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ROUTE SELECTION FOR THE TRANSPORT OF HAZARDOUS MATERIALS

Abstract -_ The factors governing the risk-weighted

selection of routes for transport of hazardous mate- PRINCIPAL INVESTIGATOR

rials are analyzed. Starting from a formulation for F. A. Seiler

the total risk of these transports that assumes com-

plete information, approximations for the more realistic case of partial and uncertain information

are discussed. These approximations involve well-known risk assessment techniques and

mathematical methods; ang the latter, Monte Carlo calculations hold the most promise. The

actual route selection is based on an index of total societal cost, evaluated for a set of

potential routes.

In the last few years, public awareness and concerns regarding the transport of hazardous

materials have steadily increased. This increase is mostly due to media coverage of accidents and

to congressional hearings.1 Particular attention has been focused on methods of route selection

and the corresponding selection rationales. A review of the literature shows an evolution of the

selection rationales from economic considerations to te use of more risk-oriented criteria. Once

a selection is made, the focus shifts to the concerns of the people along that route. Methods to

alleviate these concerns include actual risk reduction',2 as well as risk communication. It is the

purpose of this paper to discuss the desirable features of te route selection process, point out

present techniques and limits, and suggest methodological advances for the future.

FORMALISM FOR THE RISK OF A ROUTE

General Expressions for the Risk of a Route

In this paper, the quantity risk is defined by a triplet: the scenario sk, which occurs with

probability Pk and leads to consequence ck, 3

<sk, Pk CO

where k is an index for triplets differing in one or ore respects. The complete set of all K

poss-ible, mutually exclusive scenarios and their consequences is then called the total risk p

P = {<sk, Pk, ck>) k = 1, K . (2)

In formulating equations, it is often advantageous to write the resulting arrays in a matrix

notation which preserves the concept of risk as a triplet. The risk of an activity can then be

written as the matrix product

R = C a P (3)

where R = Rj) = column vector for the risk (j=lJ),,

C = Cjk = J x K) consequence matrix, and

P = (Pk) = column vector for the scenario probabilities (k=IK).
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For the variable accident probabilities along a route, it is convenient to re-introduce Pk(o)

as the linear probability density, i.e., the probability of accident scenario k occurring per unit

length, parameterized by the distance a along the route. The linear density of the total accident

probability i(o) is then given by

K
ir( o) Z Pk(d) (4)

k=l

For L trips along a given route between points A and B, the total risk of transportation is

L B
R = Z I C(crk) 0 P(ck) do (5)

X=l A

As an example, the risk of consequence j for all scenarios k is

L K B
R Z E I Cjk o X Pk(o,'X) do (6)

X= k A

The numerical values for the maximum indices L and K are usually quite large, leading easily to a

sum over tens of thousands of integrals.

Components of the Risk

The risk vector R is a column vector with J components. For convenience, its transpose, the

row vector R, is displayed here,

R+ = (RI, R2, ... , Rj) (7)

The J components are usually quite different and cannot be added directly.

The probability density Pk(cf) of scenario k is a complex quantity, comprising not only the

probability of the initial event, such as the waste transport hitting another vehicle head-on, but

also the probability of a subsequent roll-over, of breaching te containment vessel, and of

releasing a certain fraction of the hazardous material.

Finally, the elements of the consequence matrix range from rather simple to quite complex

expressions. For a transport-car collision, the usual consequences such as fatalities, injuries,

financial cost, and etc. are relatively simple expressions. For the release of an inhalable toxic

agent, on the other hand, the expressions may be very complex, comprising factors such as

- environmental dispersion of the toxic agent,

- transfer to the contact zone with man,

- ingestion or inhalation of the toxicant,

- retention and translocation to other organs in the body,

- dosimetry (including effects of medical counter-measures), and

- dose-effect relationships.

With the exception of some risk assessments involving radioactivity.4 most analyses have dealt

very summarily with these aspects. In cases involving release of a toxic agent, for instance, the

calculations of the consequences are usually overly simplistic and based on assumptions likely to

be unacceptable to the public and their representatives. A more even-handed approach will,

therefore, be needed.
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EXACT CALCULATION OF THE TOTAL RISK

Assumption of PerfectKnowledge

In order to treat all components of a risk calculation with the same accuracy, the problem

must be considered in full generality, its complexity must be assessed, and all its aspects must

be treated in as uniform a manner as possible.

To evaluate te complexity of the calculations, it is useful to conduct a "thought experiment"

by assuming perfect knowledge and prescience. Probabilities are replaced by either a zero or a

one; wind and water data and the dose of each individual are also known, as well as the outcome

for any health effects. The calculations are then straightforward and exact, yielding a lower

limit for the complexity of more realistic models.

Effects Due to a Release of an Airborne Toxicant

As an example, a set of scenarios will be considered here that result in a toxicant release in

the form of an aerosol, vapor or gas. The probability density, POO), of a particular scenario k

at point a is given to sufficient approximation by a product of probabilities,

1

POc) = 11 Ptk(CF) (8)
t-1

each detailing an event such as the jack-knifing of a tractor-trailer waste transport combination,

the breach of containment and the release of a fraction of the toxicant as an inhalable aerosol.

