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Abstract. The transportation of hazardous material on congested motorways is
an area of increasing concern for public safety and environmental awareness. This
paper aims at developing a methodology with an original approach in making an
attempt to encompass both professional experience and theoretical knowledge
with application oriented studies from disparate areas related to the commercial
transportation of HAZMAT on motorway, intimately linked with the “sustainable
transportation” paradigm. The main objective is to assess quantitatively the ac-
ceptability of the Individual and Societal Risks connected with the transportation
of HAZMATSs. In addition, we propose a real time model of a Decision Support
System for HAZMAT transportation on a sustainable oriented motorway envi-
ronment. Finally, we offer an application of the proposed model. The case study
involves a stretch of A4 motorway in the North-East of Italy.

1 Introduction

Economic globalization favors the increase of geographic mobility involving the ex-
pansion of transportation systems that is joined with the rise in land prices and the
increase of air and noise pollution. In this world development [13], dangerous goods
are used in many processes in industry all over the world and this has been justified
by the economic revenue generated by their use. A dangerous good (named hazardous
material or HAZMAT almost exclusively in the United States) is any solid, liquid, or
gas that can harm people, other living organisms, property, or the environment. Due
to its nature, every production, storage and transportation activity related to the use of
HAZMAT have many risks for both society and environment and are often subject to
chemical regulations. In this scenario, a new factor has acquired more and more impor-
tance: sustainability. Sustainability [5] is a systemic concept that relates to the continu-
ity of economic, social, institutional and environmental aspects of human society. As
HAZMATSs are transported throughout the world in a great number of road shipments,
their commercial transportation could be catastrophic and poses risks to life, health,
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property, and the environment due to the possibility of aimtemtional release. Trans-
portation of HAZMATSs on road actually represents a potdiytiaigh risk in regard to
the nature of the HAZMAT carried by trucks and the physiocluatrevents associated
with these materials (radioactivity, explosion, toxicitgrrosion etc.), the localization
and the density of the concerned (population, economieitiesi, buildings, networks,
infrastructures, natural areas etc.), the charactesisint state of the roads (topogra-
phy, layout, tunnels etc.), the density of the traffic, anel émvironmental conditions
(weather, natural events etc.). While HAZMAT accidentsraire events, in a sustain-
able vision of development it is necessary to integrate m#igation and prevention
measures into the transportation management in order id #ve risks turning into
real events. In spite of this issue, HAZMAT type, quantityyérary and delivery time
are not precisely known by the public authorities, the higinand motorway compa-
nies, and the population. As a consequence, one of the mgantivies of research in
this field is to provide appropriate answers to the safetyagament of HAZMAT ship-
ments, in collaboration with the principal parties invalvie the goods transportation
process. Researches in this area [6], focuses on two maiesisy to assess the risk
induced on the population by HAZMAT vehicles traveling o ttoad network; ii) to
involve the selection of the safest routes to take.

1.1 Problem Definition

In Italy about 80% of road traffic is represented by the dejiv# goods, and the overall
trend in Europe seems to predict an increase of 30% withif®28hout 18% of this
freight traffic is currently represented by HAZMAT transfadion, but a clear aware-
ness of HAZMAT transportation world flows on road and on thieeottransportation
modes - as well as of the related security and safety aspicit®t present yet, at least
from a social and economic point of view. Intelligent Traogption System technolo-
gies have also made possible the gradual reduction in jgtimes and thus opening up
new economic horizons, with the conquest of wider markétis.fleedom gained by the
ease of movement, however, has a cost in terms of enviromtiergact, quality of life
and safety. The risk is that the increasing demand for ctieneth especially future can
make that the cost is no longer sustainable. However, thiabatcident risk and impact
is not calculated. In addition, when, due to unforeseentsvgraffic jams, accidents,
etc.), they need to change route, they do not have any plartiguidance on the safest
alternative route. Motorways are one of the most importappsrting infrastructures
of transportation networks: they assure efficient and safiility of persons and goods
in the world and represent the largest part of the built emriment. Motorway is a term
for both a type of road and a classification or designatiortaveays arenhigh capacity
roads designed to carry fast motor traffic safely. In the E.U. they predominantly
dual-carriageway roads with a minimum of two lanes in eackdtion and all have
grade-separated access. Motorways are comparable with Norerican freeways as
road type, and interstates as classification. In Italy, aling to [3], HAZMATSs trans-
portation by road should require constant monitoring Kirag and tracing) of vehicles
and cargo handled. This requirement involves a series afativns to which must
meet companies under the European Agreement concernimigténeational Carriage
of Dangerous Goods by Road (ADR). As a consequence, motoraagessionaires



must adopt real time systems to monitor HAZMATSs carried amgp®rt the decisions
on the transportation (MAS Monitoring - Alarm - Alerts).

