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FOREWORD

This report constitutes a brief description of the "Transportation of Hazardous 

Materials" project which was undertaken between August 1991 and September 

1993. Bertil Morén of the Swedish Road and Transport Research Institute 

(VTI) was the main project leader.

The project was financed by the Swedish Rail Administration, the Swedish 

Council for Building Research, the Petroleum Institute, the Swedish Rescue 

Services Board, Swedish Railways - SJ - (freight traffic and real estate 

divisions), VTI and the Swedish Road Administration.

The project was undertaken in the form of four different sub-projects under the 

leadership of Sven Fredén (VTI), Göran Nilsson (VTI), Lennart Agrenius 

(Agrenius Ingenjörsbyrå AB) and Ulf Persson (IHE). Project investigators 

were Lennart Helmersson (Agrenius Ingenjörsbyrå AB) and Patrick Svarvar 

(IHE). In addition to this project summary which has been written by Erik 

Lindberg (VTI) together with Bertil Morén (VTI), the final project 

presentation consists of the following five sub-reports:

* "On the probability of railway accidents with hazardous materials" by 

Sven Fredén, VTI.

* "Road transportation with hazardous materials - Hazardous materials in 

road traffic accidents" by Göran Nilsson, VTI.

* "Consequence analysis of various accident scenarios for road and rail 

transport of hazardous materials" by Lennart Helmersson, Agrenius 

Ingenjörsbyrå AB.



* "Economic analysis of accidents with hazardous materials - Transport of 

ammonia and petrol" by Patrick Svarvar and Ulf Persson, IHE.

* "Use of the analysis method - A fictitious calculation example" by Sven 

Fredén, VTI.

The progress of this project was followed both by a steering group consisting 

of representatives from the group commissioning work, and by a reference 

group which represents various authorities/organisations whose operations 

deal with the handling of hazardous materials in a variety of ways.

The project's steering group included Björn Sandborg (chairman) and Thomas 

Gell from the Rescue Services, Paul Lorin and Per Sillén from the National 

Rail Administration, Hartmut Pauldrach from the Housing Board, Bo 

Lönegren/Stefan Tykesson from the National Road Administration, Birger 

Sandström/Christer Bejne from SJ's real estate division, Gustaf Stolk from SJ's 

freight traffic division, Åke Stjernstedt/Leif Ljung from the Petroleum Institute 

and Börje Thunberg from VTI. The secretary of the steering group's meetings 

was Ragnar Hedström, VTI.

The project's reference group also included Bertil Pettersson/Sven Nyberg 

from the Swedish TUC; Bertil Enemo from Swedish Police Board, Erik 

Nilsson from the Swedish Inspectorate of Explosives and Flammables, Alf 

Levander from the Swedish Association of Haulage Contractors, Åke 

Wahlinder from the Swedish Railways Inspectorate, Lars-Olof Carlsson from 

Eka Nobel AB/Kemikontoret/SAF (the Employers' Confederation), Gunvor 

Cantacuzino from the Wholesale Merchants Federation (the Plastics and 

Chemicals Suppliers Federation), Barbro Köhler from the National Board of 

Occupational Safety and Health, Lennart Skymbäck/P O Åhman from the



Swedish Gas Association and Klas Thornell/Claes Svensson from the 

Malmöhuslän County Administration.

We would like to extend our gratitude for the participation of all the members 

of the steering and reference groups and all those others who contributed with 

their comments and views during the various preliminary report versions.
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A METHOD FOR RISK ANALYSIS OF THE TRANSPORTA
TION OF HAZARDOUS MATERIALS BY ROAD AND RAIL 
- PROJECT SUMMARY

by Erik Lindberg and Bertil Morén
Swedish Road and Transport Research Institute (VTI), Linköping

SUMMARY

This report describes a project aimed at developing a method for risk analysis of 
the transportation (excluding loading/unloading and temporary storage) of hazard
ous materials by road and railroad in Sweden. The method has been designed so 
as to a) be applicable to national conditions concerning infrastructure, traffic, 
legislation etc. b) be possible to apply to specific transportation tasks involving 
specified types of hazardous materials, quantities to be transported, routes and 
modes of transport (road/railroad), and c) include estimates of the expected 
number of accidents involving a release of the dangerous substance, the expected 
consequences for people, property and environment of those accidents, and the 
expected cost of those consequences.

The project has consisted of four different parts. In the first two parts, methods for 
estimating the number of accidents which can be expected to occur in the course 
of transporting dangerous substances by road and railroad, respectively, have been 
developed. In the third part, the probabilities of a number of possible event 
sequences/scenarios which may occur as the result of an accident have been 
estimated. In addition, this part of the project has also provided estimates of the 
expected consequences of each scenario. In the fourth part of the project, a 
method for calculating the expected economic costs of accidents due to the 
transportation of dangerous substances by road and railroad has been illustrated.

Possible countermeasures in order to reduce risks, either by decreasing the 
probability of an accident or by mitigating the consequences of an accident which 
has already occurred, have been discussed in all four parts of the project. The



fourth part of the project has also included cost/effect analyses of a few of these 
countermeasures.

In order to illustrate the calculations required in each step of the proposed method 
for risk analysis, a fictitious case study has been used in all four parts of the 
project.

This project represents a unique contribution which makes it possible to analyse 
the risks arising from the transportation of dangerous substances by road and rail 
in Sweden with greater precision than has been possible before. Factors which 
carry a great weight when risks and economic costs are estimated have been 
identified, and further light has been shed on the comparative "dangerousness" of 
different substances. Another important result is that the expected economic costs 
of accidents due to the transportation of hazardous materials by road and rail were 
found to be comparatively small. The results from the fictitious case study cannot 
be taken as evidence of any general differences in risk levels between road and 
rail transport of dangerous substances. Rather, the most suitable mode of transport 
must be determined separately for each specific transportation task.

Some of the estimates made in the course of the project are quite uncertain, and 
many of them are probably valid only for a limited period of time. Important 
questions concerning for instance societal risk evaluation also remain. The 
method for risk analysis developed in this project (even if it represents an 
improvement as compared to previous methods) could therefore benefit from 
further development and refinement.

The main reasons why the method proposed in this project should be used and 
further developed are that it a) provides comprehensive information to support 
decisions concerning the handling of risks pertaining to the transportation of 
hazardous materials, b) identifies gaps in existing knowledge and may therefore 
motivate and guide further research, and c) forces explicit statements of the 
assumptions and evaluations which underlie the assessment and handling of risks 
arising from the transportation of dangerous substances.



Ill

Full reports of the four parts of the project can be found in VTI Report No. 387:2 
- 387:5. The reports are written in Swedish, but all of them have an English 
summary. The titles of the four reports are:

On the probability o f railway accidents with hazardous materials (VTI Report 
No. 387:2, 1994) by Sven Fredén, Swedish Road and Transport Research Institute 
(VTI).

Road transportation o f hazardous materials - Hazardous materials in road acci
dents (VTI Report No. 387:3, 1994) by Göran Nilsson, Swedish Road and 
Transport Research Institute (VTI).

Consequence analysis o f different accident scenarios for road and rail transport 
o f hazardous materials (VTI Report No. 387:4, 1994) by Lennart Helmersson, 
Agrenius Ingenjörsbyrå AB.

