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Abstract

Despite the hazardous materials are potentially harmful to the environment and human health, their use is
essential for the development of the country. In this way a road accident involving hazardous materials had
environmental consequences to the soil, air and water. In order to protect the environment and human health the
objective of this paper is the discussion of a methodological approach for the developing a model of
environmental risk of traffic accidents involving the Road Transport of Hazardous Materials (RTHM), to create
a map of environmental risks in a geographic information system. The environmental risk map will allow the
identification of areas with high risk of accidents and can be used in guiding operations in emergencies, targeting
of measures to reduce these risks, or may guide the identification of areas with the greatest potential for conflict
that they do not are used as main routes, thus ensuring traffic safety. This work contributes to the methodological
aspects for measuring the impacts of occurrences of accidents involving RTHM, since it is more important to
prevent accidents from happening than providing answers to them.

Keywords: Hazardous material, modeling risk, multi criteria analysis, geography information system,
environmental risk, road accidents probability.

1. INTRODUCTION

Due to the economical development the consumption of hazardous material are increasing as well as
the transportation of this material in the transportation system. In Brazil the cargo transportation is
predominate by the highway mode. Also the highway system is adjacent to the town areas, and most
of the time is part of “the main road system” of the towns. For these reasons, there emerges a demand
for environmental studies that evaluate the risk associated with the Road Transport Hazardous
Material (RTHM). There are several studies in the literature addressing risk analysis of RTHM as in
Nathanail et al. (2010), and Spadoni Bonvicini (2008), Caratenuto et al. (2008), Fabian et al. (2002),
Kara and Verter (2004). However, few are concerned with environmental risk analysis of RTHM, as
Lepofsky et al. (1993), Alegria-Martinez et al. (2003); and Pedro (2006) who conducted one study in
Brazil.

However, the determination of the environmental risk of accidents regarding RTHM refers to a
decision that encompass a multiple criteria analysis, as they are assigned various environmental,
population and road criteria. The multi criteria analysis contributes to identify the indicators of greater
weight, make the interrelationship of # incompatible criteria, which could increasing the efficiency
and acceptability of the proposed model.



In this sense, this paper aims to establish methodological procedures for the development of
models for environmental risk assessment of RTHM using multi criteria analysis. Thus,
making the model simulation as real as possible and enabling the creation of a environmental
vulnerability map and risk map, which may contribute to directing preventive and corrective
actions from the public and private sector, reducing risk and minimizing the damage caused
by accidents involving RTHM.

2. BASIC CONCEPTS

In order to establishes the concepts used in this paper a brief description of the terms used will
be made as following.

Risk and Vulnerability

Risk can be defined as the possibility of an event that will cause damage, resulting from the
interaction of hazard and vulnerability (Schweitzer, 2006; ISDR, 2002).

The vulnerability is an essential part of the risk and refers to the susceptibility of the subject
or the community to a situation of danger; danger is defined as an event that has the potential
to cause damage to life, property and / or the environment (Kumpulainen, 2006).

Multi criteria analysis

To make a decision or to achieve certain goals is often necessary to evaluate and combine
multiple criteria. According to Eastman et al. (1995) a criteria is the base for decision making,
since it can be evaluated and measured.

Hence, in a decision process involving various criteria the interrelation is possible by multi
criteria evaluation, being necessary to assign a weight to each criterion to quantify the relative
importance of each.

According to Ramos and Mendes (2001), in a multi-criteria decision evaluation is necessary
weights, normalization and combination of the criteria involved. In the assessment of weights to
the criteria there are several procedures able to achieve the result, the main method rank sum
method and pair wise comparison. And for the weighting of the criteria weighted linear
combination, Weighted Linear Combination (WLC) is a model widely used in Geographic
Information Systems (GIS) (Malczewski, 2000).

3. METHODOLOGICAL PROCEDURES

For the implementation of the risk model was proposed the following methodological
approach, Figure 1, being carried out in four different stages.
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Figure 1: Analytical framework for the implementation of the risk model.
Step 1: Preliminary Analysis
First of all should be defined the area to be analyzed, its choice should be a function of the

flow of vehicles with dangerous goods and the number of accidents, information obtained
from the highway concessionaires. Defined the area it is necessary to collect preliminary data



in order to identify the main elements present in the study area and its variation. Preliminary
analysis of the collected will be the guide for compiling the list of criteria to be used in expert
panel, including the list only those elements present in the study area.

