide specific additional
protection measures in the exclusion areas, in order to mitigate the impact on the environment
and on the already existing buildings. For instance, the Municipality can impose to the plant
owners the building of perimeter walls, the waterproofing of the yards and the building of
settling tanks, and so on.
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1.2.2 Shortcomings

Even though Piedmont Region established very detailed Guidelines for E.R.I.R. drafting, the
practical application, developed in cooperation with several Municipalities, still evidenced
some shortcomings, in part related to the lack of technical skills of the Municipalities in
comparison to the level of knowledge required by the E.R.L.R., but most of all concerning
the environmental aspects.

On one side, the assessment of the environmental compatibility remains less clear than that
for the territorial compatibility and do not generate specific binding provisions. On the other
side, the entire E.R.I.R. procedure neglects the possible influence of the natural elements and
events on the Seveso plants (shown in Figure 1), even if the particular physiognomy of the
Italian territory could massively favour this interaction. In fact, the major part of the nation
is characterized by a high seismic risk, many areas have been interested by huge floods, and
Italy is connoted by extended coastal zones. The land available for urban development was
very limited and caused the creation of a jumble of residential and industrial zones, a massive
urban expansion that complicates the relationship with natural events, increasing their
dangerousness.

The inclusion of possible NaTech? interactions in E.R.LR. is also impeded by reasons related
to the probability of occurrence. These events are connoted by high impact and very low
probability, but unfortunately, Italian Seveso regulations allow the plant owners to not
develop scenarios for events whose probability of occurrence is below 10, D.M. 09/05/2001
established compatibility criteria also for these extremely rare events, but since E.R.LR.
plans are entirely based on the contents of the risk assessment of the Safety reports and
Notifications provided by the plants, in the end NaTech events are mostly neglected.

ANTHROPIC NATURAL

Pollution
Water, soil conditions

SN CHANGE

Flood/ seismic / vol-
canic / storm hazards

hazards

Figure 1: Mutual influence of anthropic and natural elements

2 NaTech = natural disasters triggering technological disasters
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Therefore, in Italy neither Land Use policies nor Seveso regulations deal with the possible
interaction between industrial and natural hazards: as highlighted also by (Galderisi et al,
2008), these risks are generally handled separately.

1.3 Sectorial risk plans and emergency plan

As anticipated, the direct land use management in Italy is delegated to Municipalities, that
implement, in their City Plan and in the Emergency Plan, the provisions of the superordinate
sectorial risk plans. The City Plan norms urban and land functions, adapting the needs of
urban development to the natural specificities of the territory (geomorphological,
hydrological, etc.). The Emergency Plan provides a survey on the state of conservation of
the territory based on existing risk analysis and on superordinate plans indications; it then
set up the operational activities, the materials, capacities and means needed to deal with
possible emergencies. The following paragraphs provide an insight of the sectorial plans
related to earthquake and flood, of the Emergency Plan, and of the criticalities observed at a
local level.

1.3.1 Flood and Earthquake

1) SEISMIC RISK: The Italian Seismic legislation is composed by two national laws, the
Ordinanza OPCM 3519 (Presidente del Consiglio dei Ministri, 2006) and the Ministerial
Decree D.M. 14" January 2008, which introduced the NTC Norme Tecniche per le
Costruzioni — Technical standards for buildings (Ministero delle Infrastrutture, 2008). The
Ordinanza OPCM 3519 proposed a classification in four zones, based on the values of Peak
Ground Acceleration (PGA), with a 10% excess probability in 50 years, calculated for rigid
soils* (see Table 1).

Table 1: OPCM 3519 4 seismic zone classification
SEISMIC

ZONE ot
1 PGA > 0.25
2 0.15 <PGA <0.25
3 0.05 <PGA <0.15
4 PGA < 0.05

The NTC were adopted later, in compliance with the CEN Structural Eurocodes, and
imposed to architects and engineers to assess the specific seismic risk related to each new

3 The 4 seismic zones calculation and mapping is provided by the INGV - Istituto Nazionale di
Geofisica e Vulcanologia.
4 Peak ground acceleration on rigid soil with a 10% excess probability in 50 years
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construction, by evaluating the specific response spectres of the construction itself in relation
to the kind of soil, the life-time of the building, etc.

After the adoption of NTC, the 4 seismic zones defined by the Ordinanza OPCM 3519
remained only as an administrative indication for the Regions aimed at identify the territories
with a potential higher risk, while the in-depth assessment of the seismic risk was delegated
to the single building scale, through the application of the NTC Norme Tecniche per le
Costruzioni.

Therefore, currently no effective information on seismic risk is available at an intermediate
scale: Municipalities know their general seismic class, but no in-depth analysis is provided
on the actual distribution of the seismic risk on the territory. The classification into 4 seismic
zones is based on the parameter of a rigid soil, that is a too general and not conservative
condition if applied at a local scale, where the quality of soil deeply influences the seismic
behaviour. On the other side, the analysis required by NTC (response spectres to take into
account the characteristics of the soil) is punctual and cannot define areas connoted by
homologous features.

In addition, NTC can ensure to a new construction/building a good level of protection against
carthquakes, but most part of the buildings and constructions in Italy are older than NTC,
and were built in absence of any analysis on the soil conditions. Even if NTC established
some criteria for the seismic adaptation and improvement of existing buildings, they can be
imposed only if an intervention on the building itself is programmed and consequently
requested to the Municipality.

In 2009, the Civil Protection issued the Guidelines “Indirizzi e criteri per la microzonazione
sismica”, aimed at introducing new practices to assess the reactions of the different types of
soil under a seismic solicitation. In fact, it was observed that the same ground acceleration
could produce completely different effects, depending on the local characteristics of soil, so
that a correct estimation of the seismic behaviour (micro-zoning) of the soil was interpreted
as key element to identify the real priorities both for emergency and planning interventions.
A multi-level approach for micro-zoning was defined:

- The First level is a preparatory study for the successive steps, based on pre-existing data,
and has the scope to identify inside the territory of a Municipality the soils which present
homogeneous characteristics, and which could be affected by instability or amplification
effects.

- The Second level, the proper Micro-zoning study, provides a semi-quantitative
assessment of the amplification related to each type of soil identified.

- The third level is related to specific areas which need more in-depth analysis.

After the L’ Aquila earthquake of 6 April 2009, the Italian government approved a National
Risk Plan for seismic risk (Legge no. 77/2009, art. 11), that required the micro-zoning studies
at least for the most dangerous areas, mainly located in the Appennine zone (1877
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Municipalities). An annual fund was assigned to contribute to the draft of microzoning but,
until 2015, only 779 Municipalities had prepared the studies, introducing an instrument able
to fill the gap of the intermediate scale.

According to (Protezione Civile, 2009), the Regions are the authorities in charge to organize
and plan the development of the micro-zoning studies on their territory: they usually use the
generic seismic classes to identify the areas where a micro-zoning study is overriding.
Therefore, generally, the priority for 2™ and 3™ micro-zoning level studies is reserved to
Municipalities classified in Classes 1 and 2; these levels require further technical and
financial efforts, and can be partially financed with the funds made available by the Piano
nazionale per la prevenzione del rischio sismico. The 1% micro-zoning level could be
required to Municipalities located in Classes 3 and 4, as one of the accompanying studies for
the draft of the City Plan.

An extensive adoption of the micro-zoning studies, at least of those belonging to the 1% level,
would be able to represent that local in-deth analysis that is currently missing for the Italian
Municipalities.

2) FLOOD AND LANDSLIDE RISK: The National law 183/89, integrated by law 253/90,
conferred the soil conservation to new authorities created on purposes: River basin
authorities (Autorita di bacino). In 1998, the decree D.P.C.M. 29 September 1998 imposed
to the Basin authorities the draft of plans expressly dedicated to the assessment of the
hydrogeological risks at river basin scale, named P.A.L - Piano per [’Assetto idrogeologico,
Hydrogeological-setting plan.