Economic analysis o f accidents with hazardous materials - Transport o f ammonia 
and petrol by rail and by lorry (VTI Report No. 387:5, 1994) by Patrick Svarvar 
and Ulf Persson, The Swedish Institute for Health Economics.

The reports may be ordered from the Swedish Road and Transport Research 
Institute, S - 581 95 Linköping, Sweden.



1 BACKGROUND AND PURPOSE

Many substances which are used in today's society have characteristics which 

are classified as dangerous. These substances must generally be transported 

for shorter or longer distances in connection with intermediate storage, 

refinement and/or distribution so as to reach their final users. Depending on 

factors such as the substance's properties, quantity, transportation method and 

transportation route, such haulage may constitute a major or minor danger. 

However, the transport of hazardous materials is, at least at present, a pre

condition for the continued functioning of society in a satisfactory manner.

At the same time, the transportation of hazardous materials is a potential 

source of various types of conflict of interest in that those people/groups who 

benefit from such transportation usually are not the same as those who are 

forced to bear the costs of any accidents which may be expected to be caused 

in the course of such transportation. Even in cases in which the risk-bearers 

themselves draw benefit from the transportation of such materials, there may 

be conflicts of interest because the risks are not equally distributed between all 

those who benefit.

Even if the probability of a serious accident during transportation of hazardous 

materials is very small, it is unwise to disregard the possibility that such an 

accident may occur and that it may in such a case lead to catastrophic conse

quences. We therefore need to be able to assess the benefit of a given transpor

tation method in relation to the degree of risk which such transportation brings 

about. In this context it is important to take into consideration benefit and risk 

from a holistic perspective. The gain which can be made from a safety view

point by introducing restrictions regarding the transportation of certain types 

of materials on certain routes for a given medium of transport must be



weighed against the risks and costs which arise when such transportation is 

redirected to other routes and/or transportation methods.

In-depth studies of the risks involved in the transportation of hazardous 

materials have previously been undertaken in several countries, among them 

Great Britain and Switzerland (short summary descriptions of these two 

studies are found in Lindberg, Thedéen & Näsman, 1993, and Meyer-Martins,

1990). One conclusion which can be drawn from these studies is that it is very 

difficult to establish which type of transport solution is generally the most 

suitable from the safety viewpoint; instead due notice must be taken of the 

special conditions which apply for every type of transportation. Even if it is of 

course possible to calculate some form of national average for risks related to 

various transport methods for example, such a figure would only have limited 

practical relevance to decision makers at various levels who are required to 

take a stance on specific transport methods for a specific transport route. The 

result of various types of overall comparison between various transport 

methods also depends to a considerable extent on how we evaluate possible 

major accidents (which may in any case never occur) in relation to minor 

accidents with more limited consequences.

Owing to differences in infrastructure, traffic intensity, traffic regulations, 

population density, organisational conditions (for example allocation of 

responsibility between various organisations and/or authorities) etc, it is not 

possible to superimpose the results from foreign risk analysis on Swedish 

conditions without making modifications. In order to produce as detailed a 

decision-making basis as possible for the transportation of hazardous materials 

within Sweden, we therefore need a method which is adapted to domestic 

conditions. Furthermore, it is desirable that it should be possible to apply this 

method to various transportation modes and transportation routes so as to



permit comparisons between the risks related with alternative methods of 

solving a given transport task.

A number of previous Swedish attempts to analyse risks related to trans

portation of hazardous materials have been made (for example Saltvedt,

1991). However, these have generally been rather limited both as regards the 

number of hazardous substances under investigation and the accuracy with 

which it was possible to estimate the accident probability for specific transport 

routes.

The overriding aim of the project which is summarised in this report has been 

to produce a method which makes it possible to: a) estimate the accident 

probability involved in the transportation of hazardous materials by road and 

rail for a given transportation assignment (transportation of a given quantity of 

a given substance between two specified sites), b) estimate the accident's 

consequences in the transportation of various types of materials and c) esti

mate the expected socio-economic accident costs in the transportation of 

various types of materials using alternative transport methods (road/rail) and 

on alternative transport routes. One partial aim has been to produce a basis for 

estimating the relationship between cost and benefit for risk-reduction actions 

of a technical/organisational nature.

It should be pointed out at this stage that the project's purpose has not been to 

provide an answer as to whether rail transportation of hazardous materials is 

generally safer than corresponding transportation by road (or vice versa). 

Rather, the purpose has been to provide a method which can be used to 

estimate and calculate the cost of those risks which arise from the various 

transport methods.



The aim of this project summary is to form a framework for the various sub

reports produced within the project and to provide an overview of the project 

as a whole. In order to keep the project summary to a reasonable size it has 

been necessary to leave out many of the detail information which is otherwise 

required in order to apply the risk analysis method used in this project. This 

information is instead provided in the various sub-reports from the project 

(VTI report numbers 387:2 - 387:6), see page II of the Summary.



2 DEFINITIONS

This project was initially limited to covering road and rail transportation of 

hazardous materials. The transportation of hazardous materials by air, sea and 

pipeline was thus not included. Furthermore, the project only deals with the 

risks involved in connection with accidents during transportation itself 

(defined as movement including brief stops during transportation). This means 

that the handling of hazardous materials before and after transportation 

(handling at terminals, loading and unloading and any intermediate storage) 

has not been dealt with in the project.

The term accident involving hazardous materials as used in this project 

refers to a traffic accident as a result of which a dangerous substance is 

released in an unplanned way from its container. This definition thus excludes 

accidents which only constitute "normal" traffic accidents (that is to say 

accidents whose sequence and consequence are not affected by the dangerous 

substance which is being transported). This definition also excludes the 

discharge of substances if this discharge was not initially caused by a traffic 

accident (for example discharge owing to a leaking seal). This later parameter 

has been applied for two different reasons. In the first place, this type of 

discharge, even if it is responsible for a relatively large proportion of all 

discharges, usually has rather limited consequences since such occurrences are 

relatively minor (Considine, 1986). In the second place there is considerable 

disagreement as to whether this type of discharge should be related to actual 

transportation itself or to other aspects of the handling process (such as 

inspections in connection with loading, maintenance of the tank container etc).

The project's time and cost frames have made it necessary to limit the number 

of substances being studied in the consequence analysis, so that it



encompasses one example of each of the following types of hazardous 

materials:

The term risk which is central to this project has been defined conventionally 

as the product of the probability of an accident occurring and its expected 

consequences. In some of the individual sub-reports from the project, how

ever, the term risk is sometimes used in a way which primarily refers to the 

probability of an accident occurring or the expected number of accidents (see 

Lindberg et al, 1993, for a more detailed discussion of this term and a number 

of related terms). The term risk reduction actions as used in this project 

refers to technical/organisational actions which can be expected to reduce the 

probability of and/or consequences of accidents.

The term cost of accidents involving hazardous materials as used in this 

project is defined as the special costs which arise as a consequence of the 

hazardous materials being discharged from their inner container. This includes 

the cost of personal injury, damage to property and the environment which can 

be caused by fire, explosion, poisoning, contamination etc which are directly 

related to the hazardous materials. The costs associated with such factors as 

rescue of the vehicle involved in the accident are not included here since they 

should be independent of whether the materials being transported are classi

fied as hazardous or not.

