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Users of transport infrastructures nearby hazardgplasts may represent important
populations potentially impacted by a major accid@oulouse catastrophe in 2011 has
been an illustrative example as it strongly impddiegghway users. Therefore, transport
infrastructure users (Roads and railways mainlpyasent a population to be protected
within a land use planning policy as it is the cBsdnhabitants.

Accordingly, this paper presents a decision suppgproach aiming to help local

stakeholders identifying the most cost effective ames to protect transport
infrastructures from major accidental consequendé® suggested approach takes in
account both technical and participatory constsainith the aim of offering an equal

chance to all involved stakeholders to understama issues under discussion and
formulate opinions and values.

After a description of the French regulatory cotteake major technical difficulties

related to transport infrastructures protectionl Wi described before introducing the
main technical choices adopted by the team. Finallylecision support procedure is
described and a real case study presented.

This work is strongly embedded in the French regujacontext. However, we believe
the decision support structure as fully adaptablether regulatory contexts.

Keywords: Land use planning, decision support,spant infrastructures protection.

1. Introduction

Land use planning has been a pillar of industiishk management policies in Europe since the fiesteSo
directive 82/501/EC in 1982. All the following reidns and evolutions of this directive (SevesmIL996 and
Seveso Il in 2012) have confirmed this status ¥ry synthetically, European policy on land usanpiing

around hazardous plants is strongly oriented tosvahé future by dealing with modifications of ebisgt

installations, sitting of new ones or new developta®f land uses (Seveso directive, article 12§ figader may
find in (Lenoble et al, 2010) and (Grooijer et 2010) a more extended description of this policd @s

applications in various European countries.

However, the Toulouse (France) catastrophe in 200@Jput the spots on the need to consider alsdageriof
past policies where proximity between dense pojuulatand industrial hazards was accepted (MEDDBGRO0
Risk acceptability being a social and dynamic coest(Short, 1984; Renn, 1998), it evolves throtigte: what
has been accepted in the past may be rejected fiutilre, especially after a big catastrophe asg the case in
France (IRSN, 2012) or more recently in Fukushifa{ and Zani, 2012).

Therefore, France decided to take a step furtherisk prevention by adopting the 699-2003 Act on
technological and natural risks prevention. Regaydhe industrial risks part of the law, regulatorsisted on
the need to define, around some hazardous pldatsl use planning processes that integrate safigyia in
future projects acceptation, besides correctingtiexj situations where cohabitation of hazards \anderable
stakes is no more acceptable. Practically, this leag for instance to expropriate either the hamasdsite or
some of its neighbors, whether they are inhabitantgher economic activities (MEDDE, 2006).

! Plants classified by Seveso regulation as higlaggerous (Tier up) regarding the type and quastitie
hazardous substances stocked or involved in thduptimn processes.



The local public decision processes aiming to aghibose objectives are thdans de Prévention des Risques
technologique's(PPRT) With respect to national acceptance criteriatastinical directives, those participative
processes provide local stakeholders with the dppity of discussing the most adapted local equiilins
between safety on one hand and social and ecormeniglopment on the other hand (Mazri, 2010). Tlaeee
about 420 distinct PPRT processes planned for ttienFrance.

One of the key issues raised by those decisionepsas is how to deal with existing and future parts
infrastructures (roads, railways) located in riskgas. Protecting transport infrastructure userd tomplex
problem for mainly two reasons. The first one is limear character of those infrastructures makiqgpssible
for the same risk scenario to generate variouserprences levels for different linear segments ddipgnon
their respective distances with the accidental gaufhe second is the usual large set of socialeendomic
stakes usually associated to decisions on transgaastructures (Lakshmanan, 2011).

This paper will present an original and pragmappraach aiming to support decision making on trarnsp
infrastructures protection given the PPRT contént.the next sections, we will be equally interesiad
describing the technical related issues we have lealing with and the policy making related onlest t
present, in our opinion, interesting insights te tommunity of decision support providers in pubsigky
contexts.

2. The PPRT Framework

As specified earlier, PPRT are public decision psses aiming to both correct existing unacceptaiiéorial

configurations and shape future territorial evang regarding industrial risks. It would go far beg the
objectives of the present paper to provide theaeadth a full description of the specificities argolutions
introduced by the PPRT in the French regulatiodamil use planning. An extensive description is med by
Lenoble and Durand (2011) and Taveau (2010). Wethuils focus on salient elements regarding theeigxfu
transport infrastructure protections. We will predeo the presentation of the PPRT framework aéegrib its

technical, organizational and financial features.