P.A.L adopted a simplified approach for the risk estimation, based on qualitative methods;
the analyses were conducted in areas in which floods and landslides events were historically
proved. Floods hazards were organized on 3 categories with different probabilities, while for
landslide hazards the information provided by other National Research institutes were
collected and reported. Four levels of risk were identified, depending on the potential
damages to different types of target (see Table 2 below).

Table 2: D.P.C.M. 29th of September 1998, Flood hazards, and Risk categories

FLOOD HAZARDS categories RISK LEVELS (Floods and landslides)

HIGH PROBABILITY Negligible social, economic and environmental

A FLOODS, return time <20- | Rllow o8 .
damages

50 years

MEDIUM PROBABILITY R2 Minor damages to buildings, infrastructures and
.B  FLOODS, return time < 100- . people, which don’t affect people and building

medium . L
200 years safety, and economic activities development
LOW PROBABILITY Possible dama.ge.s to people safety, structqral
. R3 damages to buildings and infrastructures, which

C FLOODS, return time < 300- . . . L

500 years high  affect socio-economic activities. Relevant

damages to the environment
R4 Death and severe injuries to people, severe
very damages to Dbuildings, infrastructure and
high environment, loss of socioeconomic activities.
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P.A.L plans studied and imposed specific buffer zones to the main rivers basins; these
binding areas were expanded by Regions and Provinces, that included in the risk analysis
also minor water courses. Finally, the local City Plans were committed to integrate all these
indications, establishing specific requirements for the compatibility of the urban functions.
As already highlighted for seismic risk, the most problematic situations were related to
existing buildings in condition of incompatibility, for which no specific binding tools were
provided.

Recently, the described framework was changed by the Legislative Decree 49/2010: in
compliance with 2007/60/CE Directive, it required to create new plans and maps for the
Management of Flood Risks, involving for the first time in their draft the Civil Protection,
and therefore dealing with aspects of Emergency Planning. The Basin authorities have
produced the new Maps for the Flood Risk, which recover P.A.l. information with the aim
to homogenise their representation at a national level. An example of these new plans is the
P.G.R.A - Piano di Gestione del rischio alluvioni, Plan for the flood risk management,
recently issued by the Po basin authority (A.D.B.Po, 2015); the flood buffer zones identified
by the existing P.A.L. and other plans were led back to 3 new flood scenarios (High, medium
and low probability). The return times corresponding to these flood scenarios are reported in
Table 3 and Table 4 below, extracted from (A.D.B.Po, 2014).

Table 3: Po basin authority, summary of the flood risk elements

CLOOm T BT Authority in charge for
Code Description surveys
RP Main hydrographic network Basin authorities
RSCM Secondary hydrographic network of hills and mountains Regions
RSP Secondary hydrographic network of flat lands (RSP) Regions and Consortia for
water management
ACL Lake coastal areas Regions and Consp rtia for
lakes regulation
ACM Sea coastal areas Regions

Table 4: Po basin authority, flood scenarios

Flood directive Return times of each flood element (yrs)
Dangerous RSCM
Flood Return ness RP (P.AL RSP ACL ACM
Scenario time (yrs)
legend)
. Ee, Ca
High 20-50 . P
likelihood (H)  frequent P3 high 10-20 55\4_5% =30 15 10
Medium 100-200 . Eb, Cp
likelihood (M) _infrequent _*2 medium  100-200 155 599 30-200 100 100
Low > 500 rare Max rogi
likelihood or or max. Em, Cn )
extreme event  registered P1low 500 300-500 ) 'stered > 100
impact

scenario (L) impact
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1.3.2. Emergency

The National law no. 225/1992, later modified by the National law 100/2012, introduced for
all the Italian Municipalities the obligation to draft an Emergency plan for their territory,
aimed at preventing the risks and coordinating the emergency operations. According to a
survey realized in September 2016 by the Civil protection, it resulted that 80% of the Italian
municipalities is now provided with an Emergency plan. However, the contents could deeply
vary from a Region to another, and from Municipality to Municipality; in addition, in some
cases the Emergency plans showed a serious inefficacy in preventing and managing the risks
(i.e. during Genova’s multiple floods).

As for industrial risk, each Region is responsible for the implementation of studies and
programmes aimed at managing possible risks and prevent consequent damages, and
therefore for the draft of specific Guidelines for the Municipal Emergency Plans.

Usually, a Municipal emergency plan should identify the major risks and vulnerabilities
present on the territory, then evaluate the most dangerous risk scenarios, in order to define
tools and actions for the emergency management. Each regional Guideline defined its proper
method for the risk identification, however, the contents of the sectorial plans are often
assumed as basis for the risk scenarios. Since 2007, a national Guideline (Presidenza del
Consiglio dei Ministri, 2007) is available in relation to the assessment of fire risk, to be
evaluated with a speedy method, and of hydrogeological risk (based on the P.A.L
provisions). For the seismic risk, some online instruments for the drafting of the scenarios
are available on the website of the Civil Protection
http://www.protezionecivile.gov.it/jcms/it/rischio_sismico.wp .

Nevertheless, many Emergency Plans have already been prepared on the basis of different
indications, provided by each Region: i.e. Piedmont stated with the Regional Law n. 44/2000
that all the Municipalities should prepare and adopt a Municipal or Inter-Municipal Civil
Protection Plan, publishing dedicated Guidelines in 2004 (Regione Piemonte, 2004).
According to these Piedmont guidelines, plans should include:

» general information about the territory and its characteristics (Territorial analysis);

» an accurate risk scenario analysis for each possible risk as precondition of each
following provisional or operational action (Risk scenarios, considering different types
of hazards and vulnerabilities);

» a verification of the present structures, capacities and resources (Organization and
resources), on the basis of which an adequate configuration for emergencies can be
configured (Emergency procedures, Capacity building, communication and training).

Turning back to the Emergency plan contents, their final objective should be in agreement
with the UN/ISDR (2009) definition for disaster risk management (also known as emergency
management): “the systematic approach of using administrative decisions, organization,
operation skills and capacities to implement policies, strategies and coping capacities of the
society to lessen the impacts of natural hazards and related environmental and technological
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disasters. This comprises all forms of activities, including structural and non-structural
measures to avoid (prevention) or to limit (mitigation and preparedness) adverse effects of
hazards”.

However, the Italian Emergency Plans do not include recommendations for the
implementation of structural mitigations able to contain and/or prevent disasters, but only
work as a basis for rescuing operations only, while the planning actions are left to other tools.
Furthermore, it has to be added that, once again, the issue of the interaction between the risks
is not faced in the Emergency plan.

1.3.3. Shortcomings

The analysis of the different territorial risks in a separate way, with different procedures,

timings, methodologies, do not allow to the Municipalities to have a clear and updated

concept of the actual dangers that threaten their territory. In particular, the implementation
of the seismic, industrial and hydrogeological provisions at a local scale is characterized by
the following critical issues:

* A correct application of the indications of the sectorial plans could be sometimes
affected or delayed by lack of financial and technical resources; external o partial
interests could compromise contents and provisions of the City plans;

* Information and analysis contained in larger scale plans could become obsolete in the
period between the release of the sectorial Plan and its integration in the City plans.
Therefore, the state of the territory reported in the sectorial plans in some cases does not
reflect any more the actual situation.

* Sectorial plans provide prescriptions and recommendations on how to reduce and
contain related risks, but their effectiveness is rarely direct, because only Municipalities
can impose bindings on the territory through the City Plans, and these are mainly related
to regulate new constructions. Supra-local legislation does not provide Municipalities
proper means to be able to intervene on ascertained high-risk situations, or cases of
incompatibilities between risks and existing urban functions.