Tvpe of hazardous materials Substance ('example')

a) Toxic condensed gas Ammonia
b) Flammable condensed gas LPG
c) Flammable fluid Petrol
d) Toxic fluid Phenol
e) Corrosive fluid Sulphuric acid
f) Flammable and environmentally unstable fluid Heating oil



3 OVERVIEW OF THE PROJECT

This project has been undertaken in the form of four separate sub-projects 

within which the method of analysing risks related to rail and road transpor

tation of hazardous materials which constitutes the project's main result have 

been developed. This method is an important contribution to previously 

available studies of risks in the transportation of hazardous materials in that:

* it is based on Swedish conditions as regarding infrastructure and traffic

conditions (even if foreign experience is utilised where this is considered 

possible).

* it can be applied to specific transportation assignments for various

transport routes and transport methods (road/rail).

* it makes it possible to estimate a) the expected number of accidents

involving hazardous materials and the expected consequences of such 

accidents on road and/or rail within the parameter of a specific trans

portation assignment and b) the expected socio-economic cost of such 

accidents and/or risk reduction measures.

Each sub-project has been presented in its own final report. The reports from 

the first two sub-projects (Fredén, 1994a; Nilsson, 1994) present methods for 

estimating the expected number of accidents involving hazardous materials in 

rail and road transportation within the parameter of a specific transportation 

assignment. The report from the third sub-project (Helmersson, 1994) shows 

the estimated probability for various possible accident scenarios (sequence of 

events) given that an accident involving hazardous materials occurs and given 

also the expected accident consequences for each respective scenario. The 

report from the fourth sub-project (Svarvar & Persson, 1994) illustrates a



method of calculating the size of the socio-economic cost which can be 

expected to arise as a result of accidents involving hazardous materials in 

connection with a specific transportation assignment.

The four final reports from the various sub-projects are discussed in chapters 

4-7 in this project summary. In addition to descriptions of the main results 

from each sub-project, these chapters also present an account of the 

methodology which is being adopted and the risk reduction actions which 

have been handled within each respective sub-project. These chapters are by 

necessity very brief, so readers who require further information are requested 

to refer to the respective final report.

In order to illustrate the method/process of calculation in the risk analysis 

method which was produced within this project, a fictitious case study 

common to all four sub-projects (a possible transportation assignment in a 

hypothetical "geography") has been created. The estimates and methods 

produced have been applied/exemplified in this fictitious case within each 

respective sub-project. A presentation of the case study in its entirety was then 

produced by Fredén (1994b). The fictitious case study is described in brief in 

chapter 8 of this project summary. It is important to bear in mind that the case 

study should only be regarded as a calculation example (and as a method of 

checking that the analysis method does not give rise to obviously 

unreasonable results). Those results relating to risk levels or comparisons 

between road and rail transportation which have been produced during the 

case study should therefore not be interpreted too strictly, since they are based 

on hypothetical conditions which may not recur in other (actual) transportation 

assignments.



4 ACCIDENTS WITH HAZARDOUS MATERIALS

IN RAIL TRAFFIC

The first sub-project (Fredén, 1994a) aims at producing a method of 

estimating the anticipated number of railroad incidents leading to accidents 

involving hazardous materials in implementation of a specific transportation 

assignment.

4.1 Methodology

A general problem of methodology in estimating the anticipated number of 

accidents involving hazardous materials is that very few such accidents have 

occurred on Swedish railroads or on other rail networks using similar techno

logy and similar safety systems to those found in Sweden. The number of 

accidents in which tanks have been punctured amount to about two per year 

for British Rail and perhaps one every second year for SJ. Technical develop

ments in railroad technology also make it difficult to draw conclusions from 

previous statistics. Furthermore, the classification of accident types and 

accidents causes as found in the available statistics is not always the most 

suitable basis for assessing the anticipated number of accidents. This means 

that it is difficult to use available rail accident statistics involving hazardous 

materials in order to estimate the anticipated number of accidents, particularly 

not if one wishes to express this number as a function of various infrastructure 

variables (rail track quality etc), vehicle type and traffic methodology.

As a result of the lack of accident data for hazardous material accidents, an 

indirect method has been used for estimating the anticipated number of 

accidents. As a base event, in other words the event which potentially could



initiate a substance discharge, use has been made of accidents or faults which 

are not specific to individual loads and which are tied to components and 

systems which are common to all freight on rail. Even if there may be some 

uncertainty as to the extent to which it is possible to generalise on the basis of 

this larger category of events and extrapolate actual accidents involving 

hazardous materials, this method has made it possible to use more specific and 

adequate descriptions of the transport scenario in the analysis model than 

would otherwise have been possible.

When we express the anticipated number of accidents, this is done in relation 

to some form of exposure factors (for example vehicle mileage). In the study 

two different exposure factors have been used, owing to the fact that the most 

relevant dimension is not the same for various types of railroad accidents. The 

various parameters used (train km and wagon axle km) can be juxtaposed 

upon each other given that the train size is known. If in addition the wagon 

type is known then both parameters can be translated into an exposure factor 

(for example ton km) which can also be used for road transportation. The 

study also establishes that for certain types of accidents (for example derailing 

at switching points) we do not have access to a relevant exposure factor.

Three types of railroad accident which could be translated into accidents 

involving hazardous materials have been used in the study. These are 

derailing, crashes involving heavier rail-bound vehicles and level-crossing 

accidents in which heavier road-bound vehicles are involved. Of these types of 

accident, derailing is the most common, while crashes with other rail-bound 

vehicles and level-crossing accidents with heavy-duty vehicles are relatively 

uncommon.

In order to estimate the anticipated number of accidents, accident statistics and 

studies as well as data regarding transportation work for the years 1981-1989



have been used. Information from Malmbanan (the ore-carrying line from 

Riksgränsen to Luleå in northern Sweden) has generally been excluded since 

this traffic differs in several respects, as it is based on alternative technology 

and operates under conditions different to those applying to the rest of the 

country's railway network. Since freight wagons differ on a number of points 

from passenger cars, only statistics relating to freight transportation have been 

used in estimating the anticipated number of accidents.

4.2 Estimates of anticipated number of accidents on rail

Separate estimates have been made of the anticipated number of derailing 

incidents, crashes and level-crossing accidents. Derailing has also been 

divided into a number of different classes depending on the primary source of 

the accident in question.

4.2.1 Derailing

Estimation of derailing owing to faulty rail tracks is made more difficult 

both owing to the shortage of relevant measurement data for potential causal 

factors (track installation fault, damage to the track and defective points) as 

well as lack of comprehensive knowledge of the causal mechanisms. The 

method which is used divides the standard of the track into three classes which 

can be expected to be related to the track's general quality and therefore to the 

number of derailing incidents owing to faulty tracks. The track classes which 

have been used in the study are the following:

a) Concrete sleepers, fully welded, rails UIC 60 or SJ 50
b) Wooden sleepers, fully welded, rails SJ 50
c) Wooden Sleepers, link rails, rails SJ 50 or lower



The expected number of derailing incidents involving train movement for the 

three track classes have been estimated based on available statistics of 

derailing as a result of faulty tracks. These estimates are based on the 

relationship between the actual number of derailings and the transportation 

work carried out for each track class during the studied period. Bogey wagons 

(four-axle wagons with far lower derailing frequency than two-axle wagons) 

are by far the most-used wagons in the transport of hazardous materials in 

tankers. However, due regard must be taken of the fact that an average of 3.5 

wagons leave the track for every derailing accident which occurs with a train 

on the move. When transportation does not occur with complete train sets this 

means that even derailing involving two-axle wagons (which may pull a 

following bogey wagon off the track) must also be taken into consideration.