2.1 Technical features of PPRT

Risk is usually understood as a combination of @bability and the scope of consequences (Duijm,9200
despite the various meanings the concept of préibyabiay carry (Aven, 2013). Accordingly, Risk cdme
defined through the following formula:

Risk=PQC=PQRQIRQRV
P : Probability associated to a given accidental agen
C : Severity of consequences regarding the stakesrumhsideration (human, ecological, material...).

| : Intensity of one or several effects generatedhgy scenario. For instance: Heat flows in casehefnic
effects, Toxic concentrations in case of toxicasks...

V : Vulnerability of stakes under consideration reljjag the intensity level.
In the PPRT framework, risk is defined in a slightifferent way according to the following formula:
Risk=PQIQKRXV=AQV

A: Stands for ‘Aléa’ and defines the probabilitytthadangerous phenomenon creates effects of a gitemsity
and over a determined time period at a given pairthe territory (MEDDE, 2006). In addition to tléassic
probability criterion, Aléa are characterized aciiog to the two following additional criteria:

- I: A description of the various potential effeadsdrpressure, toxic, continuous or transient theyiand the
modeling of their respective intensity propagatibar instance, a Boil over will generate both ovessure and
transient thermic effects for which different mddglwill be performed.
The variations of intensity levels for each effar set according to three thresholds:
- Very serious consequences threshold (LC 8éfine zones within which at least 5% lethalitgigected
regarding the intensity level.
- Serious consequences threshold (LC th#f)nes zones where lethal effects may impacttless 1% of
the population.

2 Technological Risk Prevention Plans.



- Significant consequences threshold (LC O8&fines zones where no lethality is expected bilit st
irreversible injuries are likely to happen.

Depending on the number of people impacted in eaok, a qualitative assessment of consequencesiseess
is performed according to the matrix detailed isldal below.

Very serious Serious Significant
consequences consequences consequences
Disastrous >10 >100 >1000
Catastrophic 1-10 10-100 100-1000
Important <1 1-10 10-100
Serious 0 <1 1-10
Moderate 0 0 <1

Table 1 Seriousness scale of consequences accaoodingnch regulation (MEDDE, 2006).

- K: An appreciation of the time duration required éach effect to reach vulnerable stakes startiog fits
detection. Thiskinetic criterion aims at assessing the opportunity tol d@th a given scenario through an
emergency planning procedure (if the kinetic is§lmstead of a land use planning one (in casastfKinetic).

Those scenarios are aggregated in order to elaboividual risk maps dividing the territory intmncentric
Aléa zones ranging from very high to very low (see ffigd for an example). Once such zones are estatlish
the planning proceeds as follows.

Figure 1 Example of aAléamap.

a. Within the risky areas identified in the previousps an inventory of stakes is elaborated. The term
stakes is here only focused on human safety andoneideration is given to material or ecological
damages. Schools, habitations, economic activitiesansport infrastructures are examples of stakes
considered in the PPRT because of their human érgqtion.

b. Aléasand stakes maps are superimposed and when ngcaasgaerability assessments are conducted
to evaluate the ability of some constructions totget their users regarding tAééaslevel impacting
them.

c. Depending on the variety dfléasand vulnerability combinations, the following d&on alternative
are made available:

- Aléasreduction through adapted technical or organipafianeasures aiming to reduce either the
probability or the intensity associated to oneevresal accidental scenarios.

- Mandatory expropriation and compensation of thetpigenerating the risk or of one or several of
its neighbors impacted by unacceptable risk levels.

- Relinquishment and compensation of inhabitants.

- Preemption offering local authorities the prioritypurchasing habitations to be sold within risky
areas. On the long term, this should gradually cednhabitants’ concentrations in risky areas.

- Constructions reinforcement in order to reduce erdbility to Aléas.

2.2- Organizational features of PPRT

To conduct those steps, local decision processesedup according to the following national oréians:

- The final decision maker is the one in charge afdewting the PPRT process and coincides with thallo
representative of the government, namely the ‘Préfe

- If the decision power is not shared with other los@mkeholders, participation is, however, impossd
regulatiorf. More precisely, a minimal set of participantsdsbe systematically involved (industrial operators
different levels of local authorities from mayows regional authorities, representatives of worlkard of lay
public) with the possibility for th€réfetto include any additional stakeholder believededsvant. Furthermore,
minimal organizational arrangements are also imgoggarticipation terms need to be discussed with
participants, their respective opinions and remariksto be discussed at each technical step, fitdea public
hearing is to be conducted at the end of the psoces

- Depending on the combinations of Aléas and vulnbtias, some of the decision alternatives detadbdve
are mandatory whereas other optional. Under thersigion of thePréfet it is the responsibility of local
stakeholders to define the most context-adaptedosw@tion of mandatory and optional alternativestsure
both territorial development and people’s safety.

3 Article L515-22 of French Environmental regulation



2.3- Financial features of PPRT

Land use planning around hazardous sites is agisilie since it implies the use of public resosi(€stanello
and Tsoukias, 1993). However, in the case of PRR3 more relevant to talk about a repartitionpoblic and
private resources to finance the final decisionsbéotaken which, by the way, can be highly costy a
expropriation or buildings reinforcement.