As far as it concerns the local scale tools, the City Plan and the Emergency Plan, it can be
observed that even if they share the same basic indications, they are not mutually linked in
the matter of long-term risk management: one is specifically related to the territory and the
other to the emergency, without establishing common preventive structural measures that
could contribute to reduce risk and prevent emergency. Both the plans implement measures
related to the risks present in the territory, however they do not consider the possible risk
increase related to the risk interactions.



12 Risk management and land use planning for environmental and asset protection
purposes

1.4 The proposed solution

Considering the above-mentioned difficulties, the present research was focused on the
development of a new methodology, able to jointly take into account, and analyse for
preventive and planning purposes:

e The main risks on the Municipal territory

e The main environmental and territorial vulnerabilities

e The interaction between the risks and their impact.
The objective was to define a quick and easy to use methodology that the Municipalities
could directly use without need of intermediations, in order to spare money and time. The
proposed methodology was not intended as a replacement of the existing plans, but as an all-
inclusive “Rapid guide to the risk™, aimed at immediately highlighting the most threatened
areas, in order to allow the Municipalities to proceed with further analysis and interventions
on specific points of the territory. All this information should be inserted from the beginning
in a GIS tool, that returns an immediate and easy to read overlapping of the different thematic
layers (vulnerabilities and risks), able to show in a simple way the main zones of possible
risks interaction.

In order to develop the methodology, firstly a literature review related to the Multi-risk
approaches and NaTech methods was carried on, as better explained in next chapter. It should
be noticed that even if, recently, many research projects at national and European level were
developed to identify and produce methodologies able to take into account and manage the
different types of risk, until now no one of these approaches was ratified by a law. Also, not
many reference methodologies at local scale are yet available, and the approaches and data
used at a larger scale for the vulnerability analysis and risk analysis result not adequate and
too general to be effective at a minor scale. In example, in Italy are usually adopted the
statistical data released by ISTAT for the estimation the vulnerability related to the
population, but they cannot show the distribution of population and its density inside the
territory of a Municipality.
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The scheme reported below show the steps of the methodology proposed, later explained in
Chapter 3.

STEP 1 Risk characterization c}:; l;géf;?gigzn
and ratings assignation
(D.M 09/0572001)
Assessment of the
binary risk interactions
STEP 2 and multiple risk
interactions
Assessment of the
STEP 3 spatial consequences of
(optional) the interactions
p involving industrial
risks
STEP 4 Compatibility
assessment
STEP 5 In-depth studies and
planning

Figure 2: Scheme of the proposed methodology
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Chapter 2

Literature review

2.1 Overview

The present chapter aims at providing an overview of the main practices related both to
Multi-risk and NaTech assessment, trying to better define the basis of the research approach.
As far as it concerns Multi-Risk, several risks can affect the population, the environment,
the material assets and infrastructures of any inhabited area of our planet; they are generated
by very different sources, both natural and anthropogenic, and acquire a major impact in case
of interaction, and in relation to the peculiar characteristics of the hit areas. Presumably
because of the climatic variations in progress, it was observed in the last years a growing
tendency in the magnitude and frequency of the natural accidental events, that is aggravated
by the great diffusion of human settlements in hazard prone areas.

Therefore, a growing attention was dedicated by the scientific community and also by the
political institutions and decision-makers to the theme of Multi-risk assessment: many multi-
risk approaches were proposed worldwide and at European level to properly deal with this
challenge, with the aim of creating tools and procedures for an improved land use planning
and management of territory.

A peculiar type of Multi-risk events is constituted by Na-Tech risk, intended as the risk
produced by the combination of Natural hazards and Technological risks; according to
(ARMONIA Project, 2006) in NaTech events, a vulnerable exposed object (an industrial
plant or a network infrastructure) becomes a hazard itself. Also in this field, many studies
were developed in the last decade, aimed at defining the actual incidence of NaTech
accidents and the most vulnerable assets, but also focused on the development of
methodologies able to insert the natural events in the current practices for industrial risk
assessment.

According to (Cruz et al., 2004), Na-Tech incidents are characterized by the following
peculiarities:

* the cause of the event is external to the industrial site, thus the prevention and mitigation
of such events may not be managed only at a site level;

* the extension of the natural event triggering the technological accident is wide, thus several
equipment items may be simultaneously affected and loss of utilities may take place, leading
to common cause failures;
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* emergency response may be hampered or delayed by the natural event.

According to (Cozzani, 2010), the possibility of damage to process equipment due to the
impact of natural events is well known in industrial practice, and it is addressed through a
design approach that foresees protection from lightning and accounts the stresses caused by
wind, snow, and seismic events; however, the safety studies developed by the plants rarely
include Na-Tech scenarios.

Both for Multi-risk and NaTech assessment, many authors underlined the importance to
predispose dedicated land-use practices; (Schmidt-Thome and Klein, 2011) consider land-
use planning as a “useful tool to protect settlements from hazard impacts”, while (Cruz et al.,
2004) considers that common land use practices could represent an extremely effective
method for reducing the risk of Na-Tech. The restriction of development in high risk areas,
the relocation of exposed elements, or changes in land use could be effective for Na-Tech
risk prevention.

However, at the moment the European legislation still have not implemented L.U.P. or risk
assessment regulations explicitly related to the Multi-risk events.

2.2 European legislative approach for Na-Tech and multi-
risk

In 2011, the European Commission issued the “Risk assessment and mapping guidelines for
Disaster Management”, aimed at providing the European governments with a common
framework for processes and methods of the national risk assessments, and for mapping
during prevention, preparedness and planning stages. The guidelines explicitly specified that
national risk assessments should attempt to take into account multi-risk scenarios, therefore
also Na-tech events, in compliance with the following procedure:

(1) Identification of possible multi hazard scenarios, starting from a given top event and

evaluating the possible triggering of other hazards or events leading to hazards;

(2) Exposure and Vulnerability analysis for each individual hazard and risk within the

different branches of the scenarios;

(3) Risk assessment for each hazard and adverse event and for the multi-risk scenarios.
However, the Guidelines recognized that multi-risk approaches raise several difficulties: i.e.
the available data for different single risks may refer to different time windows, different
typologies of impacts are used, etc., therefore comparisons and rankings can be difficult if
not impossible. In particular, an important issue of multi-risk approach consists of the
necessary co-ordination and interfacing between different specialized authorities and
agencies: each one deals with specific hazards or risks without developing a complete
overview of the knock-on, domino and cascading effects.

The difficulty in facing the multidisciplinarity required by Multi-risk approaches is somehow
reflected also by the corpus of regulations issued by the European Commission; in fact, in
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spite of the increased awareness of the European institutions about the risks related to multi-
hazard interaction, each risk remain addressed by single dedicated Directives.

2.2.1 Seveso directives

Since this research started from E.R.LLR. planning, which is a direct emanation of the
European Seveso directives, this paragraph is particularly focused on the contents of these
“industrial” regulations, and their approach to Na-Tech risk and related planning practices.

As far as it concerns Seveso II directive, an in-depth analysis was provided in 2004 by the
JRC in the publication “State of the Art in the Na-tech Risk Management”: the authors stated
that the Directive did not have any specific requirements for Na-tech risk management, but
addressed it indirectly. In particular, articles 8 and 12 were considered of particular
importance for the Na-tech risk reduction: Article 8 calls for the analysis of potential domino
effects, while Article 12 focuses on L.U.P. According to this article, the prevention of
chemical accidents and mitigation of their potential consequences should be taken into
account through the establishment of land use policies, which aim is to establish appropriate
distances between establishments, residential areas and areas of particular ‘“natural
sensitivity”. In any case, the authors recognized that the Directive did not introduce dedicated
methodologies or actions that can be widely adopted to address Na-tech risk. The levels of
preparedness on this field encountered among the European Countries were quite different
(Cruz et al., 2004).