Furthermore, the expected number of derailings which cannot be clearly traced 

to one of the above track classes (derailing at stations etc.) is estimated, as is 

the expected number of derailing incidents caused by faulty wagons. These 

estimates have thereafter been compiled into an estimate of the expected total 

number of derailings as a result of track and wagon faults per million wagon 

axle km for trains and wagon movements (divided as per track class and per 

two/four-axle freight wagons).

Derailing owing to excessively high speed only occurs for freight trains in 

switch curves. In addition, this requires that one or more deviations from the 

normal operational situation occur. The expected number of derailings as a 

result of excessive speed in this study have been assessed as negligible (<10"10 

per wagon axle km).

As regards derailing at shunt operations, it is difficult to find any 

completely non-controversial exposure factor. In this study the anticipated



number of derailings in connection with points switching has been estimated 

by correlating the number of derailings of this type with the total 

transportation profile. However, this estimate will be an overestimation for 

certain direct transportation relationships, while it may constitute an under

estimation for transportation with several shunt operations on the route.

4.2.2 Crashes

Crashes between a freight train and a heavy-duty rail bound vehicle/equipment 

has been estimated in relation to the train km exposure factor. Assuming that 

the average length of a freight train is 80 wagon axles and that only the five 

wagons nearest the locomotive risk serious damage, this estimate has been 

converted to the same exposure factor as for derailing (wagon axle km). 

Depending on train length/train composition for dealing with a specific 

transportation assignment, however, the conversion from train km to wagon 

axle km may give a different result.

4.2.3 Level-crossing accidents

The expected number of collisions with heavy duty road vehicles in level- 

crossings has also been estimated per train km. Based on the assumption that 

an average of 0.5 wagons is affected by this type of accident (often limited to 

damage to the locomotive) this type of estimate can also be converted to the 

wagon axle km exposure factor.



4.3 Probability of accidents involving hazardous 

materials

The consequences of a derailment or a collision for a railroad car can be 

expected to be a function of the wagon's design, the nature of the surrounding 

environment (sharp objects etc) and the wagon's speed and (at the time of the 

collision) its location in the train. The statistical basis for quantifying the 

correlation between these various factors and the scope of damage is, 

however, extremely limited. Estimates of probability for an accident involving 

hazardous materials (given that a railroad accident has occurred) resulting in 

various "discharge scenarios" which have been made in the study should 

therefore be regarded as very uncertain. They are partially based on a combi

nation of Swedish and British experience.

The study takes into account the following three spill situations:

a) Hole size a few cm2.
b) Hole size 1dm2.
c) Hole size several dm2, unstable condition.

Estimates of the probability of these three spill situations were made separa

tely for gas/pressure tanks (tank wall thickness about 16 mm) and non

pressurised tanks (tank wall approximately 6-8 mm). An estimate of the 

expected number of accidents involving hazardous materials in railroad 

transportation is obtained for each type of accident (see section 4.2 above) by 

multiplying the anticipated number of railroad accidents with the probability 

of these three spill situations and then adding the total of the various accident 

types and spill situations. (The expected number of railroad accidents for each 

type is obtained by multiplying the estimates mentioned in section 4.2 with a 

factor expressing the total transportation need expressed in wagon axle km).



It has not been possible within the framework of the project to analyse the 

extent to which the British statistics used to estimate the probability of various 

spill situations is based on conditions which correlate to corresponding 

Swedish conditions. This applies for example to any differences in tanker 

design which may affect spill probability (an investigation into wall thickness 

significance in this context was recently initiated by the Swedish Services 

Rescue Board).

4.4 Action

The study establishes that it may be difficult to identify technical measures for 

risk reduction which are motivated on a socio-economic basis with due regard 

to the already low cost of railroad accidents involving hazardous materials. 

However, measures relating to traffic planning and training may in certain 

circumstances be motivated.

The physical stress to which the material used in tank construction is subjected 

in conjunction with an accident is related to the vehicle's speed. However, 

there is no clear-cut connection between speed and the probability of derailing 

or a collision. The probability of a crash being caused by faults in the train's 

signal system can normally be regarded as negligible. Points opera

tion/shunting, especially when pushing from behind or over a rise, may 

involve a raised probability for certain types of accidents. The low speeds 

involved however mean that the consequences will be small or very reason

able.



The wagon combination in the train has an effect on the scope of an accident 

but not on the probability of an accident occurring. Possible measures may be 

to limit the number of wagons containing hazardous materials in one and the 

same train and the use of intermediate protective wagons loaded with non

flammable materials to a greater extent than that currently required. However, 

such measures lead to an increased necessity for shunting so it is doubtful if 

the net effect would result in any real reduction in risk. An investigation into 

the extent to which safety can be improved through technical measures 

regarding wagon design was not included in the brief of this project. Track 

design and maintenance have considerable significance on derailing prob

ability. The risks which are tied to the transportation of hazardous materials 

should in exceptional cases be able to economically motivate an improvement 

in rail standard. Another possible measure could be to clear the area nearest 

the track from objects (large boulders etc) which may increase the probability 

of serious damage to derailed wagons.

Level-crossings may imply risks for both rail transportation and road 

transportation of hazardous materials. It may therefore be motivated to avoid 

shunting operations with hazardous materials across level-crossings which are 

used by high-speed and/or heavy-duty road traffic, and if possible re-route 

road transportation of hazardous materials to crossings which separate rail 

from road.



5 ACCIDENTS WITH HAZARDOUS MATERIALS

IN ROAD TRAFFIC

The second sub-project (Nilsson, 1994) aims at producing a method of 

estimating the anticipated number of road traffic incidents leading to accidents 

involving hazardous materials in implementation of a specific transportation 

assignment.

5.1 Methodology

As with the previously described conditions for rail traffic, accident data 

relating to accidents involving hazardous materials by road are insufficient to 

permit reasonably accurate estimation of the anticipated number of accidents. 

In Sweden there are between 100 and 120 vehicles intended for hazardous 

materials involved in road accidents (excluding accidents with wild animals) 

reported to the police every year. However, only a small proportion of these 

road accidents result in accidents involving hazardous materials, as defined in 

this project. In the Swedish material which was studied, no accidents 

involving hazardous materials occurred in which these materials resulted in 

personal injury. Even in an international perspective, serious accidents 

involving hazardous materials are relatively rare events. In addition, it is 

difficult to directly transpose international experiences to Swedish conditions 

since factors such as tanker load capacity may differ.