2 Problem Solution

In Fig. 1 we propose a real time decision support system (D&®#)el for monitoring
of HAZMAT vehicles, aiming at solving the above stated peshs.
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Fig. 1. The proposed System Architecture.

Such system should aim at calculating and evaluating intiew the individual
and societal risk related to the transit of HAZMAT on the nratay network. Then,
it should allow a monitoring in real time of the means tranpg HAZMAT, a risk
assessment derived from the carriage, the alert and ntitficaf emergencies, and an
anomalies reporting for a subsequent planned intervenfiom model derives from the
application of the quantitative risk assessment (QRA) wettogy presented in Fig.
2(a).
We must take into consideration the following cause-efféetin which can be associ-
ated to a vehicle transporting one or more HAZMATS: the viehimay be subject to
a road accidentaccident); the accident may cause the release of material transporte
(release); the release may cause a series of evantsdent); the incident has an effect
in the area surrounding the point accident. The model rééedamage to persons and
in particular to death. The model of risk assessment defieed road transportation of
HAZMAT is presented by a schematic representation in Filg).2(
Risk assessment s typically structured as a processiresfrittm the interaction among
the transportation network (in this case motorway), theclel{or better the traveling
risk source), and the impact area. The model evaluatestsinadusly the consequences
and the frequencies of occurrence of possible scenarigsnTdkes it possible to assess
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Fig. 2.

guantitatively theéndividual risk and thesocietal risk (if the distribution of the people
liable to be exposed is at hand). A complete assessment osksedue to HAZMAT
by road would require to consider all the possible weatheatons, all the kinds of
accidents, with all the types of vehicle partially or fullgalded. Such an evaluation
is completely impossible and some simplifications have tant@duced. The QRA
model is based on the following steps: choice of a restricietiber of HAZMATS,
choice of some representative accidental scenarios ingpthiose HAZMAT with their
usual packagings, identification of physical effects ofsthgcenarios for an open air
or a tunnel section, evaluation of their physiological effeon road users and local
population, taking into account the possibilities of esZapeltering, determination of
the yearly frequency of occurrence for each scenario.

F(N) curves and their expected values are the major outputs dpRre model. Ac-
cording to [7],Frequencies / Gravity curves (F'(N) curves) stand for the annual fre-
quency of occurrencé’ to have a scenario likely to cause an effect (generally, the
number of fatalities) greater than or equalNcandExpected value (EV) is the number
of fatalities per year, obtained by integration of'@\V) curve.

3 How to Characterize the Risk in Transporting of HAZMAT on
Motorway Environment: A Case Study

In this section we present an application of the real time ehéat the calculation of
the Individual and Societal Risks in a motorway environment

The Transportation Network. We consider the motorway network of an Italian con-
cessionaire, in the North-East of Italy, S.p.A. Autovie ¥&mn In particular we refer to
the sections summarized in Tab. 1. The network under coraida has been modeled
as a network with nodes and links where nodes represent gxitstions of the motor-
way and links the stretches (sections) of motorway betweeneixits / junctions. Let
Niink be the set of links of the motorway network ahd generic link. For each link,



Table 1. Link length, average population density, HAZMAT and numbéehicles carrying
them on tested links.

Link Length| Average Population | Substance type |[Num. of
(K'm) |Density (inhab/ Km?) Vehicles
S.Stino di Livenza - Portogruarol2.8 214.35 Chlorine 2
Portogruaro - Latisana 13.5 166.05 Ammonia 2
Latisana - S. Giorgio di Nogaro 17.6 112.66 Hydrochloric Aci 2
Nitric Acid 2

the following data have been obtained: length [Km], and agepopulation density [in-
habitants / Km], around the link. According to [18], the aage population density has
been calculated using a GIS (Geographical Informationedyksbverlapping the geo-
graphical map of the municipalities on the motorway netwafr8.p.A. Autovie Venete
in order to identify common cross on each link. Then, for elacky we have identi-
fied the municipalities involved and measured the kilonsetéinfrastructure that pass
through each town in order to identify the weights for cadting the average density
on the link. These weights have been derived by dividing flerieters of infrastruc-
ture that affect each municipality with the total length loé flink. Note the density of
population in each ltalian municipality, using data on tkesus of 2001 [9], we shall
calculate the weighted average with weights determinethénpirevious step. Tab. 1
illustrates the links in discussion with the relevant data.