The recent revision of the Seveso Directive could have constituted an occasion to introduce
practices related to Na-Tech hazards, however the Directive 2012/18/EU, issued after 14
years from Seveso II Directive, mainly focused on the adoption of the new system of
dangerous goods classification (according to the REACH and CLP regulations).

As far as it concerns Na-tech risk, no substantial evolution was introduced, both for the
methodology for risk assessment and for the land use planning practices related to major
accidents. Once again, 2012/18/EU Directive has some articles (7, 10 and 13) dedicated to
L.U.P., but their content is analogous to the previous Directive: the authorities have to deal
with domino effects and Land Use Planning around Seveso plants; the operators shall provide
the Authorities with information about the immediate environment of the establishment. No
further information on the interaction between natural and industrial hazards are required.

Therefore, as previously mentioned, the current European and national legislation seemed to
have had a slower assimilation of the Na-tech issue: natural and technological hazards are
generally still handled separately, even if an increasing number of studies demonstrated that
earthquakes, floods and lightning are responsible of a relevant amount of accidents in
chemical and process installations. I.e. in 2011, the analysis of the Accident case histories
extracted from the main European industrial-accident databases ARIA (2006), FACTS
(2006), MARS (2008), MHIDAS (2001) and TAD (2004), as well as from the US National
Response Centre’s (NRC) database (2008) showed that 79 records for Natech accidents were
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triggered by earthquakes, 272 were caused by floods and 721 were triggered by lightning
(Krausmann et al, 2011).

2.3 Review of methodologies for multi-risk assessment

In the last ten years, several researches and projects were dedicated to the identification of
methodologies aimed at dealing with multi-risk, a concept that requires assuming both a
multi-hazard and a multi-vulnerability perspective.

While many projects particularly focused on multi-hazard identification, even if with
different approaches, as later specified, the concept of multi-vulnerability was less
investigated. In fact, it presents many obstacles: the level of vulnerability is related to the
hazard analyzed, and depends on several elements: the exposure, the intrinsic characteristics
of the element, the coping capacity etc.

In the end, many uncertainties characterize the path of the projects developed in multi-risk
field, both when a quantitative approach is chosen or a qualitative one is preferred: in fact,
the great differences between the risks analyzed in terms of time-variability, of
methodologies for risk assessment, and required data, often constitute a hard challenge for
the authors.

(Garcia-Aristizabal and Marzocchi, 2011) noticed that the concept of “multi-hazard” can
assume different connotations, and this initial different interpretation lead to the development
of very different methodologies. The majority of the projects tends to interpret multi-hazard
as different sources of hazard that threaten the same exposed elements (with or without
temporal coincidence); therefore, multi-risk assessment is seen as the assessment of different
independent hazards that threat a common area or common exposed elements.

More rarely, the projects consider that one hazardous event can trigger other hazardous
events (cascade effects), and concentrate their efforts in trying to define the effects of these
triggering, domino, or cascade effects.

(Garcia-Aristizabal and Marzocchi, 2011) signalled that the first interpretation of multi-
hazard assessment is the most common found in literature; generally, these methodologies
begin with the identification of different hazard sources in a given region of interest, and
evaluate the single hazards independently, on the basis of their specific assessment
methodologies. The objective is to identify the spatial distribution of the effects of the
different hazards and for different intensities of the hazard, and to estimate the occurrence
probability or return period for different hazard intensities. The results, according to the scale
of the specific problem, are generally presented as single hazard maps, layers (in a GIS
environment), aggregated maps (overlapping all the maps), and hazard curves (for each
hazard), where it is plotted the probability (or return period) against the intensity measure of
the hazard.

The main efforts within this multi-hazard perspective are addressed to the homogenization
of the hazard assessment, in order to make different risks comparable. This ‘harmonization’
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process is generally conducted on the basis of the evaluation of hazards in probabilistic
terms; or, more frequently, in a qualitative way, through indexes based on the frequency and
/ or intensity of the hazards (projects TEMRAP, ESPON, ARMONIA).

Sometimes, the willing of homogenization mainly aims at defining a unique “multi-hazard
score”, but the efficacy of this type of methodology has been criticized. I.e. (Menoni et al.,
2006) considered that the concept of a unified unit of measure can result appealing for
scientists, but it is not equally useful for planners. Emergency managers and urban and
regional planners mostly need to understand and face the specific problems provoked by
hazards in a given context, trying to verify the expected damage and consequences triggered
by natural hazards, also comparing the expenses needed to prevent this or that risk.

As far as it concerns the second methodological multi-risk approach, that considers
interactions and/or triggering effects, it is in general a more demanding process because of
the complexity in managing the necessary input data, and in constructing the potential hazard
‘chains’. According to (Garcia-Aristizabal and Marzocchi, 2011), this kind of multi-hazard
assessment implies different interpretations:
1. The occurrence of a certain hazardous event ‘triggers’ other hazards (triggering or
cascade effects), therefore the probability of occurrence of the triggered event changes;
2. The simultaneous occurrence of two or more hazardous events entails changes to the
vulnerability of the exposed elements (i.e. the probability to have a given damage),
which at the end may be also reflected in the final risk assessment (interactions).

A review of some of the main important Multi-risk projects at European level is provided
below; the different possible approaches are exemplified.

Although many different projects were examined, the major attention was reserved to those
mainly focused on local or at least a regional scale, or to projects that provided useful
suggestions for the definition of practices and tools which could be useful to elaborate a tool
for the Italian municipalities.

2.3.1 FP6 Project NARAS - 2004

NARAS project (Natural Risk Assessment) focused on a local scale, and adopted a “multi-
hazard — triggering effects” perspective, by proposing a multi-risk assessment based on the
definition of risk chains scenarios.

The methodology proposed begins with the characterization of the investigated area and the
definition of a time interval of reference. The width of this area is defined case by case, since
the features of the zone (type and number of vulnerable territorial and environmental
elements) and the extension of the consequences due to the events may induce to expand or
reduce the investigated area. Then the following steps are proposed: 1) Identification of
hazards/risk sources; 2) Characterization of adverse events and their propagation path; 3)
Exposure and Vulnerability analysis; 4) Definition of the phenomenon intensity distribution
(e.g. ground acceleration, pressure waves, distribution of chemical substance concentration
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for various areas, thermal flow, etc.); 5) Identification of vulnerable elements (population at
risk, strategic infrastructures, historical structures, buildings).

In order to make the analyzed risks comparable, it was identified a common reference
damage for all the single risks (i.e. a given number of casualties); the different risks were
ranked on the basis of their probability to originate the reference damage. Then each risk
concurred in the creation of a set of scenarios correlating adverse events from different
sources. For each “risk scenario”, adverse events, phenomena and damage were correlated
in a series parallel sequence of happenings through an “event-tree”. Each branch of the event
tree was quantified through a probabilistic analysis of the “history” of the events, the
vulnerability and the exposed values of the specified targets. In the end, a final risk was
estimated.

2.3.2 ESPON project - 2006

ESPON - The Spatial Effects and Management of Natural and Technological Hazards in
Europe has a wider scale in comparison with other projects, but it has been analyzed because
is based on a pure qualitative approach, a choice that helped the authors in keeping under
control the uncertainties related to the big scale of the analysis (European level).

The scope was to spatially represent the patterns related to the distribution of the natural and
industrial hazards in Europe, also taking into account some risks related to climate change;
in case the risks overtook some intensity thresholds, the possible interactions were
considered.

The hazards included in the analysis were chosen based on a spatial principle (recurrence of
the hazard on the same area): Natural hazards - avalanches, droughts, earthquakes, extreme
temperature, floods, forest fires, landslides, storm surges, tsunamis, volcanic eruptions,
winter and tropical storms; Technological hazards - traffic accidents, major accident hazards
nuclear power plants, oil processing.