Furthermore, an attempt to estimate the anticipated number of accidents 

involving hazardous materials in road transport is made more difficult since 

statistics regarding road accidents do not include any information as to 

whether the vehicles involved were transporting hazardous materials. Neither



are there any detailed transportation statistics over when and where 

transportation with hazardous materials takes place. Estimates of the 

anticipated number of accidents involving hazardous materials by road 

therefore include processing of traffic accidents statistics from a variety of 

statistical sources. It is assumed that the probability of road accidents which 

result in accidents involving hazardous materials does not differ from the 

probability of a corresponding traffic accident which does not have this type 

of consequence. Furthermore, observational studies have been made of the use 

of vehicles carrying hazardous materials in two cities (Norrköping and 

Västervik) which may be considered representative of Swedish coastal cities 

with oil import facilities, from where oil and petrol are distributed by tankers 

(a separate report of these studies is found in the VTI Document T 143, 1993). 

In cases in which this has been assessed as feasible, certain comparisons have 

been made with experiences from other countries.

In estimates of the anticipated number of accidents involving hazardous 

materials, the starting point has been traffic accident data for heavy-duty 

trucks (gross vehicle weight >3.5 tonnes) between 1988-1990. To this has 

been added the Central Bureau of Statistics investigation into mileages and 

freight quantities carried by trucks in 1990 and further data from the Rescue 

Services Board regarding emergency rescue actions in accidents from 1990 

involving hazardous materials. Estimates of the anticipated number of road 

accidents in which vehicles intended for carrying hazardous materials are 

involved were made on the basis of a model which takes into consideration the 

nature of the accident - whether single-vehicle or multiple-vehicle collision - 

as well as accident quotients (the number of accidents or vehicles involved in 

accidents per million driven km) in various road and traffic environments. The 

intention is that this estimation model should be possible to use for both local 

environments and at a more overriding level.



It is important to be able to make differentiated estimations of the anticipated 

number of road accidents in various road environments since heavy-duty 

traffic (including the transportation of hazardous materials) generally takes 

place on or is directed to roads and streets which have a higher standard than 

the average.

As of September 1993, police reports on road accidents specify whether 

vehicles carrying warning signs for hazardous materials are involved in 

accidents. The Rescue Services Board is also pushing for the development of 

statistics concerning transportation of hazardous materials on the road 

network, nationally, regionally and locally (Sandborgh & Gell, 1993). In the 

long term, both these efforts will permit considerably more accurate estima

tions of the expected number of accidents involving the transportation of 

hazardous materials by road.

5.2 Estimates of the expected number of road traffic 

accidents involving vehicles carrying hazardous 

materials

The model used to estimate the anticipated number of vehicles intended for 

carrying hazardous materials which are involved in road accidents on a given 

stretch of road is based on the assumption that the following factors are known 

or can be estimated:

a) The number of traffic accidents (or information about the accident 

quotient and traffic operations) on the relevant stretch of road

b) The proportion of heavy traffic involving vehicles intended for carrying 

hazardous materials



In cases in which road accident statistics are available, information about the 

number of road accidents can be obtained directly from here. When this is not 

the case (for example for newly built or planned roads) then the expected 

number of road accidents can instead be estimated with the help of the 

accident quotient for the relevant road type. The accident quotient is obtained 

by dividing the number of accidents (excluding accidents involving wild 

animals) on a specific type of road with the total traffic load on this type of 

road (usually expressed in millions of driven km) for a specified time period. 

The size of the accident quotient varies in relation to a number of different 

factors, for example:

Road type (Motorway, dual carriageway, unpaved road, street etc)
Speed limit 
Road width
Urban/rural environment 
Visibility
Road surface condition

The normal value for the accident quotient in various roads/traffic environ

ments (which is used for road planning) can be obtained from available 

tables/PC programs. Examples of typical accidents quotients in a few environ

ments are provided in connection with the fictitious case study which is 

discussed at the end of Nilsson, 1994.

The anticipated annual number of traffic accidents reported to the police 

(excluding accidents involving wild animals) on a given stretch of road can be 

estimated by multiplying the relevant accident quotient with the total annual 

traffic load (expressed in millions of driven km) on the relevant stretch of 

road. The traffic load is calculated by multiplying the distance in km by the 

average number of vehicles which traffic that distance per day multiplied by 

365.



Based on data regarding the total (estimated) number of road accidents and the 

proportion of heavy-duty vehicles carrying hazardous materials (of the total 

number of vehicles which traffic the relevant stretch of road) the anticipated 

number of road accidents involving vehicles intended for carrying hazardous 

materials can be estimated according to the following calculation formula (it is 

assumed that the proportion of single vehicle accidents excluding accidents 

involving wild animals, constitutes 25 % of all traffic accidents, the proportion 

of heavy duty vehicles intended for carrying hazardous materials is designated 

"x" and the total number of traffic accidents is designated "y"):

The anticipated number of single vehicle accidents involving vehicles 

intended for carrying hazardous materials =0.25yx

The anticipated number of collisions involving vehicles intended for carrying 

hazardous materials =0.75y(2x-x2)

The sum total of the number of single vehicle accidents and collisions as 

above constitutes the anticipated total number of road accidents involving 

vehicles designed to carry hazardous materials.

5.3 The probability of accidents involving hazardous 

materials

By far the most common event which leads to spill in connection with road 

accidents is overturning tankers. The probability of a road accident involving a 

vehicle intended for carrying hazardous materials actually resulting in an 

accident involving such materials has in this study been estimated on the basis



of Swedish accident data for vehicles carrying normal tanks which are not 

pressurised.

In the study three different spill situations have been studied given that an 

accident involving hazardous materials has occurred. These are:

a) Limited spill with a volume of up to a few hundred litres of fluid.

b) Medium spill of up to 1000 litres.

c) Major spill of several thousand litres of fluid or corresponding 

substance.

Road transport of hazardous materials in pressurised tanks is relatively 

unusual in Sweden, so no domestic data is available for estimating the prob

ability of various spill quantities in such transportation assignments. However, 

the study makes reference to a Danish investigation according to which the 

probability of a total spill would be roughly one third as large for pressurised 

tanks as for normal tanks.

5.4 Action

The measures discussed in the study for reducing the number of road accidents 

involving hazardous materials are to a considerable extent those which are 

seen to have an effect on the occurrence of traffic accidents in general. This 

means that it should be possible to increase safety by avoiding transporta

tion within built up areas as far as possible, as well as avoiding transport 

during the night, in poor visibility, on slippery roads, by inexperienced 

drivers etc. However, it is at present not possible to state how effectively such



measures will reduce the number of road accidents involving hazardous 

materials.

Frequently used transport routes for road transportation of hazardous 

materials should have a high road safety index (that is to say low accident 

quotient which in turn depends on factors listed in section 5.2 above and such 

factors as effective and efficient de-icing of the road surface in the winter, 

street-lighting etc). It is also important that the driver's driving time and 

breaks are properly regulated and that drivers have sufficient knowhow 

regarding both traffic risks and the materials they are actually carrying.

In addition, it is important to maintain a degree of preparedness in the event 

of an accident, so as to reduce or prevent follow up consequences.

A further possible measure which is discussed in the study is a limitation on 

the size of the hazardous load carried per vehicle (or rig). If the 

consequences of carrying hazardous materials increase more than linearly with 

the volume of materials being carried, then such a measure would result in 

fewer follow-up consequences overall. A limitation on hazardous material 

quantity per vehicle, however, would generate more vehicles and thus a larger 

number of potential accidents and more fatal accidents in traffic.