Since the repartition of the financial burden betwgublic and private actors shapes their respegibsitions
and expectations in terms of decision suppors itriportant to understand how the French reguladisimed
the terms of costs allocation among stakeholders.

- When expropriation is required (both mandatory aotuntary), financing is shared between public and
private resources. Public resources come both fltemmgovernment and the local authorities whereastgr
resources are provided by the industrial operatoeating the hazard.

- Preemption is exclusively chargeable to local aities.

- Buildings reinforcement is funded differently dediamg on the owner. In case of private houses, cargs
shared between inhabitants and government. Howéwse buildings are owned by local authoritiesh@ols,
city halls...) or economic operators (industrial ptarshops...) all the costs are at their charge.

- In case of Aléas reduction, costs are chargealitestindustrial operator.

It is worth noticing that the terms of repartitidascribed here reflects two main policy orientatiadopted at a
national level:

- Only habitants of risky areas receive financial gp from the government to correct inherited risky
situations. Public (local authorities) and privegeonomic activities and transport infrastructuig@®) excluded.

- The risk is defined as a societal issue requiringricial contributions from all stakeholders obi@insome
benefit from some risk generating activity: indistoperators being the source and the first berii of the
risky activity, government and local authoritieshemeficiaries of national and local taxes, inhatig and local
economic activities as beneficiaries of secondapnemic impacts as employment opportunities.

Given the PPRT features detailed above, the neotioseis intended to focus on the description of th
infrastructure protection problem within the PPRhiext.

3. Transport infrastructures protection: the problem

The term transport infrastructure encompasses lowthr segments (roads, railways) and punctual ¢inas
stations, toll booths...) necessary to ensure tratejian services. Accordingly, those types of stakeesent
some specificities that influence the decision mghkprocess, and consequently, the type of decsimport
required.

Combinatorial explosion of Aléas

The difficulty when dealing with linear segmentghst, in addition to the potential variety of effe that may
impact them (thermal, toxic, overpressure), eachach may generate simultaneously different conssmpie
levels for different linear segments dependingtairtrespective distances with the accidental saurc
Consequently, characterizing linear segments ragarthe type and level ofléas raises very quickly
combinatorial issues. A real case example is gexvin figure 2 below.

Let's consider an 800 m long railway segment in Wanity of a hazardous site for which the followi
accidental phenomena have been identified and cteaized:

- Boil over generating both overpressure and transiemmic effect;

- Flash fire producing transient thermic effects;

- Hydrocarbons combustion leading to continuous thiegfiects.

The gradient of intensity generated by each ofdhglsenomena leads to distinguish areas dependirfeon
hazard level they are submitted to. As hazard fmee by likelihood, intensity and kinetic, we hanentified
almost 20 distinct segments for which various Isxehkléasapply.

This example shows the increased complexity reladeléhear stakes comparatively to punctual onesmwit
comes to assess their exposure to hazards.

Figure 2 Combinatorial aspect in characterizingahdzxposure of linear stakes.



Variable vulnerabilities

In addition to the hazard related complexity ddsmli above, vulnerability related complexity is atsobe
emphasized regarding particularly the variabilityrnfrastructures frequentation. Basically, a samf@structure
may, depending on daily or even yearly periodicéyperience different levels of frequentation. Fwtance,
working hours or school opening periods can drarallyi increase some infrastructures frequentatiuh even
reach saturation thresholds. This last case mayatiaally change the vulnerability configurationusfers from
a timely exposure to a given effect to a permanest

Value systems

Several value systems had to be considered durangecision support process. The first patternabfes was
almost at the origin of the increased interest giteetransportation infrastructure. Basically, asernment was
pushing local stakeholders to invest private reseaiin reinforcing buildings, those in return asgedernment
and private operators to invest more in protectiagrs of transportation infrastructures. It is ttuesth to note
that claims of fairness in public and private reses investments were the first motivations ofipgton the top
of the pile the issue of transportation infrastawes. This confirms a large set of literature figdi on the
importance of fairness in risk perception mechagigWiebler and Renn, 1995) (Okrent, 1998)

The second pattern of value systems goes beyond®BRT and is related to the French industrial risk
management policy in general which does not ackedgé cost benefit analysis as a framework for @mtis
making. The value system underneath this positoa reluctance to rely on financial valuing of huniide
when it comes to answer the ‘How safe is safe em@ug

These two patterns of values have strongly oriemt@dmethodological choices to be presented latethts

paper.

Final users

The decision support approach is meant for lo@ledtolders in charge of building a common undeditanof
the protective measures to be taken regarding poahénfrastructures. The profile of such userddsvever
extremely variable, ranging from technical engiseasually in charge of risk assessment to perfeafapes
with a very low technical background.