The Accident Probability. We use the Truck Accident Rate of Harwood [8] in order
to calculate the accident probability;(..(1)) in terms ofevents/(vehicle x km). We
can also calculate the rate of accidents on a single strétemgth unit road by using
the number of accidents in a time period of ten years and tia distance traveled
by heavy vehicles during the same period, data provided ISCAT (Associazione
Italiana Societa Concessionarie Autostrade e Trafoli) [1

Ayr
VKT,, @)
whereT' AR, is the average accident rate for trueksnts/(vehiclexkm) on the Ital-
ian motorway network for yeay,; A,, is the number of accidents involving trucks on
the Italian motorway networR; KT, is the total distance traveled (vehicle-kilometers)
by trucks on the network under consideration. Tab. 2 showstimber of accidents in-
volving heavy vehicles, the total distance traveled andTtliek accident rate year by
year from 1997 to 2007 and the summary data (extension,gpfdethe years under
consideration. The last row presents the data that we ube imodel.

The HAZMAT. in the next step, we select the HAZMATSs that will be considieire
calculating the risk. In particular, according to [16], wee/k considered substances that
are more frequent or significant on the network under conafa®. For each of these
goods we obtained the following data (summarized in Tab. 3):

TAR,, =

— the probability of release due to the accident((»)) depending in general on the
characteristics of the vehicle transporting the HAZMAT amcthe type of accident
where the vehicle is involved. This probability is takennfr{2].



Table 2. Accidents and summary data year by year from 1997 to 2007.

ROUTES |ACCIDENTS| TAR
YEAR |EXTENSION |(veh. — km)
KM Heavy Heavy Heavy

1997 5371 1.4428107 7825  |5.421077
1998 5380 1.516%107 8854  |5.84¢1077
1999 5380 1.5974107 10024  (6.28:1077
2000 5380 1.679G:107 9681  |5.7%10°7
2001 5388 1.7254107 9647  |5.59:107 7
2002 5388 1.7836:107 9691  |5.43:1077
2003 5388 1.8359:107 9198  |5.01x1077
2004 5391 1.9059107 8841  |4.64<1077
2005 5432 1.9184107 9005  |4.69:1077
2006 5441 1.9764107 9000  |4.55¢1077
2007 5446 2.022%107 8613  [4.26:1077
1.940310° 100379 |5.1%10~"

— the types of possible releases classified in relation toiteedf the leakage hole
(Nye1,+(v)) and the rate of release or the amount of material spiped {).

— the types of consequencesin€ident caused by different types of release of HAZ-
MAT given theaccident for a given type of substanc@,,.(v, r)).

— the likelihood of occurrence of a final result given theident (p,...(¢)). This prob-
ability is derived for each triplet [substance - leakagepetpf final outcome] from
the information relating to incidents involving HAZMAT fro 1997 to 2008 re-
ported in the HMIS database [14]. This database contairasleétinformation on
accidents involving HAZMAT in the U.S..

— the frequency of occurrence of a given scenaﬁ,ﬁff"(im) = Ninc * Pre(V) -
prel,t(r) * Pout (Z)

— the lethal area radius of each pair [type of release - finalmug] calculated using
the free software RMPComp distributed by U.S. EPA (Envirental Protection
Agency) [15].

Assumptions.In the application we have considered the following assionpt

1. N\inc(l) uniform throughout the link and constant for all links taketo considera-
tion: Aine;

2. exposure area afanger circle type [7] centered at the point of the incident with a
radius depending on the type of substance, release and tittaloe;

3. any person within the exposure area suffers from the sajong (death) in the same
way regardless of the position, while people outside thea are not affected;

4. the seasong), the weather conditions on link’, _, (1) and the wind directiod’ (1)
are not taken into account;

5. the simulation is performed on a single momentin time;

6. risk neutral modeld, = 1) [17].

Individual Risk Calculation. The simulation was carried out on three adjacent links.
As individual risk is the annual probability of an individydaced in a designated point



Table 3. Frequency scenarios.

HAZMAT prei |Release |pre |INcident |pou:|Incident  |Scenario |Lethal
Type Type Prob. Frequency |area
(Spillage (Cloud) radius
(Km)
Chlorine 0.010[Small  [0.94 [Toxic 1 [9.40<10° 7 [4.86¢107° |1.0
0.010|Medium |0.04 |Toxic 1 |4.00¢107* [2.0%1071°|2.8
0.010|Large 0.02 |Toxic 1 [2.00:¢107* |1.03:1071°|5.6
Ammonia 0.025/Small  |0.93 |Toxic 1 |2.31¥1072 |1.20¢107% |0.2
0.025(Medium |0.05 |Toxic 1 |1.33:10 % |6.88<107'°|1.0
0.025|Large  |0.02 |Toxic 1 [5.3210°* |2.75¢1071%|2.1
Nitric Acid 0.015/Small  |0.93 |Toxic 1 |1.3910% |7.19:10°° |0.3
0.015(Medium |0.06 |Toxic 1 18.8210~* |4.56¢107°|0.5
0.015|Large  |0.01 |Toxic 1 (2.21x107* |1.14¢107'°|1.9
Hydrochloric Acid |0.015/Small  [0.92 |Toxic 1 [1.381072 |7.13:107° |0.3
0.015|Medium |0.05 |Toxic 1 |7.3%107* |3.81x107'°|0.8
0.015|Large  |0.03 |Toxic 1 |4.81x107* |2.49:107'°|2.6

Table 4. Geographical coordinates of the points chosen for IndafidRisk calculation.