6 CONSEQUENCE ANALYSIS OF ACCIDENTS

INVOLVING HAZARDOUS MATERIALS

The third sub-project (Helmersson, 1994) has the dual aim of describing and 

estimating the probability of a number of possible accident scenarios 

(sequences of events) given that an accident involving hazardous materials 

occurs, and estimating the anticipated accident consequences for these 

scenarios.

6.1 Methodology

The previous two chapters established that the number of accidents involving 

hazardous materials is too small to constitute a reliable basis for estimation of 

the anticipated number of such accidents in connection with carrying out a 

specific transportation assignment. The same applies — perhaps to an even 

greater extent — to the potential for estimating the probability of various 

likely consequences of an accident.

The analysis which was carried out in this sub-project therefore makes use of 

an established quantitative risk analysis method (AIChE, 1989), including 

theoretical dispersion functions for various chemical substances and commer

cially available software for consequence analysis (Whazan II). The method is 

generally the same as for the previously mentioned British study of risks 

connected with the transportation of hazardous materials in Great Britain 

(Health & Safety Commission, 1991).

A general problem with the implementation of consequence analysis of this 

type is that an accident involving hazardous materials may result in an



extremely large number of possible sequences of events and a large number of 

relevant factors may influence the final consequences. In practice it is not 

possible to include all of these sequences/factors in the consequence analysis, 

as a result of which the analysis by default becomes a simplification compared 

to the total quantity of theoretically possible results. This also means that the 

analysis result should not be interpreted too literally in its individual 

components. For example, the anticipated number of fatalities/injuries given a 

specific accident type which is stated in the analysis should not be regarded as 

an exact prediction, but rather as an "average" consequence for a large number 

of possible variants of the sequence of events described in the analysis.

In order to limit the complexity of the analysis to a practicable level, the study 

focused on those sequences/factors which for theoretical and/or empirical 

reasons are felt to have the greatest effect on the consequences of an accident 

involving hazardous materials. In addition to the type of substance and manner 

of transport, these are the size of the spill, (large/medium/small), the spill 

sequence (momentary/continuous), type of weather (neutral/stable), flamma- 

bility (yes/no), sequence of events (explosion/fire/fluid discharge) and

population density/built-up area (city/village/rural area). The se

quences/factors used in the analysis vary somewhat for various substances 

depending on each substance's characteristics. However, the size of the spill, 

type of weather, population density and nature of the environment are 

included for all types of substances.

The various possible sequences of events/consequences in the event of 

accidents involving hazardous materials have been described with the help of 

a so-called event tree for all six substances which were included in the study. 

For each substance, various event trees have been designed for the variety of 

transport methods used. These describe the possible sequences in an accident 

involving hazardous materials in conjunction with railroad transport, tanker



transport without a trailer and where relevant tanker transport with a trailer. 

With the help of these event trees, the probability of different consequences 

and results have been estimated for the various types of accidents involving 

hazardous materials. The study takes into account personal injury and damage 

to property and (apart from ammonia and LPG) contamination of soil and 

water. The average time which is expected to pass before emergency rescue 

personnel manage to stop a spill has been assessed as 30 minutes.

In the analysis the probability of every "branch" in the event tree has been 

estimated, and separate analyses of the consequences have been made for 

accidents involving hazardous materials which occur in a "city" environment 

(population 2,500/km2), "village" (population 300/km2) and "country" (popu

lation 3-10/km2). Furthermore, conversion factors have been produced so that 

the analysis results can also be used for other population densities.

As regards personal injuries, the analysis covers three different categories of 

injury (fatality, serious injury, light injury). For each category, an estimate has 

been made of the distance from the accident site within which an individual 

has a reasonable likelihood of being injured (individual risk), and the 

anticipated total number of injured individuals (collective or societal risk).

For substances which may result in a fire and/or explosion in the event of an 

accident involving hazardous materials, the analysis also encompasses damage 

to property which these events can be expected to lead to. For various types 

of fires/fire sequences, estimates are presented of the total fire area and the 

distance from the accident site within which a fire can be expected to arise. 

Corresponding estimates of area and distance were also made for the area 

within which a fire can be expected to cause damage (without setting fire to 

the damaged property). As regards explosion risks, the distance and area 

where relevant have been estimated for three categories of damage (major



damage to premises, damage to premises which can be repaired and minor 

damage such as broken glass).

Models for calculating damage to water and soil and surface contamination 

have been produced for all the substances apart from ammonia and LPG, 

which are assessed as having relatively negligible consequences in this regard.

6.2 Analysis results

The result of the consequence analysis is extremely comprehensive and there 

is therefore only space here for a brief description. First there is a brief 

description of the analysis result for each of the six substances studied in this 

study. This is followed by a presentation of a few general conclu

sions/considerations relating to the analysis.

Ammonia and LPG are the two substances in this study which can be 

expected to have the greatest effects as regards personal injury in an accident 

involving hazardous materials. However, these two substances differ when it 

comes to the spread or distribution of the expected number of fatalities, 

seriously injured and lightly injured people respectively. For an "average" 

accident involving ammonia the number of people injured is expected to be 

more than 100 times larger than the number of those killed, whereas the 

corresponding figure for LPG is roughly five times (the expected number of 

fatalities, however, is low, on average less than one per accident which occurs 

within an area with a population of 2,500/km2). The expected consequences 

are fairly similar for road and railroad transportation apart from the fact that 

momentary spillage in rail transport is expected to give a somewhat larger 

number of fatalities and injured than in road transportation (owing to the 

larger volume being transported). However, the probability of such a spill is



extremely small. The expected number of dead and injured in the event of 

ammonia and LPG accidents obtained in the consequence analysis is assessed 

as reasonable in relation to the consequences which were observed in previous 

accidents with these substances (in cases in which the amount of spillage 

corresponded to the quantities used in this analysis).

Damage to property, soil and water in connection with an accident involving 

ammonia has been regarded as virtually negligible irrespective of the type of 

transport method. For LPG, however, certain accident scenarios can be 

expected to produce damage to property through fire and/or explosion. 

Damage to soil and water as a result of spilled LPG which has not caught fire 

is assessed as negligible.

Accidents resulting from the transportation of petrol and heating oil are 

expected to cause relatively limited personal injuries and property damage in 

the event of both road and rail transportation. However, both substances can 

bring about considerable damage to soil and water and, depending on the 

conditions (for example the type of soil and the existence of a water course if 

relevant), may require more or less comprehensive sanitation measures.

Phenol and sulphuric acid are expected to produce limited personal injuries 

and property damage in the event of an accident involving hazardous 

materials. The probability of more serious personal injury is estimated as 

somewhat higher for road transport than for rail transport, mainly because the 

driver of the vehicle involved in the accident is close to the source of the spill 

and may find it difficult to withdraw from the scene as a result of personal 

injuries sustained in the initial accident. Both phenol and sulphuric acid spills 

may cause contamination of soil and water which in certain circumstances 

may require extensive sanitation measures.



The expected personal-injury consequences of an accident involving the 

hazardous materials studied in this study are generally the same for both road 

and rail transportation. The same conclusion applies generally to anticipated 

damage to property, soil and water.