Within such participative contexts, decision suppools are hopefully less complex (Rosenhead aimhéfs,
2004) in order to ensure that participants, whatdteir technical background, understand the sstoes
implications of technical choices and the valuedauneath them. Consequently, we considered the todezkp
our methodological approach as simple as possiikepeing an important requirement to improve sparency
and participation.

Considered all together, these specificities alloes now to suggest a problem formulation related to
infrastructure protection within the PPRT framework

Given a transport infrastructure impacted by indizthazards and object of a PPRT process, a deuisi
support approach is required by a set of local stadders to help building a collective and shareglement on
the most adapted protective measures to implemiéimtva limited budget.

4. Decision support methodology

Before detailing the operational steps of the sstggk methodology, it is worth presenting the major
methodological choices made by the team and tiengdities lying behind them.

4.1- Main hypotheses

Aléa modeling

In order to deal with the combinatorial explosi@sulting from the combination of various leveldikélihood,
intensity and kinetic, we decided to avoid chanaziteg exposure through the exact definition ofasldevels
affected to each linear segment. Instead, we censidfficient (for our purpose) to maintain aléasatiption
based on a list of scenarios described accorditigetthree criteria being probability, intensitydafinetics.

In that way, we will deal with a set of risk sceiparfor which protective measures are to be definsttad of
dealing with a set of linear segments differentlagecording to aléas levels impacting them. Sucbramtation
can be justified for the following two main reasons

- The list of scenarios and related performanceshentliree criteria (probability, intensity and kiogtis

already an available information and no additiopedcessing is required. It is thus a significantirsg in

resources consumption comparatively to the neethafacterizing linear segments.



- By dealing with each scenario individually, PPRTrtjggpants are more willing to understand the issue
discussed and actively participate in selectingtragapted measures according not only to safetgriaribut

also to economic or practical ones

An averaged estimation of consequences severity

As stated previously, depending on frequentationopeity of transport infrastructures, the numloérpeople
exposed, and consequently, the severity of conseggemay highly vary depending on time occurrerfiche
accident. In order to handle this variability inrigorous and still understandable manner, we sudiysty
adopting an index of infrastructure frequentatiepresenting an evaluation of population exposeddiven risk
scenario. Of course, this index will have to exfliicacknowledge frequentation variability over #m
Secondly, according to this representation of thelmer of people exposed, a severity scale will éfindd in a
very similar way than for punctual stakes as déscrin table 1 earlier.

Frequentation index (FI)

For a given infrastructure transport experiencinglierent levels of frequentation during a timeripd of
reference T, this index is calculated accordinth&ofollowing formula:

K
o fit)xD*N t;
Frequentatlon index = Z —_— Y % —
_ S T
i=1
fi(®): Function describing for each time periadthe vehicles flow (cars, trains...) characterizirige t
infrastructure frequentation.
D : The length of the linear segment impacted bysttenario.
N : Average number of persons per vehicle.
S : Vehicles average speed.
t; : Duration of the time period
T : Reference time period.

Let's take the example of a road impacted by sigaift lethal thermic effects on a 0,3 Km sectiomoT
frequentation levelsi (= {1, 2}) are to be distinguished on a yearly basis. Duhialidays (2 months per year),
frequentation jumps to 30 000 vehicles per dgyt{) whereas it is limited to 20 000 vehicles per §f\t))
during the rest of the year (10 months). Speednigdd to 80 Km/h and each vehicle carries 3 pagsen
According to those inputs, the frequentation intdesalculated as follows:

_ (30000 *03*3 2 ) 4 (20000 *0,3*3 10

8024 12 80«24 12) = 1015
Values calculated by this index are purely art#fiéind do not represent any physical reality. Hawgthey give
a quantitative representation allowing comparisitnee between different infrastructures or betwedferent
states of the same infrastructure before and a&kdgcting one protection alternative. It is thusamefor
comparison and benchmarking and not for absoluttuation.

This frequentation index is to be calculated alsotlie other consequences levels described edrbang first
lethal effects and irreversible injuries.

Severity of consequences

Now that variability of frequentation has been talkeato account through an index, it is possiblevaluate the
severity of consequences in the same manner tligtdibne for punctual stakes (see table 1). Tabbel@w
shows an exampleusing the frequentation index suggested above riteroto evaluate the severity of
consequences for transport infrastructures. Fosdlke of clarity and homogeneity, we choose to aithepsame
gualitative scale than the one adopted in tablditiwranges from moderate to disastrous.

We will rely on this suggestion in the forthcomisgctions in order to demonstrate the applicabditythe
suggested approach.

Table 2 Example of severity calculations basedherfitequentation index.