With wind data known exactly, environmental concentrations due to atmospheric dispersion can

be calculated by one of many models. By their dependence on location, these calculations also

define the population at risk, i.e., the population within the area of a certain minimum exposure.

The next step is the dose calculation for each individual at risk. This includes the rate of

incorporation, the bioavailability of the toxicant, and its retention and possible translocation

in the body, finally resulting in the dose to the organ or organs at risk.

The last step in the calculation is the dose-effect relationship which converts the dose into

the risk of a health effect. These risks lie between and 1, and thus do not apply directly to

our assumed state of omniscience which gives a zero or one for each individual case. The sum over

these integers, however, will yield an integer number close to the value predicted by the correct

probabilistic dose-effect relationship. For our purpose, the latter need not, therefore, be

modified to correctly reflect the state of omniscience.

Risk, Societal Cost Index, and Route Selection

The risk calculations for a set of N routes chosen for comparison will result in N vectors of

total risk R(n). Their ranking can be obtained either informally by letting policy makers rank

them directly, or by formalizing this procedure and computing a societal cost index that can be

used in the selection process.

At first, it may be useful to treat all components equally, normalizing by their averages

Rj over all N routes, in order to define the components of a normalized risk vector

R (n)
Pj(n) - (9)

R
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This procedure results in a normalized total risk vector r(n)

r +(n) � (PI, P2, -- PJ)n - (10)

lhe advantages of normalization are that all components are dimensionless and have an average

value of unity, and that scale errors in each component of the total risk tend to cancel.

Equal treatment of all J components of the total risk is clearly not acceptable from a

sociological or political point of view. Instead, a ranking process may be used that assigns a

weight gj to each component j, arrived at by a consensus of the decision makers, or by averaging

the values assigned by each of them. This results in a societal cost index

i

Fn E gj Pj(n)
j=l

]he route with the lowest societal cost index is then selected using the relation

rrn = Min 1Pn) - (12)

However, this procedure may not yield a single route m, but rather a set of routes {mej with the

same value of r within the error. Discussion of the uncertainties of the societal cost index is

thus very important. In case of ties caused by uncertainties comparable to the separation between

the values of r for different routes, the possibilities for risk reduction for each route at a

given budget level may lead to a smaller set.2

APPROXIMATIONS FOR MORE REALISTIC CALCULATIONS

Assumption of Imperfect Knowledge

The calculations in the last section show a commensurate attention to all aspects of the risk

calculation. With an 'ideal model' in place, the assumption of perfect knowledge can now be

dropped and calculations performed in the real world. The calculations become more complex, with

probability distributions substituted for such quantities as wind direction or wind speed. When

all substitutions are made, a highly complex general model for route selection results.

Clearly, such complexity is not warranted for selecting the best route for the transport of

hazardous materials. The purpose of the effort is to derive a realistic ranking of routes rather

than an absolute measure of the risk and societal cost of these transports. It is, therefore,

imperative to simplify the calculations in an even-handed manner to arrive at a total risk with a

commensurate accuracy of all parts of the calculation. This can be accomplished by using average

values wherever appropriate, replacing integrals by sums, and making other simplifying assumptions.

In this paper, two general approaches to simplification selected from the extremes of

complexity will be discussed: a highly averaged model and a highly detailed model at the limit of

what could or should be done in route selection.

Highly Averaged Model

At the lower end of the spectrum, there are many examples of highly simplified models.

Typically, average national accident frequencies are used, modified for average traffic density,

but without regard to other local conditions. Also, an isotropic wind with an average speed is

assumed by looking at a band of given width on either side of the road. In addition, a uniform

exposure of the population is implied, putting the entire population within the band at equal risk.
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While reducing the necessary calculations to a manageable size, this type of model has serious

drawbacks. An important one is its inability to identify critical high-risk, high-consequence

sections of road; another is its lark of credibility with the public, which is quite aware of

prevailing wind directions and sections of road with a high accident risk.

Monte Carlo Model

At the upper end of the spectrum are highly complex models that take the variability of winds,

accident rates and other parameters directly into account. One method that is feasible, given a

certain amount of development work, is a Monte Carlo calculation. Its advantages are the ability

to provide good approximations to actual conditions such as wind speed and direction, and the

potential to identify critical sections of road.

The main drawback of the Monte Carlo approach is the large volume of calculations required.

This could be resolved by developing good, fast approximations for some of the key steps in the

calculations. On the other hand, the sampling can be normalized in such a manner tat one

scenario is executed for almost every simulated run on the route, leading to the study of a large

number of realistic events.

DISCUSSION

For different modes of transport, such as rail, barge, pipeline, and aircraft, route

selections and risk assessments follow essentially te same general procedure. For different

toxic agents, both health and environmental effects vary greatly. which may lead to different

routings and restrictions. The transport of radioactive materials has probably received the most

attention from engineers, regulators, the media and te public. The techniques and rationales

developed for radioactive material may serve as a guideline for the transport of other hazardous

materials.

1he selection of routes for the transport of hazardous materials will only be politically

acceptable if concerns at all levels of our society are acknowledged and dealt with. One

necessary condition is a clearly stated set of rationales for the process. Another is that the

simplifications of the calculations lead to an even-handed treatment of all relevant effects. lhe

approaches proposed in this paper may facilitate that process.
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