On the basis of their intensity, the hazards were classified in five classes (from very low to
very high) and then weighted with Delphi method to establish the relevance of each hazard
in comparison to another and obtain an integrated hazard map. This procedure allowed
verifying that the most relevant European hazards were floods, forest fires, earthquakes and
major technological accidents.

The integrated risk map was obtained by superimposing the hazard map to the vulnerability
one, drafted on the basis of the indexes assigned to 4 components of the vulnerability:
regional GDP capita, population density, fragmented natural areas, and national GDP capita
intended as an indicator for the coping capacity.

As far as it concerns the risk interactions, ESPON proceeded with the draft of a Hazard
interaction map, trying to point out the areas where high impact hazards could interact. A
dedicated matrix analysed the possible interactions, through the attribution of the following
values: 1 = existing influence of a hazard on the other hazard, 0 = no physical influence on
the other hazard.
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In case of existing vice-versa interactions (e. g. earthquakes — volcanic eruptions), these were
counted twice. The interactions above mentioned were evaluated only for areas where the
hazard intensities reached a range between the classes [V and V, that means High or Very
high. 59 hazard combinations were studied across Europe: 8 possible combinations were not
encountered in any European region (i.e. the combination of volcanic eruption and large river
floods), while the most common hazard combination resulted major river floods — landslides:
the hazard intensity of these two hazards was high in 146 European areas. Other common
hazard combinations were: winter storms — storm surges (103 areas); hazards from chemical
production plants — hazards from nuclear power plants (89 areas); droughts — forest fires (74
areas); storm surges — landslides (52 areas); storm surges — hazards from nuclear power
plants (41 areas); earthquakes — landslides (33 areas); and tsunamis - landslides (33 NUTS3
areas). The interaction matrix showed on one hand the dominance of geological hazards
(earthquakes and volcanic eruptions) in influencing other hazards, on the other hand, that
technological hazards are the most sensitive hazards to external events.

In the end, interaction hazard maps were drafted. They identified the areas where interactions
of intense hazards could happen, and the number of possible combinations that can interested
the analysed zone. However, the maps cannot represent the cumulative effects of the
identified interactions. Indeed, ESPON authors recognized that the coincidence of different
hazards in space and time could produce an additional hazard potential, but the difficulties
in evaluating the physical processes as well as the unforeseeable social and political
implications led them to avoid any changes in the weighting of hazards for the interaction
hazard map.

2.3.3 IPSC project - 2006

IPSC project — Drafting of thematic maps for the vulnerability and risk had a regional focus
and was developed in Piedmont region, with the aim of drafting maps for the vulnerability
and risk expressly dedicated to civil protection actions. A quantitative risk approach based
on scenarios was applied; however, the interaction between different elements was not taken
into account, and the methodology majorly focused on how to evaluate the vulnerabilities.
The hazards considered in the analysis were: earthquakes, hydrogeologic elements (Floods
and landslides), forest fires and hazardous industrial plants, that are the main risks which
interest Piedmont region. Starting from 8 possible defined scenarios (1 seismic, 2
hydrogeological, 1 forest fire and 3 industrial), the dangerousness was characterized through
the definition of impact areas, to which a frequency of occurrence was associated. In these
areas, the exposure (density or number) of the following elements was evaluated: population,
critical infrastructures, buildings, environmental and architectural heritage.

However, in order to assess the risk, not only the exposure but also other factors composing
the vulnerability were evaluated, like i.e. the susceptibility and the coping capacity. In the
end, the risk related to each hazard was calculated on the basis of vulnerability functions
expressly developed for the project.
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2.3.4 A mathematical generic multi risk approach

The quantification of low probability high consequences events: a generic multi risk
approach — an approached proposed by (Mignan et al., 2014). This methodology constitutes
a particular approach inside the overview here provided, and it is briefly presented to give
an idea of the variety of approaches that can be encountered in the analyzed field. The authors
proposed a pure mathematical methodology, aiming at defining a novel, generic, multi-risk
framework based on the sequential Monte Carlo Method (MCM), to allow for a
straightforward and flexible implementation of hazard interactions, which may occur in a
complex system. The goal was specifically to capture and quantify extreme low-probability—
high consequences events using inductive generalization. The authors did not define any
specific hazard or risk interaction, but only a framework to implement any type of
interaction, within which real interaction processes have to be abstracted to more basic
concepts and engineering methods by-passed. The MCM was employed to generate N time
series, each one representing a risk scenario; then the analysis allowed to identify the more
or less probable risk paths.

2.3.5 MATRIX project - 2011

MATRIX project - New methodologies for multi-hazard and multi-risk assessment methods
for Europe was an extensive European financed project, aimed at defining a framework for
multi-risk assessment, in order to assess the expected losses deriving from significant
interactions among the hazards.

A three-levels approach was introduced for the draft of multi-risk assessment (Figure 3):

1) The First Level consists of a flow chart aimed at understanding if it is required a multi-
type assessment approach, considering cascade effects and dynamic vulnerability.

2) The Second level consists of a semi-quantitative method, based on a matrix approach
deriving from system theory, where the mutual influence between the hazard is
described on the basis of the following scale: 0 No interaction; 1 — Weak interaction, 2
— Medium interaction, 3 — Strong interaction. Thanks to the values assigned, it is
possible to estimate an interaction index; over a certain threshold of interaction index,
it is recommended to pass to Level 3.

3) The Third Level consists of the quantitative multi-risk assessment, where Bayesian
networks are employed instead of event trees to both estimate the probability of a
triggering/cascade effect and to model the time-dependent vulnerability of a system
exposed to multi-hazard. The authors considered that the flexible structure and the
unique modelling techniques offered by Bayesian networks make it possible to analyze
cascade effects through a probabilistic framework.

A further detail is here provided in relation to the Second Level. According to the explanation
by (Nadim and Liu, 2013): “A matrix is developed by means of the choice of a couple of
hazards, considered as the basic components of the system (Table «). It will be followed by
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a clockwise scheme of interaction (Table b), with the description of the mutual influence
between different hazards (Table c). More specifically, each element of the row, which
crosses one of the hazards in the mean diagonal, shows the influence of this hazard on the
system, thus indicating the cause of the phenomena; whereas each element of the column,
which crosses the same hazard analysed, shows the influence of the system on this hazard,
thus focusing on the effect of the 24 phenomena. After the descriptions contained in the
matrix, they are assigned numerical codes varying between 0 (No interaction) and 3 (Strong
interaction) with intervals of 1, as a function of their degree of the interaction intensity
(Tables d, e). Once all the hazards in the matrix are filled, it is possible to verify the degree
of the impact of each hazard on the others and the effect from other hazards. In order to avoid
the excessive weighting of a single hazard, the sum of the codes for the row and the column
is considered (Figure 4)”.

TARGET e Deposits C\_.uoihllw
2 2 in a water
d SupPY course
Semi-quantitative matrix _ i Change of rver
0 2 coding method No interaction bed
0 - No interaction morphology
1—Weak ir Erosion/ )
1 1 2 — Medium interaction saturation of Remobiisation
3 — Strong interaction dapoaits. of deposits

Figure 3: MATRIX, identification of the interactions between hazards

Number Hazard Causes (Rows) Effects (Columns) Causes + Effects
1 Slides 4 1 5
2 Debris flows 2 3 5
3 River floods 2 4 6
Total 8 8 16

Figure 4: MATRIX, sum of the interaction values

For MATRIX approach, the maximum possible value for the total sum of causes and effects
that appear in table a is 25; this number contributes to the calculation of a hazard interaction
index, which value is the basis to verify if it is necessary or not to step into the third level of
analysis.
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2.3.6 ARMONIA project - 2007

ARMONIA project - Applied multi-risk mapping of natural hazards for impact assessment
was a European financed project, dedicate to Multi-risks assessment in relation to natural
hazards. With respect to the other projects, it demonstrated an approach more focused on the
planners’ needs, defining multi-risk maps aimed at addressing spatial planning procedures
in areas prone to natural disaster, and introducing a dedicated Decision Support System. The
objectives of the DSS were: to provide a basis for planning in areas subjected to multiple
risks related to natural hazards; to include exposure and vulnerability assessments; to help
planners understand the implications of uncertainties and probabilities in decisions
concerning land-uses and location of strategic facilities.