* This proposal has no legal value and does not substitute to any ongoing regulation.



Decision alternatives
After several meetings with technical experts ifnastructures protection, we developed a typolofglexision
alternatives aiming to reduce either scenariodifiked and intensity or infrastructures vulneraili
- Type 1: Technical and organizational measures atigneduction of accident complications
If the effects of an accident reach the infrastitestusers, it is realistic to consider that théfitravill be altered
inducing further possible traffic accidents referte in the following as accident complications eféfore, this
first category of alternatives is meant for alleinsity levels where users may lose control of thehicle and
generate lethality or injuries not directly relatedhe aléa consequences.
Accordingly, the following options are suggested:
- Appropriate signaling positioned upstream to alisgrs entering the infrastructure segments exposed
the accidental consequences.
- Reinforced carriageways separation reducing thesipitisy of perturbations impacting other
carriageways.

- Type 2: Organizational measures aiming to redutastructure frequentation

Risk is here treated through organizational digms aiming to reduce infrastructure frequentatieither
permanently or only in case of accident occurrergztually, we distinguish within this second categthe
following alternatives:

- Permanent reduction of infrastructure frequentatibrough reconfiguration of traffic flows. This
reconfiguration can be total (only industrial use® allowed so to provide logistics within the
hazardous sites) or partial (allowirgl type of users, but still incentivizing to repdraffic on
alternative transportation infrastructures). Theeintives we are talking about here can be either
financial (increasing toll fees) or informationay Imodifying upstream signaling system so to orient
users towards other pathways.

- If the scenario kinetic allows it, study the podgipof an alert system which, combined with bars
placed upstream the hazardous plant, stops oastt geandly reduces traffic flows before the daagsr
phenomenon reaches the transportation infrastrictdowever, implementing such an alternative
requires a well calibrated and regularly trainedamization allowing a fast and reliable reactivity
case of alert.

- The third and last option is to be studied whertk dsenarios are related to punctual, but highly
dangerous activities. For example, truck unloadiativities may generate UVCHuith potentially high
consequences, especially when unloading areasl@e ® the plant limits. These punctual and still
highly dangerous operations can be scheduled ie 8tots which avoid periods of high traffic or
saturation, thus reducing the gravity of potert@isequences.

- Type 3: Hazard reduction measures
Depending on the plant specificities and the risénsirios identified, various possibilities to reeldmzard
potential and associated probabilities can be studror the sake of example, the following posisied
might be considered:
- Reduce pipes diameters if associated risk scenianjpsct the infrastructure.
- Displace unloading areas far from the infrastruetuith the condition of not increasing the risk for
other human stakes.

- Type 4: Physical measures of vulnerability reductio
Vulnerability reduction is here achieved througmstouctive measures adapted to the type and inyeofi
adverse effects. Three types of protections migtgthdied:
- One side construction8unds or walls may offer adapted protection agfadontinuous thermic effects
and weak overpressure levels (INERIS and CETE, p(H@wever, they are totally unfitted in case of
toxic release or cloud inflammation.

Figure 3 One face protection.

- Two sides constructionghose structures combine a wall and a partiabtal roof with the aim of a
better protection (comparatively to one sided amwesions) against overpressure and continuous
thermic effects. However, this improvement in potittn performance increases costs and does not
provide satisfactory answers against toxic effdM&RIS and CETE, 2012).

> Unconfined Vapor Cloud Explosion



Figure 4 Two faces construction.

- Three sides constructions (tunnel§hrough a complete covering of the transportaindrastructure, it
is potentially possible to achieve a full protentiof users against all effects types and interssitie
However, costs are particularly hfyaspecially in case of toxic effects requiring aeddpventilation
systems.

Figure 5 Protection tunnel

The various decision alternatives described hareatiproviding decision makers with a wide rang®ptions
to be discussed according to their relevance giveriocal context and their performances in terfrsatety and
feasibility (costs, infrastructure disturbancesinigirconstruction phases...). Each of those altereatioffers
specific advantages and limits making it interegfior local stakeholders to seek for an adaptedbomation of
options instead of selecting the best one.

The aim of the decision support approach suggestethe following section is to help the local sdt o
stakeholders in exploring the set of local riskcfigities and the space of options to find the madapted
combination of answers.

4.2- The decision support procedure

Step 1: Risk scenarios classification

At this stage we consider all the accidental sdesdahat may occur within the plant under analydiscording

to Aléa maps (as described in figure 1), scenanitis very low or no impacts on the infrastructure eemoved
from the procedure.

The remaining risk scenarios are then listed afdatiterized according to the following criteria:

- Probability of occurrence.

- Frequentation index (FI) associated to each oftireealéalevels (very serious, serious and significant). As
described earlier, this index aims at describingele and types of exposure potentially faced by the
infrastructure users.