Point Location Latitude [Longitude
Portogruaro Centro 45.78 12.83
Area di Servizio Fratta Nord 45.80 12.88
Latisana Ospedale 45.77 13.00
Muzzana del Turgnano Centro45.82 13.13

of interest is affected by some degree of damage as a resaulpécific incident [10],
four points were chosen as “hot spots” at which to calculaéeindividual risk. Tab.

1 and 4 show respectively the links with the relevant sulzgtartirculating and the
geographical coordinates of the points chosen for the lon of individual risk. The
network portion and the points under consideration areassprted in Fig. 3.

For the calculations we have used the formula presented.jrafid [12] suitably mod-
ified to take into account the previous assumptions, the matpenvironment and the
real time events. More details can be found in [4]. Consetiyeme made explicit that
each event belongs to theV,,)(v) of the general model may consist of a pair [type
of release - final outcome] as in this case.

DT Nmih(l)

Nyet(v)

IRP = Z Z Ntype(lay)frd(y7r)'
= = r=1

fTel(Vv T) =

),

out

>

=1

Pout(1) - VQ(ayv—s(@)dLi (2)

Ain(: * Prel (V) * Prel,t (T) (3)
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Fig. 3. Representation of points and the network portion underideretion.

Table 5. Simulation results - Individual Risk.

Point Location Individual Risk
Portogruaro Centro 2.28:107°
Area di Servizio Fratta Norg 5.78:10°
Latisana Ospedale 0
Muzzana del Turgnano Cenfro 1.75¢10~°

where N, (1) is the number of different vehicle topologies on lihkiV;y,. (1, v) is
the number of vehicles carrying the dangerous substarmerently in transit on the
link I, N,;(v) is the number of release cases of the dangerous substatigés the
route of link! and Vi, (., .5(i) is equal to 1 if the poins is inside thedanger circle
centered at the point of possible accidéntelated the triplet [substance - release type
- final outcome]; O if the poink is external the samdanger circle. Line integral was
calculated using the method of Cavalieri-Simpson, divgd#ach of the three links in
10 intervals of equal length. Tab. 5 shows the results ofithelation.

From the evidence we can establish that the individual rigkeé four points is accept-
able according to the British ALARP threshold as the valuaigh lower than the limit
value of10~6 [10].

Societal Risk Calculation.In order to calculate the societal risk, we refer again tg [11
and [12] suitably modified. For each link knowing the vehidleat are going through,
we use (4) to obtain th&'(/V) curves representation (for details see [4]).

Niink N'veh(l) Nou,t(l/)

F(N): Z Z Ntype(l7y)' Z /L(sé\éen(ivcmet(l))dl’l (4)
i=1 i=1 l

v=1
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Fig. 4. Simulation results - Societal Risk.

The curveF'(N) is drawn in Fig. 4, referred to the simulation with differémtesholds
of acceptability [12].

It can be seen that at the moment of the simulation the sbciska according to
the British acceptability thresholds, is in the ALARP zowereas according to Dutch
and Danish thresholds it is not acceptable.

4 Conclusions

The transportation of HAZMAT on congested motorways is Ineicg an area of in-
creasing concern for public safety and environmental anes® The risk to population
and damage to environment is a major concern to the geneblitand government
policy makers. Against these problems we present a methggad perform the indi-
vidual and societal risk assessment related to HAZMAT artation in a sustainable
oriented motorway environment. It constitutes an apprdeded on the GIS. The as-
sessment criteria, based on the “sustainable transportgiaradigm, are structured
into efficiency, cohesion and environmental criteria. Tineia assessing whether these
risks are acceptable and possibly, if they were not, nolify gituation through alert
messages in order to take appropriate actions. We offerexpplication of the pro-
posed real time model for the calculation of the Individuad &ocietal Risks involving
in the case study a stretch of A4 motorway in the North-Eadtady. In spite of a
limited number of trucks transporting HAZMAT on the motorgyghe results of the
application point out the concrete possibility to exceeal ttiresholds of the ALARP
limits for the societal risk.

With regard to possible developments, the QRA methodolagyccbe to extend, in



particular the model for calculating the individual andistal risk, to other situations
of HAZMAT transportation by other transportation modes.
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