It is important to note that estimates of the expected consequences of various 

accident scenarios cannot be used to make direct risk comparisons between 

different methods of transportation. In order to be able to make such a compa

rison the expected consequences must first be weighted with the expected 

number of accidents, and with the probability of an accident developing into a 

hazardous materials accident, for each respective transport method (cf chapters 

4 and 5).

A sensitivity analysis shows that the relative frequency of small, medium and 

major spills has considerable significance for the expected consequences of 

hazardous material accidents (mainly in the transportation of ammonia and 

LPG), which means that uncertainty in estimates of this distribution may 

jeopardise both comparisons between various transport methods and assess

ments of the total risk level.

6.3 Action

This study examines a number of possible measures designed to reduce the 

consequences of accidents involving hazardous materials.

The estimated distances from accident sites within which there is a non- 

negligible probability of fatality or serious injury should form the basis for 

assessments of any necessary protective zones along traffic routes on which 

hazardous materials are transported. This study analysed the consequences of



ammonia spills on the introduction of 15, 30 and 100 metre wide protective 

zones along transport routes. The results show that expected changes in 

damage profile are marginal with a protective zone of 15 metres. At 30 metres 

the expected number of fatalities within urban areas is reduced by roughly one 

quarter and at 100 metres about half for both methods of transport. The 

expected number of seriously injured is reduced on a lesser scale. The number 

of slightly injured people is not expected to be affected by these protective 

zones since such injuries are in any case assumed to occur primarily at a 

further distance from the accident site. (In this context it should be noted that 

the two narrower protective zones lie within or are close to the distances 

which are already kept free from population under current legislation or for 

other reasons. It has not been the aim of this project to make any overall 

investigation into the use of these protective distances, instead this matter has 

only been studied with regard to the expected consequences/costs in the event 

of an accident involving hazardous materials).

Another possible type of consequence reduction method is changes in the 

design of tanker vehicles/tankers. Examples of such changes which are 

discussed in the study are sectioning of tankers, increased tanker wall 

thickness and integration of piping, valves etc.

Along the relevant transport routes a variety of measures such as the building 

of earthworks and fire walls, building reinforcement etc can be adopted to 

limit the free movement of toxic gas and reduce the consequences of a fire or 

explosion.

Swift emergency rescue response, for example to seal leaks, is a major factor 

when it comes to limiting the consequences of an accident involving 

hazardous materials. Improved emergency response to such accidents in 

built-up areas and within other areas where a spill would result in major



damage costs, should therefore be worth taking into account at the planning 

stage.

When assessing these types of measures note must be taken of the size of the 

risk reduction which can be expected as a result of a given measure. The value 

of this expected risk reduction must also be weighted against the socio

economic costs of implementing the measure.



7 ECONOMIC ANALYSIS OF ACCIDENTS

INVOLVING HAZARDOUS MATERIALS

The fourth sub-project (Svarvar & Persson, 1994) has the purpose of 

illustrating the calculation of the socio-economic costs (defined as special 

costs resulting from the hazardous materials, see page 5 above) which can be 

expected to arise as a result of an accident involving hazardous materials in 

connection with the implementation of a specific transportation assignment.

7.1 Methodology

As with the other three sub-projects, economic analysis of accidents involving 

hazardous materials and their consequences has been made more difficult by 

the fact that the number of accidents which have occurred is very small. 

Another difficulty has been that all detailed documentation regarding costs in 

actual accidents is virtually non-existent. However, wherever such 

documentation has been available it has been used in the analysis. The method 

applied in the analysis has therefore been to try to identify and estimate the 

size of the various costs which together form the total cost of an accident 

involving hazardous materials. The expected socio-economic cost of such 

accidents when carrying out a given transportation assignment, has thereafter 

been estimated by multiplying the various cost components by the expected 

number of accidents involving hazardous materials, and the estimated 

probability of various consequence scenarios derived from the other three sub- 

projects.

All the cost components in the analysis have been converted to the 1993 price 

level (January 1st, 1993) using various indexes and assumptions. Value added



tax (VAT) has been handled as usual in the context of socio-economic 

calculations (see for example the Swedish Rail Administration, 1992).

The cost components which have been identified in the analysis are costs for:

* medical care

* production loss (net)

* risk reduction corresponding to saving a human life or avoidance of 

personal injury (this cost has been measured as the willingness to pay for 

such a risk reduction)

* time loss

* emergency rescue efforts

* sanitation

* lost income from property

* damage to property

* environmental damage

In the study the first cost component (medical care) is illustrated by a detailed 

analysis of the need for medical care, medical care capacity and costs involved 

in treating personal injuries in the form of burns caused by fire and/or heat 

radiation (in other words a type of injury which may occur in spills of petrol, 

heating oil and to a certain extent LPG). The analysis also includes costs for 

in-patient and out-patient care and transportation to and from medical care. By 

far the greatest cost in this context is that for in-patient care in accidents which 

lead to fatality (on the assumption that the patient on average is first treated 

for ten days in intensive care) or serious burns where the patient survives.

The net production loss is the value of the amount of materials and services 

which could have been produced if a person had not been involved in an 

accident (minus the value of the loss of consumption in the event of death).



When evaluating a saved human life and avoidance of personal injury the 

starting point has been the figures used by such instances as the Swedish Road 

Administration.

The cost for time loss has been estimated per delayed hour and wagon. An 

accident involving hazardous materials can on average be expected to bring 

about a delay of ten hours.

Data for estimating the cost of emergency rescue services, sanitation and loss 

of income from property in connection with accidents involving hazardous 

materials is extremely limited, as a result of which the estimates which have 

been made must be regarded as extremely unreliable. However, the limited 

data which is available suggests that such costs are relatively small compared 

to those previously presented (on average a few thousand SEK). It is 

completely impossible to estimate sanitation costs for water sources (owing to 

the protective zones which are in force close to water sources, it should how

ever be less probable that an accident involving hazardous materials could 

lead to the need for this type of sanitation).

When estimating the cost of damage to property, due attention has been paid 

to damage to vehicles, buildings and transported materials. The cost of the 

vehicle involved has been estimated according to normal purchase prices (in 

cases in which the vehicle is assumed to be written off). Damage to buildings 

has been calculated on the basis of statistics for new building costs. Costs have 

been estimated for serious damage to buildings, damage to buildings which 

can be repaired and minor damage (broken windows etc). The cost of 

transported materials lost as a result of the accident is estimated according to 

the market price at the relevant stage of supply for each type of material.



The cost of the damaged environment as a result of an accident involving 

hazardous materials has been estimated on the basis of previous studies on the 

willingness to pay to avoid such an impaired environment. It has been 

assumed in this context that the loss of soil utilisation remains in force for ten 

years after an accident. Impaired groundwater quality cannot be evaluated on 

the basis of existing studies.

7.2 Analysis results

This study illustrates the calculation of anticipated costs for accidents 

involving the transport of ammonia and petrol by road and rail. These two 

types of materials have been chosen because they show the span between the 

various substances included in the project as regards both total cost and 

distribution of the various cost posts.

The worst accident scenarios involving accidents with ammonia which were 

included in the study (large momentary spill in a city environment with a 

population of 2,500/km2) was costed at roughly SEK 300 million per accident. 