- Associated kinetic measured by the duration ofateidental sequence from its detection to the impac
infrastructure users.

Table 3 Suggested properties to characteriz riskaos.

According to these properties, scenarios are sartedusing an acceptability matrix as describediganre 6
below.

Table 4 Example of an acceptability matrix for infrastruets protection.

The color code used in this matrix is the following

- Green zone describes extremely low levels of cammeces with no fatalities and very low levels of
irreversible injuries. All scenarios affected téstzone could be considered as acceptable andothescluded
from the analysis.

- The blue zone regroups scenarios with serious comesees (no fatalities but possibly important iersible
injuries) and important consequences (possiblditiag) with a very low level of probabilities (e 10°).
Because of the injuries that may affect the abditbf drivers to control their vehicles, we aretipatarly
interested here in limiting accidents complicationEherefore, all scenarios affected to this catggoe to be
treated through type 1 alternatives (reductioncafaents complications).

- The orange zone defines a tolerability area (H®B,12 for which efforts should be deployed with mespto
economic feasibility.

® Ranging from 25 000 to 300 000 € per meter demgnolin construction specificities (INERIS and CETE,
2012).



- Risk scenarios affected to the red zone are of b@isequences to infrastructure users and shouttuse
considered as unacceptable.

Before going more in depth in identifying risk tteeent measures, some additional remarks are tomsdered
here:

- This matrix has no regulatory value and is suggeseclusively for the sake of example. It is the
responsibility of public decision makers to defameeptability thresholds and the resulting acceltiaimatrix.
Our aim here is limited to suggest the use of d@bdity/severity matrix as a decision support tamklassify
risk scenarios.

- The probability and consequences scales usedurefig fit the French regulation. However, othelesaan
be used as long as the meanings of the variouptatikty areas suggested are preserved.

- Depending on the values taken on the three FIr@itéYi, Zi, Ti), one scenario can be affected

simultaneously to several cases of the acceptalildtrix. For example, let's consider a risk scen&1 with
the performances described in table 4.

Table 5 Scenario Example

Given the probability level (Qualitative category, G, severity is to be characterized simultaneously as:
- important regarding very serious consequences,

- catastrophic regarding serious consequences,

- Disastrous regarding significant consequences.

Accordingly, this scenario will occupy simultanebuthree distinct cases in the acceptability matrix

Step 2: Exploring risk treatment measures for séesén red and orange zones

As stated previously, our procedure aims at idgimtif not only one alternative but a combinatioraltérnatives
offering the most adapted solution for a given emht The term “adapted” is here considered undeh bo
technical and economic considerations. This lagsickeration is of particular importance if we renfiemthat
some alternatives, especially type 4 ones, canxtrereely costly. Therefore, we will privilege comhtions
based on types 2 and 3 alternatives before apgealivulnerability reduction measures.

The first step is thus dedicated to explore thivfahg options without any preference or prioritydne among
the others.

a. Studying evacuation possibilities

Risk scenarios being characterized by their kinetie suggest studying the existence of technical an
organizational arrangements aiming at evacuatifigqistructure users within adapted delays. More ipedg
evacuation can be performed through upstream pdiyisarriers and signaling systems managed by aptedia
organization.

An associated procedure is to be defined in ord@valuate a realistic duration to effectively stegdfic once
accident is detected. If scenario kinetic is dirittigher that this duration, scenarios can be et from the
analysis and no further reflection is required. ldger, it is important to acknowledge that in thése, safety of
infrastructure users relies on organizational penfmces that need to be constantly maintained gfradapted
trainings and operational exercises.

b. Avoiding dangerous activities during saturationtogh traffic periods

Some punctual activities, such as loading/unlogdingy generate scenarios with large consequencas iev
those risks are limited in time. A practical optimnexplore would be the limitation of these adi@s to periods
where infrastructure frequentation in reduced. Tusild be particularly adapted to infrastructurggegiencing

daily traffic variations allowing dangerous acti@g to be conducted during low frequentation pesiod

The result will be that some consequences willdsdaiated to low frequentation levels and the iredagcenario

will be displaced to lower severity cases.

However, it is important to make sure that thosstrigtions on logistic activities do not lead tccriease

dangerous products stocks which, in return, masesme other scenarios severity.

c. Hazard reduction

Another way to deal with critical scenarios is tody the possibility of reducing probability or sgity through
additional safety barriers, replacement of dangemroducts in the production process, evolutiomsatds safer
technologies or simply reduction of dangerous pectglguantities. For instance, internal pipelinerdiger can
be reduced and thus, lower loss of containmentezprences.



d. Permanent reduction of infrastructure frequentation

Limiting infrastructure frequentation to industriplirposes, avoiding the use of impacted segmentsublic
transportations or report traffic to other infrastiures are options to be studied locally given dkailable
possibilities and the economic and social stakes.