The scale adopted for the project was deliberately regional and local, because according to
(Menoni et al., 2006), the analysis of available methods and legends suggested that hazard
methodologies could produce better results at local and regional scales. However, while
regional approaches are mainly simplified methodologies with simplified data, local
approaches, mainly multi-risk, should be rigorous methodologies, sometimes simplified in
the synthesis output, with rigorous data. ARMONIA kept this distinction, producing different
methodologies for the two scales, based on semi-quantitative or quantitative procedures
which entailed the definition of vulnerability curves and matrixes.

The proposed approach is here reported: Step 1: identification of individual hazards for
ARMONIA main spatial scales (strategic regional, local general, local site); Step 2:
assessment of vulnerability functions for any individual category of natural event, having as
input the event location, intensity or severity parameters hazard category and as output an
average expected damage; Step 3: assessment of fragility curves when possible, for any
individual category of hazard, obtaining the probability of damage (e.g. for seismic hazard
the % of cracks in walls, the % of not statically safe buildings, the % of collapsing buildings)
for a given categories of exposed elements defined by spatial planners; Step 4: analysis of
risk for any individual category of hazard; Step 5: harmonization of different individual
values of damage (risk), likely in terms of fragility curves (probabilities of different damages
for the same stock), for the same return period.

For the regional scale, the above-mentioned methodology was simplified with the
introduction of a scale to measure the intensity of the hazards, the utilization of matrices for
the vulnerability instead of the functions, and the development of a matrix aimed at relating
the degree of risk with the use of territory in order to provide dedicated planning actions.

2.3.7 PRIM - 2007

The methodology here presented was developed and applied for the PRIM - Regional
Integrated Program for Risk mitigation of Lombardy region. The aim of the research was
the realization of integrated multi-hazard and multi-risk maps, through an indicator-based
approach, aimed at identifying hot-spots (areas at major risk) where addressing the public
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intervention. (Regione Lombardia, 2007) clarified that the methodology proposed was
complementary to the traditional methodologies of risk analysis, and had to be interpreted as
first qualitative-quantitative estimation of integrated risk. On the basis of a characterization
of the hazards and vulnerabilities based on ISTAT datasets for the latter, and on databases
and sectorial risk plan for the first, nine major risks affecting the Lombardy Region were
analyzed. A dedicated set of indicators was developed, in order to express the physical risk
RF, composed by the level of hazard and by the level of vulnerabilities. The relevance of the
indicators was weighted with the method of the budgetary allocation and Fuzzy sets. The
total risk was then obtained by mediating the physical risk with factors expressing the coping
capacity.

Once obtained the 9 total risks, their respective importance was assessed through AHP
(Analytic Hierarchy Process) method. In this way, it was possible to develop maps of
integrate risk, able to point out the dominant risks for each zone, and a number of risk hotspot
areas: three maps were developed, characterized by: at least 1 threat with a very high risk
value, 10 times the regional mean, or more; at least 3 threats with medium risk value, 1.5
times the regional mean, or more; at least 2 threats with high risk value, 3 times the regional
mean, or more. The proposed approach can be applied with different degree of detail
depending on the quality of the available data. This allows the application of the method
even in case of non-homogeneous data, which is often the case for regional scale analyses.
Moreover, it allows the integration of different risk types or metrics.

It has to be evidenced that however, the effects of possible interactions are not taken into
account.

2.3.8 Shortcomings

A large part of the approaches presented in the previous paragraph was based on quantitative
techniques for risk analysis; the methodologies that adopted a qualitative index-approach
were usually related to wider scales (i.e. ESPON).

However, even if a mathematically rigorous approach to multi-risk assessment apparently
seems the most reliable one, many authors evidenced shortcomings and difficulties that could
severely affect its efficacy. In particular, even when the methodologies define well-structured
theoretical frameworks for the multi-risk assessment, their application to real cases usually
require great simplifications, mainly related to the difficulties in obtaining the detailed
information needed.

Some of the main criticalities of the quantitative risk assessment methodologies were
punctually highlighted by (Garcia-Aristizabal and Marzocchi, 2011):

1) Not many methodologies take into account the possibility of hazard interaction or
cascade effects: the importance of the risk combinations is recognized, however very
few projects try to quantify some basic scenarios.

2) The fragility curves derived by intensity (of the hazardous event) vs. typology of
exposed elements are not available for many risks analyzed. This topic can be
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considered as one of the most significant matters to be addressed for future
developments of multi-risk analysis, especially in high-resolution analysis (at local
scale).

3) Multi-risk approach implies that one or more hazard affects different categories of
exposed elements; this produces difficulties on the definition of a common metric for
loss assessment, and the weighting of the different categories of exposed elements.

4) The choice of a specific kind of loss metric may present different problems and
limitations. In fact, the effect of different hazards may have different temporal
characteristics (e.g. the recovery of construction is not the same of that of agricultural
land or trees). Also, different return periods, for different hazards, may pose difficulties
to integrate the cost over a given period of time.

2.4 NaTech impact and methodologies

NaTech events constitute a peculiar type of multi-risk, where industrial plants or other
facilities represent a second hazard that is activated by an external natural hazard. As
remarked by (Chiaia et. al, 2016) this interaction produces an increment of the frequency and
intensity of the accidental scenarios, that could reach areas not calculated and not foreseen
inside the plants’ safety reports.

Many authors pointed out that even if natural events are actually addressed in industrial
safety, because national and international design standards require to address the issue of
additional loads induced by natural events (earthquakes, wind, waves, lightning, etc), the
procedures to include the external events in design are usually derived from those developed
for structural integrity of residential buildings. This goes to the detriment of a real protection
against NaTech events. In fact, i.e. for seismic stress, the main purpose of regulations like
the Italian Technical Standards for Buildings (NTC), is to avoid the collapse of the building;
it means that the building could endure damages until it is able to protect human life avoiding
the complete breakdown. In an industrial field, a simple damage of the structures and
facilities could assume a different meaning, because it can bring to loss of containment of
hazardous materials.

(Cozzani, 2010) stated that the need of specific requirements to enhance NaTech resilience
is rarely recognized at design level.

(Cozzani et al., 2010) and (Krausmann, Renni et al., 2011) developed a wide data collection
on NaTech accidents on 5 European and 1 American accident databases, and other literature
sources: it demonstrated that about 2-5% of industrial accidents fall inside NaTech category,
but they can be triggered by several different natural events. The research aimed at
identifying the main damage dynamics and consequences and, in the end, it pointed out that
floods and lightning constitute the most frequent natural hazards triggering technological
accidents, while seismic events have the greatest disruptive potential.
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The following lines describe in detail, for each type of natural event, the most vulnerable
equipment types, their modes of failure due to natural-event impact and the final accident
scenarios.

1)

2)

FLOOD: The problem related to floodwaters is mainly due to the additional loads
imposed on industrial structures and facilities, both due to the compressive force caused
by the water itself and by its high-velocity flowing.