Step 2: Expert Panel and Multi criteria

Preparation of the expert panel should be made for each region, since the regional
characteristics may be quite different. The methodology presented here can be used in
different places, but the criteria may be different from place to place due to weather
conditions, environmental and anthropogenic variations.

The expert panel should be performed to define which elements will be part of the
determination of environmental risk, as well as their respective weights according to their
greater or lesser influence in determining the risk, thus generating a hierarchical list.
To formulate the list of criteria for performing expert panel we propose to follow as indicated
in Monnier and Gheorghe-Nicolet (1996), containing the data indicate in Table 1.

Table 1: Criteria that will be listed for the realization of expert panel

Elements Criteria list
e Physical environment: rivers, lakes, springs, aquifers, soil,
land use, etc;

ENVIRONMENTAL .. : .
e Biotic Environment: forests, conservation areas, areas of
permanent preservation, legal reserves, wildlife,
e Functional: type of track, VDM, average speed design,
profile traffic;
e Operating: signaling the occurrence of stationary vehicles,
HIGHWAY abandoned, illegal access, drainage, runoff and flooding in

areas of heavy rainfall;

e Geometric: existing level crossing, curve, shoulder width,
evaluation of side track, and the existence of lateral
containment devices.

Source: Adapted from Nicolet-Monnier and Gheorghe (1996).

Set the criteria for determining the risk of accidents in TRPP can then be performed to multi
criteria evaluation, following this order of execution:

a. Evaluation of weights

In the assessment of weights for the criteria there are several procedures capable of identify
the relative importance of each, highlighting the rank sum method and the method of pairwise
comparison, the latter being the most promising according to Eastman et al. (1995).

Rank sum method

In this method all the criteria are presented randomly and each is ordered according to their
importance, assigned by the decision maker, usually by specialists. The equation (1) ordering
the weights as follows:



_ H—Tj‘l'l
-7+ 1) (1)

Wj
Where w; is the normalized weight of the criterion j; rj of the same order criterion » number of

criteria.

The simplicity of the method causes the many prefer, however, Voogd (1983) points out that
this method becomes unsuitable as the number of features increases.

Method pairwise comparison

From this method is presented to decision makers paired combinations of criteria, they should
select the most relevant criteria in each pair.

To verify the ratio of importance of the criteria involved in each pair, Eastman et al. (1995)
created a comparison scale of nine points continues, as shown in Figure 2. For example, if the
proximity of springs is much stronger than the proximity of rivers for determining the
environmental risk of accidents involving the transport of hazardous products would then
introduced a 7 on this scale.
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Figure 2: Range of comparison wused in pairwise comparison.
Source: Adapted from Eastman et al. (1995).

b. Normalization of criteria

Due to different magnitudes and values assigned to each criterion is necessary to achieve
normalization to a same scale so that they can be compared.

According to Eastman et al. (1995) among a range of normalization processes that use
maximum and minimum scores (grades), linear scale is the easiest process to achieve the
result, being expressed by equation (2):

- Rf_Rm .
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Where Ri is the raw score, or the value to be normalized, Rmax and Rmin are the maximum
and minimum respectively scores in an arbitrary multiplier (interval of study).

However, when you have scores (grades) in sufficient numbers to perform significant mean
and standard deviation calculations, is indicated the z-score method, represented by equation
(3) (BOSSARD, 1999 apud RAMOS, 2000).
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Where R is the value of the score to be normalized, p [R] is the average of the scores, ¢ [R] is
the corresponding standard deviation, and @ is 1 when most scores contribute positively to the
objective being studied and -1 when most scores of negatively contribute to the objective
being studied.

According to Ramos (2000) this normalization can also be done using Fuzzy functions, some
of the existing ones are: Sigmoidal, J-shaped, Linear and Complex. This process is similar to
that of fuzzification, in which the criteria values are converted to compatible scales, and the
choice of function depends on the type of criterion involved, being the most used Sigmoidal
and Linear, the simplest .

c. Combination of criteria

After normalization of the criteria’s scores for a set interval, it is recommended by Eastman et
al. (1995) that the sum be 1 so to perform the combination.