These various alternatives should be consideradiéhally for each risk scenario in orange and zedes with
the aim of displacing them to lower zones. At thel eof this phase, the following acceptability rulae
suggested:

- All scenarios still in red zones will be treatedpimase 4 (see further on).

- All scenarios in orange zones are tolerable as stite of options described above did not allow an
improvement in safety given a reasonable amouatofomic resources.

Step 3: vulnerability reduction

This fourth type of alternatives is dedicated &krscenarios that remain unacceptable (red zorspitdethe
study of alternatives of type 1, 2 and 3.

The only available option at this level is the retihn of infrastructure vulnerability through “cdnsctive
measures” (constructing physical barriers).

Expert assessments need to be performed in ord¢udy the feasibility of such options with respiect

- Their protective performance regarding effects syped intensities.

- Feasibility regarding traffic perturbation and laadhilability.

- Construction and maintenance costs.

We suggest local stakeholders to seek for at teastypes of constructive measures:

- Partial and still acceptable protectionExperts will be asked to propose the cheapest mariste
alternatives allowing displacing all scenarios ofithe unacceptable zone. This solution is to besiered as
the lower bound of constructive measures.

- Total protection.Experts deliver here the upper bound of constractiveasures that offer a complete
protection to the infrastructure users regardingcapptable scenarios.

- Complementary to those two categories of altereafivexperts can suggest (if possible) intermediate
solutions that differ either in costs or efficienwithin the bounds identified above.

We emphasize the importance of providing the Ietakeholders with various options given the cogeda.
Dealing with a unique alternative providing totabtection with extremely high cost, may rapidly dethe
negotiations to a stalemate.

Step 4: The global scenario(s)

Steps 1, 2 and 3 have been dedicated to studwlpsotutions dealing individually with each riskes@rio. From
mitigation of accident complications to vulneratyilreduction, various options have been studiedarsaely.
This final step aims at considering globally theaeous solutions in order to:

- Evaluate complementarities among the solutionsetiuiddividually.

- Eliminate potential redundancies.

- Assess the global performances of infrastructuogggption options especially regarding efficiencd @osts.

The difficulty in achieving these objectives liesthe fact that the various categories of optiaesgnted above
may interact and consequently modify the individeiciencies. More clearly, the efficiency of oogtion
considered alone may be reduced when combinedamitither one. An easy illustrative example concénas
use of two sides protection: from a “vulnerabilitgbint of view this will likely protect drivers agest both
lethal effects and irreversible injuries makingiseless to mitigate accident complications throaigladditional
dedicated measure.

Figure 7 below illustrates options interactiondbosystematically considered within this phase.r@&smted as
an oriented graph (Diestel, 2006), arcs descripetantial of efficiency reduction of the final vextresulting
from an interaction with the initial one.
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Figure 6 Options interactions regarding efficiedyerion.

- Arcs a, b and c describe situations where adojyipgs 2, 3 or 4 options may question the relevafdgpe

1 options if adopted earlier. This is due to thditgbof types 2, 3 and 4 to avoid accident comations in
addition to their first respective aims.

- Arcs d and e illustrate that types 2 and 3 optinesd to be studied simultaneously in phase 2 aarthaz
reduction for one scenario can make it uselesedaae infrastructure frequentation due to anotbenario and
reciprocally, reduction of infrastructure frequditta may make hazard reduction options redundant.

- Arcs f and g illustrate how vulnerability reductiomay cover all safety objectives fulfilled by tygeand 3
options. Therefore, if stakeholders accept the ipigg to implement a vulnerability reduction meas, it is
necessary to reexamine the need of other optiodwrithis new perspective.

The short procedure described here aims at tackliingustively potential options interactions. Hoamwour
first experiments demonstrate that few interactiaresto be considered for each case making it adgal with
it cognitively without requiring the support of aggedure.

5. Case study

We present a case study to which our approach s dypplied as a pilot. For confidentiality reastiresname
and location of this experiment are not disclosed.

The transport infrastructure studied is a railwmkihg two urban centers with a traffic estimated2800
passengers daily.

The hazardous plant is located in a poorly densa araking the protection of railway users the nfiagus of
this PPRT. Hazardous effects to be considered astlyroverpressure and thermic. A global visionthef risks
impacting this infrastructure is presented bydl& map in fig 8 below.

Figure 7 Aléa Map

The railway infrastructure is impacted on a 650angl section. Statistical studies did not demonrsteaty
periodicity in traffic variations. Train speed img section is 15 Km/h due to the proximity of @irnrstation.

Step 1: Risk scenarios classification

Table 5 presents the list of scenarios identifigdhe safety report and their characterization etiog to the
criteria presented previously in table 3. Some ades are mentioned repeatedly because they rétate
comparable installations in different areas ofglant.