Structural damage (displacement, impact with floating objects, yielding of support
structures, failure of flanges and connections, collapse) and failure of electrical
equipment are the two main damage modes identified. Storage tanks resulted the most
vulnerable equipment, with 74% of the equipment involved in flood-triggered accidents,
followed by transport pipelines and pipework with 17%, while cylindrical vessels
(condensers, separators and boilers) and compressors and pumps were involved in 5%
and 4% of accidents. In particular, atmospheric tanks are 3 times more vulnerable than
pressurized tanks, because of their lower structural resistance, which favours the
collapse of the tank shell or induces tank floating or overturning. These two conditions,
together with the displacement of equipment due to water drag, are responsible of the
more severe and continuous releases observed. Tank collapse resulted in several cases
in catastrophic loss of containment with instantaneous release of the complete
inventory. However, the main cause for loss of containment observed during floods is
the failure of connections and valves, pipework detachment, and failure of pipelines,
which led to minor leaks of hazardous substances.

The primary consequences of a LOC are fires, explosions, toxic dispersion, but there
are also additional flood-related consequences, as water contamination and formation
of hazardous substances due to violent reactions of chemicals with water. In particular,
the most frequent final scenario is related to water contamination: in many cases, it was
observed that the released substances stratified on and were spread by the floodwaters,
thereby contaminating them and also spreading over wider areas. Consequently, also
surface and ground water contamination are possible. Frequently, no dedicated
measures are adopted in industrial sites to manage the consequences of releases
triggered by floods, even if flood events can cause the failure of the present disposals,
like i.e. confinement barriers as catch basins, whose content may be washed out by
floodwater.

EARTHQUAKE. The damages provoked by earthquake to industrial structures are
mainly produced by direct shaking and soil-liquefaction effects. In 73% of the cases,
the structural damage ended with a release of hazardous materials.

The most vulnerable portions of the tank are the connections between shell and roof,
shell and foundation plate, shell and supply pipes. The latter are the elements majorly
damaged by the sloshing, that means the oscillation of the liquid inside the tank. Effects
of the sloshing on the bottom elements of the shells are the break of connections of
service valves and pipes, and the so-called elephant foot-buckling, which consists of a
local bending near the base. Elephant foot-buckling could provoke the lift and
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overturning of the tank, if it is not anchored. The severity of the consequences of

sloshing appears higher if the tank has a height-to-radius ratio of 0.8, and is at least 50%

full: it.

As far as it concerns the roofs, the presence of rigid connections can amplify the

vibration effects, leading to the bending of the top part of the shell, and other problems

to the roofs. Finally, tanks that are simply placed on the ground without anchoring
systems can widely suffer the effects of the soil liquefaction.

The most frequent final scenarios triggered by earthquakes were fires and the release of

hazardous materials without ignition (based on the analysis of 48 case histories). In

addition, explosions, the dispersion of toxic substances and water contamination were
observed.

LIGHTNING: Lightning strikes on equipment of storage and processing activities are

the most common cause of accidents triggered by natural hazards. Even if lightning

protection measures are by far more diffused than those for other natural hazards (i.e.

grounding of tanks, installation of lightning rods), their efficiency in preventing

lightning-triggered fires is unclear, because it was observed that tank shunts could
generate sparks when struck by lightning. This could lead to the ignition of the
flammable vapors on tank roofs.

Lightning can also disrupt electrical control and safety systems and thereby cause

dangerous process upsets.

Once again, the storage tanks resulted the items most frequently damaged by lightning

impact (60% of equipment involved in accidents): the atmospheric tanks, and in

particular those with floating roofs, were the most vulnerable to lightning strikes.

Pipework was directly involved in over 11% of lightning-triggered accidents.

The majority of lightning-triggered accidents resulted in the release of hazardous

materials which did not ignite or explode, but fires occurred in over a third of the

analysed case histories, while a lower number resulted in explosions.

The results of the accident analysis showed that:

» atmospheric storage tanks, and in particular floating-roof tanks, are the most
vulnerable elements in relation to all the natural hazards analysed;

» 27% of registered events interesting chemical and petrochemical industry
(petrochemical storage, chemical industry, plastics manufacturing),

» gasoline, oil and diesel are the hazardous substances more frequently involved in
NaTech accidents. These substances, extremely flammable and dangerous for the
environment, are detained in high capacity storage tanks (up to 50,000 m® in a single
unit), and can therefore lead to accident scenarios with significant severity, when
loss of containment occurs. Clearly, the ignition probability is high after the release
of a flammable substance during an earthquake or a lightning strike, but the release
in case of flood could also produce water contamination and consequences of the
reaction of the substances with water.
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(Krausmann, Renni et al., 2011) evidenced how managing the above descripted
NaTech risks could be difficult without targeted measures or procedures for the
prevention or the mitigation; the latter should be particularly important for the
existing plants located in natural-hazard-prone, where land-use-planning restrictions
can hardly be imposed retroactively.

An additional complication in most NaTech accidents is the downing of lifelines by
the natural event. Emergency-response plans do not usually consider the loss of
utilities during a natural disaster, which renders the mitigation of the accident
difficult if not impossible.
Even if the presented data collection considered only one climate-related event (the
lightning), also other phenomena are able to cause problems to the industrial facilities. Heavy
rains, storm surges and extreme temperatures, for which it was observed an increasing
tendency in relation to climate change, can once again produce consequences particularly on
the tanks. L.e. heavy rain can cause sinking of tank roofs, while the sites can be affected by
insufficient water drainage or increased groundwater levels. As for the flood events, in case
of loss of containment the presence of the water deriving from rainfalls provides a medium
for the dispersion of the released substances.
The extreme temperatures can also provoke damages: high temperatures could conduct to
ignition of substances stored outside, and lead to pressure increases in storage facilities, while
low temperatures may produce the freezing and bursting of pipes, and the ice formation can
also damage the equipment and break pipes.

As far as it concerns the Italian situation, unfortunately many Seveso plants result included
in hazardous-prone areas: the particular physiognomy of the Italian territory exposes the
plants to several natural hazards, from floods to landslides and coastal risks. (Chiaia et. al,
2016) observed that a high number of so-called E.R.I.R. industrial plants is settled in
correspondence of sites with medium or high seismic hazard, as shown by Table 5 , that
shows Region by Region the amount of Seveso plants located in seismic areas. Frequently
the installation of these plants date back to periods with a minor legislative control, both as
far as it concerns the constraints deriving from natural risk presence, and the rules related to
the management of hazardous substances. The absence of dedicated planning practices and
clear procedures for the zoning led to plants located nearby residential areas, or close to
highly vulnerable environmental zones, and/or in areas interested by hydrogeological
frailties, seismic effects etc.
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Table 5: Major risk plants located in seismic zones (Smanio, 2013)

. Plants in Plants in Plants in .
. Plants in ., L., R % plants in
Region Total plants ., seismic zone seismic zone seismic zone S
seismic zone 7 2 3 seismic zone
Abruzzo 16 10 6 3 - - 6 3 - - 37.5 30
Basilicata 4 5 2 1 - 1 2 - - - 50 20
Calabria 10 7 5 6 3 4 2 2- - - 50 87.5
Campania 52 18 32 18 - - 15 5 17 13 61.5 100
gmlha s 36 93 18 3 - - 18 3 - - 50 32
omagna
fiuli Ve 0 1 3 4 2 7 - - 786 15
Giulia
Lazio 33 36 24 12 - - 24 12 - - 727 333
Liguria 10 24 1 2 - - 1 2 - - 10 8.3
Lombardy 133 155 1 1 - - 1 1 - - 0.75 0.65
Marche 9 7 7 7 - - 7 7 - - 77.8 100
Molise 3 5 - 1 - - - 1 - - - 20
Piedmont 50 53 1 1 - - 1 1 - - 2 1.9
Puglia 23 20 - - - - - - - - - -
Sardinia 14 28 - - - - - - - - - -
Sicilia 37 34 37 25 1 - 36 25 - - 100 73.5
Toscana 32 30 29 13 - - 29 13 - - 90.6 433
Trentino 11 6 - - - -- - - - - - -
Umbria 12 5 8 3 - - 8 3 - - 66.7 60
Valle 5 1 ) ) ) ) ) ) ) ) ) )
d’Aosta
Veneto 52 60 2 - - 2 - - - 3.8 -
Italy 556 617 196 109 8 7 169 83 19 19 325 177

The previous description clearly evidences the urgent need for the adoption of a NaTech
assessment methodology to integrate Safety reports risk assessment; until now, several
methodologies were proposed, mainly quantitative, but still a dedicated regulation is missing.
Below, some of the most known procedures are reported; it can be noticed that all the
approaches usually require a deep experience as risk analysts, even when they foresee the
adoption of simplified procedures. They were usually developed to address one natural risk
at time, and are generally restricted to some plant typologies and to the area of the plant itself,
with the exception of the Integrated Quantitative Risk Assessment (Q.R.A.).