According to Malczewski (2000) the Weighted Linear Combination (WLC) is a model widely
used in Geographic Information Systems (GIS) for criteria weighting.

In WLC method, criteria are combined linearly associating different weights of the weighting
factors that can influence in the final group, using equation (4) (Voogd, 1983):

5= Zwixz-
i

Where S is the final value of the score, w; is the criterion i weight, x; is the normalized value
of the criterion.

(4)

As an output of the second stage, i.e. at the end of multicriteria evaluation, it is obtained a
normalized and weighted list of criteria that will be part of the risk analysis of accidents in
TRPP.

Step 3: Risk Modeling

For environmental risk assessment it is proposed the use of three types of risk models:
severity (Martinez-Alegria et al. 2003), the exposed population (Revelle et al, 1991; Erkut and
Verter, 1995), and the probability of accident (Gold, 1998; Martinez-Alegria et al. 2003).
Generically, the risk is expressed by the probability of occurrence of harm (P) and the
environmental damage severity (G), given by the following expression (5) (Eugenia and
Boscov, 2008):

R=G.P (5)

Environmental Damage Severity Estimation (G)



The environmental damage severity is expressed, according to Martinez-Alegria et al. (2003),
r eq. (6):

(6)

Where: P. is the danger involved in the accident, Hy, is the potential damage inherent in the
product and V is the sum of environmental vulnerability (V,) and population vulnerability

(V).

The danger is associated with the type of accident, which is based on the possible
consequences. The values assigned to each type of accident are as follows: 1) Type 1 (accident
which prevents the vehicle to continue its path, however the container suffers no damage): 1,
i1) Type 2 (container presents imperfections, however no product leaks from the container): 2,
iii) Type 3 (container is damaged and is leaking product): 4; iv) Type 4 (container is damaged
and the product is poured into flames): 6 v) Type 5 (explosion of the product): 6.

The damage inherent in the product (Hpg) is estimated based on parameters relating to the
class to which it belongs, eq. (7):

gy, - HitHg+Hy)
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Where: Hj is the flammability of the product, Hy is the tendency to react, Hr is the toxicity /
corrosion of the product and Hgo is its oxidation.

According to Martinez-Alegria et al. (2003), a value between 0 and 4 should de set for the Hj,
Hr and Hy indexes, in a scale of ascending potential damage. The Hgo is only considered
when the issue has a propensity to emit oxygen, assuming the value 1.

Vulnerability (V)

The vulnerability (V) is expressed by the sum of environmental vulnerability (V,) and
population vulnerability (V}), eq. (8):

¥ =Ua+Vp (8)

To determine the environmental vulnerability, it is necessary to characterize environmental
watershed where the hazardous material can be dumped (Hiscock and Lovett et al, 1995). The
elements that will be part of the framework for determining vulnerabilities should be defined,
normalized and weighted in step 2, as discussed previously.

Thus, Va, can be calculated by the sum of the environmental elements’ weights (Ra) for each
homogeneous segment of the highway, eq. (9):
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To calculate the population vulnerability, Revelle et al. (1991) considers essential to survey
the density of the populations included in the watershed area of the section under study.
Erkut and Verter (1995) indicated that this vulnerability can be estimated from basic models,
in which the social risk can be calculated by the assumption that each individual residing in
the population center will incur the same risk due to the transportation of hazardous goods,
model recommended for small population centers.

Therefore, to determine the population vulnerability, it is assumed that all within a threshold
distance from the crash site, adopting this limit as the entire watershed of a stretch of the
highway, will emerge the same undesirable consequence.

Damage Probability (accident) (P)

The accident rate (Ta ) is expressed by using the following equation (10) (Gold, 1998):

N
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Where N is the number of accident, P the period studied (in days), and Ipr the average daily
number of vehicles that pass through the stretch. In order to establish the average accidents, it
is still necessary to determine the frequency rate of accidents for the type of highway. Fact
recommended by Gold (1998), in citing the importance of linking accident rates to other
criteria.