For the sake of clarity, as far as the frequentatimlex calculation is concerned, we also detaiedsections
lengths impacted by each consequences level (\é&igus, serious and significant) of each scenario.

For example, scenario 14 impacts 370 m of the stfuature with very serious consequences, 130 rh wit
serious consequences and 120 m with significansemurences. Accordingly, the calculation of freqaton
indexes is performed as follows:

2900%0,37
FI ious = — = 2,98
Very Serious 15424 ’
2900%0,13
- Flgerions = ——— = 1,04
Serious 15424 ,
2900%0,12
FISignificant= - 0r96

15%24

Table 6 Frequentation index calculation for the variosk cenarios.
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The classification of scenarios in the acceptahitiaitrix is detailed in figure 9.

Table 7 Scenario classification

Scenarios classification emphasized the followiogatusions:

- The red zone remains empty which excludes the reedonsider constructive measures to reduce
vulnerability.

- Scenarios 6, 7, 9, 10, 11, 15 and 22 may genexdtielemts complications on the respective impacted
segments.

The infrastructure we are talking about here beimgilway, we are interested in ensuring that thantdriver

will be able to keep control of the vehicle eveteabeing impacted by one of those scenarios.

Regarding the extremely low speed considered amgitbximity of a train station, railway safety des$ will
allow stopping the train at the station if the @riis not in situation to perform it.

Accordingly, no further measures are suggeste@#b dith those effects levels.

- Scenarios 6, 7, 9, 11, 14, 15, 16 and 22 will nregai more in depth analysis to assess the relevamte
feasibility of either or both hazard reduction amilastructure frequentation options.

Step 2: Exploring risk treatment measures for sdesan red and orange zones

As stated earlier, we suggest studying firstlypbesibility of evacuating the infrastructure beftite hazardous
effects impact it. Existing emergency plans denmastthat 2 hours are today necessary for a coenplet
evacuation of the infrastructure. However, morehssifcated alert and detection devices coupled with
adapted organization may reduce the duration sthemn one hour.

The effective implementation of an improved emeoyeplanning will thus allow to completely protedin
infrastructure users against scenarios 11, 1518 &nd 20.

At this point, the transport infrastructure remamerable to scenarios 6, 7, 9, 11 and 22.

A fast analysis of those scenarios highlights tiiety are related to two types of installations:egigfor
scenarios 6, 7 and 9) and loading/unloading a@#/ifscenarios 11 and 22).

Given the location of those scenarios in the aed®lity matrix, we are more interested in reducing
consequences intensity than probability. The foillgnoptions are suggested:

- Reduce pipes diameters lowering the quantitiesanfjdrous products emitted in case of loss of comiznt.

- Putin place detection devices coupled with upstrealves.

- Study the possibility of moving away the loadinglamloading activities to other areas of the plant.

Step 3: Vulnerability reduction

In the lack of scenarios classified in the red zdinere is no need to process this step.

Step 4: The global scenario

Steps 1 and 2 allowed us to identify the followonjions:

1. Improve emergency planning to reduce evacuatioayddielow 1h.
2. Reduce pipes diameters.

3. Putin place detection devices coupled with upstrealves.

4. Displace loading and unloading activities.

The global option is thus easy to establish throagiombination of option 1 and at least one oftkitee other
options of hazard reduction.

6. Conclusions and perspectives

The decision support procedure described here @iroffering a global framework to local stakehokldealing
with issues of transport infrastructure protectitircan be used both for protecting existing infinastures and
secure future ones by comparing different protectibernatives at the design stage.

If the procedure can be adapted to various regylatontexts where likelihood and severity are eatéd
differently, it still requires a clear regulatomaiework defining acceptability thresholds to bedus

Regarding policy issues, applying the suggestedeaiare may provide the decision makers with twoartgnt
benefits. The first one is the ability to demontgtran a public context a systematic and still can@dapted
approach. Room for stakeholders’ participationiieiy with a real possibility to influence decisiontcomes.
Consequently, decisions acceptability is expeabebet enhanced in potentially conflicting situatiansen it is
particularly difficult to build.

The second benefit is the demonstration of fairmestar as the efforts expected from stakeholdeisprove
safety are concerned. As stated earlier, PPRT ypalities on conjoint efforts between various pattie
inhabitants, economic activities, local authoritiéezardous plants owners... A lack of protectiororesf
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dedicated to transportation infrastructures mayirierpreted as a fairness violation regarding tfferts
expected from other societal stakeholders.

A last and still important point is the need focid#on support approaches in participative contéhdis maintain
a subtle balance between complexity and sophigiitain the one hand and transparency and inclussgean
the other hand. The various discussions we hadstétkeholders regarding the case of infrastructoretection
presented here confirm the vital necessity ofbaigance.
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