2.4.1 Integrated Quantitative Risk Assessment

The methodology of the integrated Quantitative Risk Assessment was developed by
(Antonioni et al., 2007), (Salzano et al., 2009) (Cozzani et al., 2010), (Krausmann et al.,
2011), during 10 years; it aimed at inserting domino risk and nature-related risk in the

5> The seismic class classification of many municipalities of Emilia Romagna and Lombardy was
changed after the earthquake of 2012; therefore, probably the Seveso plants included in the seismic
zones are more than those reported.
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conventional Q.R.A., in particular considering the impact provoked by flood, earthquakes
and lightning,.

The identification of the possible failures of equipment triggered by a natural event, and its
potential consequences, can suggest the plant managers the correct measures to be adopted
to increase the resilience of the facility. l.e. at a design level, an enhanced solidity of the
equipment or the addiction of safety barriers, together with appropriate emergency measures
and procedures, and implementation of early-warning systems.

Therefore, the conventional procedure for quantitative risk assessment (Q.R.A.) was
modified and extended to include the assessment of Na-Tech events. Some steps of the
proposed procedure follow the traditional ones, but dedicated tools for the inclusion of
external events had to be introduced, in particular as far as it concerns the identification of
the more frequent damage modes and the release scenarios associated to them.

The following framework for a NaTech inclusive QRA was identified and proposed for three
types of natural hazards: earthquake, flood and lightning.
Step 1: characterization of the external event through a parameter representing its impact
strength:

o for earthquake — P.G.A.- Peak Ground Acceleration;

o for flood — maximum water depth expected at the site, or maximum water speed;

e for lightning — ground flash density Ng, measured in number of flashes per year and
m2
Step 2: identification of the relevant target equipment items, which can cause a severe
scenario due to an escalation triggered by the natural event. Following the results of the data
collection analysis by (Cozzani et al., 2010) and (Krausmann, Renni et al., 2011), the
proposed procedure particularly focused on the atmospheric tanks. Reference scenarios were
associated to each critical equipment item, as explained in the following steps.
Step 3: identification of a limited number of possible damage modes that can be associated
to the reference target equipment identified in step 2. The definition of damage states (DS)
is used to calculate the consequent intensity of loss of containment: three classes of releases
were considered for storage and process equipment, as well as for piping.

e RI1 — instantaneous release of the complete inventory (in less than 2 min) following

severe structural damage;

e R2 — continuous release of the complete inventory (in more than 10 min);

e R3 — continuous release from a hole having an equivalent diameter of 10 mm.
Later, the development of specific event trees, based on the properties of the released
substance, identifies the NaTech reference scenarios that could be associated to the damage
mode. The following Table 6 shows, for each type of natural hazard, the possible damage
states and the releases associated,; it is a recap of the tables reported in (Salzano et al., 2009),
(Cozzani et al., 2010), (Renni et al, 2010).
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Table 6: Damage modes and release states

.. Release
Impact Type of damage Definition mode
Earthquake
Elephant Foot Buckling Large .axial compressive stresses due to R1
beamlike bending of the tank wall
Overturning moment may be cause a
partial uplift of base plate; this vertical
Base uplifting displacement can cause the failure of R1
tank wall and/or the failure of piping
connection
Sloshing Roof or Top damage due to liquid R3
movement
For un-anchored tank only: the
L horizontal relative displacement
Sliding between tank and base can I;ause the R2
failure of I/O piping
Rapid release of content due to total
Collapse (Liquefaction) collapse of structure for the ground R1
liquefaction due to earthquake
Flood
Slow. Failure of flanges and connections R3
submersion
Moderate Failure of flanges and connections R3
speed
Impact of/with adjacent vessels or R1
High speed with trailed objects
wave Shell fracture R2
Failure of flanges and connections R3
Lightning
Electrical device malfunctions -
Explosion n.s.
Pipework detachment R3
Pool fire R2 or R1
Roof fire R1

Step 4: Estimation of the damage probability. A probability of occurrence for the damage
state identified is calculated for each equipment.

The damage probabilities should be assessed through specific vulnerability or fragility
models; but in literature, vulnerability functions were available only for seismic events. New
simplified vulnerability functions were proposed both for flood and for lightning, based on
the analysis of the accident collection and literature data.

Step 5: Consequence analysis for the reference scenarios. It can be carried out through
conventional models, i.e. post-event trees.

In this phase, it is necessary to consider simultaneous occurrence of reference, due to the
damage of more than one unit. The further steps of the analysis are related to the definition
of the characteristics of the combined events: Step 6: credible combinations of events; Step
7, the frequency calculation; Step 8, the consequence assessment of each credible
combination of reference releases (or overall final scenario).
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Finally, the last step of the procedure consists of risk re-composition (step 9) aimed at
assessing the additional contribution to individual and societal risk.

The methodology above descripted was partially developed also in the field of the European
project Integ-Risk (Krausmann et al., 2011), where a further detail was introduced to describe
the equipment vulnerability. Hazard indices for natural and technological events, and an
equipment vulnerability ranking were introduced. Using this natural-hazard and
technological-hazard classifications, vulnerability analyses for industrial equipment under
natural-event loading was performed.

2.4.2 AHP applied to NaTech risk

The methodology for the assessment of NaTech seismic risk through AHP techniques was
developed by a team of the Politecnico di Milano, as an alternative to the execution of a
Q.R.A. procedure, with the aim of reducing the required resources in terms of time and
expertise (Callioni, 2010), (Busini et al., 2011), (Marzo et al., 2015).

The objective was to define a Global Key Hazard Indicator (KHIG), which could help the
decision makers in distinguish between high-risk situations, for which it is necessary to
undertake a Q.R.A. and to provide risk mitigation measures, and low-risk situations,
therefore avoiding wasting of resources using unnecessary expensive methods of Risk
Analysis. The assessment of the KHIG was based on two different indexes: the Key Hazard
Indicator (KHI), and the Vulnerability Indicator (KVI), whose values were calculated by
applying the hierarchies of AHP methodology, a multi-weighted criteria method that allows
choosing between alternatives thanks to binary comparisons.

L.e. for the assessment of KHI, the main elements that can influence the vulnerability of the
plant with respect to earthquakes were identified and inserted in a system of AHP hierarchies,
which represent different possible events. Three different hierarchies were structured, to
define three KHI, representing the main potential seismic consequences on a plant: fires,
toxic dispersion and explosion. The overall KHI was obtained from the sum of the previous
mentioned three indexes.

The comparisons are structured as shown in Figure 5. The alternatives, placed at the bottom
of the hierarchy, can represent different plants, or items of a single plant; the possible impact
on them is expressed as a normalized index of the mass which can be released following a
seismic event.

The process of the assessment follows the branches structured at different levels, which have
to be compared; the elements are placed on the same level of the hierarchy if they respond
to the same question. The comparisons are expressed as qualitative judgments that can be
traduced in quantitative through the semantic scale of Saaty, which may allow an array of
binary comparisons between elements belonging to the same level. Simple algebraic
manipulations of these binary comparisons determine the weights for the various branches
of the hierarchy.
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