Under this perspective, I, is determined by the sum of the highway’s legislated elements’
weights (R7 ) in each homogeneous segment, eq. (11):

I, = ZRT‘

Thus, the average daily accidents, in accordance with the type of highway (u), is obtained by
multiplying the accident rate (Ta) in the passage during the studied years and the accident
frequency index (L), eq. (12) (Martinez-Alegria, Ordonez and Taboada, 2003):

(11)

Ug = Ta.ln (12)

With the average daily accidents is possible to calculate the average daily accidents involving
a vehicle transporting hazardous goods for each stretch of the highway (u) using equation

(13):

Ug-IpTH
Inr (13)



Where Ipry is the average daily volume of hazardous goods.

Finally the probability of an accident involving a vehicle of hazardous goods (P) is defined as
the result of the division between the average daily accidents involving a vehicle transporting
hazardous goods (u) and the sum of the average in all stretchs, eq. (14):

P =—
u (14)

This way, comparing equations (5), (6), (7), (8) and (14) we obtain the final risk equation
(15):

R=—_Fe )+Ua+V]
3+ Hg, P

Tu (15)

Step 4: Using Risk Models

For the preparation of information layers, there should be conducted a detailed collection of
data. The elements surveyed are the ones listed as influential criteria by experts, generated in
step 2. There should also be surveyed data indicated by Nicolet-Monnier ¢ Gheorghe (1996),
including pieces of information referent to TRPP and the population inserted in the watershed
of the stretch under study, Table 2.

Table 2: Information to be collect for risk analysis

Local Elements to be Collected Collection Point Where to Collect

Environment Obtained at the experts’ Area of direct Aerial photographs and field
panel. influence. visits to clarify doubts.

Highway Obtained at the experts’ Road side. Consultation to  technical
panel. documents, and if necessary

primary field survey.

Human Population Density. Watershed. Survey of constant data in the
Environment Integrated Water Resources
Management

TRPP Survey of hazardous goods Studied segments. Request data from utilities,
that more frequently transit Highway Patrol and
on the highway, types of companies that produce or
accidents, and their handle hazardous goods in the
surroundings. region.

After collection, the database must be organized through the “homogenization” of the parts,
i.e., grouping the segments of highway that have similar functional, geometric and structural
characteristics.

The preparation of maps and charts should be performed using suitable software for the
“vectorization” of the data, and the “georeferencing” of the data used may be made with the
aid of a GPS. To avoid cartographic incompatibility all maps and letters should be converted
to the same datum and projection, in the case of Brazil SAD 69 and projection Universal



Transverse Mercator (UTM), seen that to countries near the equator it is advisable because
this projection presents very low distortions. For conversions and georeferencing using a GIS
is appropriate, and it is recommended the use of the software Spring, as it has good accuracy
for performing these procedures.

After the development of the database is possible, through risk modeling, to determine the
risk due to accidents with TRPP. The risk mapping is possible by crossing the information
layers, mainly environmental vulnerability, population vulnerability and damage probability,
using a GIS that incorporates models of vector and raster data, Figure 3.
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igure 3: Map production of environmental risk.

4. HOW TO ANALYSE THE RESULTS

The results are shown through maps generated, in which is possible to identify the most
sensitive and prone areas to accidents requiring special attention in case of accidents.
Thematic maps are created by interpolating the layers. Among the possible maps to be drawn
are: (i) the environmental vulnerability map (hydrology, forest fragments, etc.), (ii) population
vulnerability map (population density of the watershed), (iii) the severity map (overlay the
environmental and population vulnerability map related to hazard and product type), (iv) map
of the geometrical characteristics of the stretch (v) map of accidents, (vi) map of the
probability of accidents (interrelationship between the geometric characteristics and accidents
map), (vii) risk map (overlay of severity and propensity of accidents maps).

5. FINAL REMARKS



The development of a methodological procedure to prepare the mapping of the environmental
risk, concerning traffic accidents which involve TRPP, enables the creation of a tool to aid the
decision making process in emergency operations and to guide the identification of areas with
greater risk so that they are not used as main routes, thus ensuring traffic safety.

This study aimed to contribute to the development of efficient methodologies for control and
containment of impacts caused by accidents with hazardous products. It is suggested that
future works carry out case studies to verify the procedures.
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