This estimate relates to rail transport. A corresponding estimate for road-based 

tanker transport is approximately 25% lower (mainly as a result of the smaller 

material volume per transport). Both large momentary and large continuous 

spills can be expected to bring about major costs in stable weather conditions 

with low wind speeds.

The largest single cost component in accidents involving ammonia spills 

consists of the cost of risk reduction (the willingness to pay) in the event of 

fatalities/personal injuries. The cost of medical care constitutes a smaller 

proportion of the total cost although it is generally estimated on the basis of 

injuries which require expensive specialist care. The expected consequences



and cost of accidents involving ammonia are almost entirely dependent on 

population density at the accident site.

Accidents arising from the transport of petrol differ considerably from 

corresponding accidents involving ammonia both as regards total expected 

costs and the distribution of the various cost components. The cost for the 

worst-case scenario in petrol transportation (major spill which explodes in a 

city environment during neutral weather) has been estimated to between SEK 

40 and 50 million per accident (the worst petrol accident in rail transport can 

be expected to cost about SEK 6 million more than the corresponding road 

transport). Compared with an ammonia spill, petrol accidents are expected to 

result in considerably fewer fatalities, owing to the fact that personal injury 

costs do not play an equally important role. In cases in which petrol explodes 

in a city environment, damage to property and buildings is the largest single 

cost. In petrol accidents in a village environment (population 300/km2) or in 

rural areas (population 3-10/km2) there is a reduction in the cost of both 

damage to buildings and negative health effects, whereas the cost of emer

gency rescue, sanitation and lost income from land will rise.

The cost for certain accident scenarios exemplified above relates to estimates 

of the cost which can be expected given that a certain accident scenario has 

occurred. In order to obtain an estimate of the cost for an average hazardous 

materials accident for road and rail transport respectively involving different 

substances the cost for each scenario included in the analysis is multiplied by 

the probability of each respective scenario given that an accident involving 

hazardous materials occurs. (Information on this probability is obtained from 

the sub-project described in the previous chapter, Helmersson, 1994).

When we take into account the probability of various accidents scenarios we 

see a reduction in the difference between road and rail transport which was



previously described for the worst-case scenarios. The average ammonia acci

dent is still expected to bring about a somewhat higher cost in the event of rail 

transport but the differences in the expected accident costs between road and 

rail for petrol are small. The study also indicates that the expected cost in the 

event of a petrol accident does not differ a lot from the average for a normal 

road accident reported to the police in a city or village (the expected cost for 

petrol accidents out in the country, however, is higher than for corresponding 

normal traffic accidents).

When estimating the expected socio-economic costs of accidents involving the 

transport of hazardous materials, it is not sufficient to calculate the average 

accident costs. In order to arrive at such an estimate the average accident costs 

must be multiplied by the expected number of accidents involving hazardous 

materials during the course of the transport assignment. The expected number 

of such accidents depends on a number of factors (the length and quality of the 

route, the transport method etc) and it must in principal be estimated 

separately for each and every individual transport assignment (and for the 

various different ways of dealing with them) in the way which was previously 

described in chapters 4 and 5. In order to illustrate the calculation system 

adopted for estimating the socio-economic cost of accidents involving 

hazardous materials, calculations have been made on the basis of the fictitious 

case study which is included as part of the project. The results of these calcu

lation examples are shown in chapter 8 below.

7.3 The cost of risk reduction measures

Apart from the previously described accident costs, the study also dealt with 

estimated costs for risk reduction measures such as the creation of protective 

zones and the construction of new roads/tracks. The cost of protective zones



has been estimated on the basis of market values for various types of property. 

The annual construction costs for railway tracks and roads are based on 

information from the Swedish Rail Administration and Road Administration 

respectively . A cost/effect analysis of these two types of measures was carried 

out in conjunction with the fictitious case study. The results of these analyses 

are described in section 8.5 below.



8 A FICTITIOUS CASE STUDY

The fictitious case study used to illustrate the calculation procedure in the 

analysis method produced as part of this project is presented in relevant detail 

in the final reports from each of the four sub-projects. In addition there is a 

separate description of the case study in its entirety which has been compiled 

by Fredén (1994b).

8.1 The fictitious transport scenario

The case study assumes two different transportation assignments in a fictitious 

environment featuring a variety of road and rail standards, different population 

and urbanisation densities and a variety of soil conditions (see the map in 

figure 1 on the next page). The calculation example assumes 100,000 tonnes 

of petrol and 10,000 tonnes of ammonia being transported from a loading site 

in the harbour in Ytterskär to a depot close to Kvarstad, a distance of about 

150 km (the distance varies depending on which transport route is chosen). 

For road and rail transportation there are three or two alternative transport 

routes respectively. Transportation is assumed to be evenly distributed during 

an entire year.

8.2 Accidents involving hazardous materials in road and 

rail transport

Each alternative transport route (for both road and ra il) has been divided into 

a number of different sections each featuring a homogenous road or rail 

standard. Each section of the road has been tagged with the road type, speed



limit, length, vehicular traffic per day, proportion of heavy-duty traffic, 

proportion of vehicles carrying hazardous materials and accident quotient. All 

these values are fictitious but have been selected so that they are within 

realistic limits.

For every section of road and rail, the expected number of accidents involving 

hazardous materials (divided into small, medium and large spills) on the basis 

of the fictitious transportation data, has been calculated in the way described 

in chapters 4 and 5 above. The total anticipated number of accidents involving 

hazardous materials in the course of these transportation assignments is 

obtained for each alternative transport route by adding together the various 

sections. Calculations of the anticipated number of spills of different sizes for 

the various sections of road and rail constitute input data for calculation of the 

expected accident consequences when carrying out these transportation 

assignments.



Figure 1. Map of road and rail network in the fictitious case study.



8.3 Consequence calculations

Expected accident consequences based on the various ways in which the 

fictitious transport assignments can be dealt with have been calculated separ

ately for personal injury and damage to property and the environment.

When calculating the expected human consequences, the transport route has 

been divided into sections related to various population densities. These areas 

may, but do not necessarily, coincide with the sub-sections mentioned in 

section 8.2. For each sub-area/sub-section, the expected consequences were 

calculated in the way described in chapter 6 above. (Helmersson, 1994, 

Appendix 1, uses examples to describe how the calculations are arrived at for 

other population densities than those given in the report, for areas with 

varying population densities and for inclusion of the various wind directions 

on total damage assessment. A type example is also used to show how the 

calculations are to be added for various sub-areas/sub-sections in order to 

obtain the total expected damage assessment).

In order to estimate the expected damage to property, a corresponding 

investigation/area sub-division has been made with regard to population, 

building density, building type and property type (gardens, agricultural fields 

etc) This sub-division forms a basis for calculation of an average property 

value along each sub-section. The scope of property damage was calculated on 

the basis of the anticipated extent of fire and explosion damage for the 

relevant material type.

An investigation and estimation of the percentage allocation of various land 

types along different sub-sections was used to calculate the expected environ

mental consequences. With due regard to the transported volume, the expected 

damage profile for water, soil and surface contamination was calculated (these



calculations are explained with the help of the type examples in Helmersson, 

1994, Appendix 1).

The calculated consequences of accidents involving hazardous materials on 

people, property and the environment, given the substances/transport 

method/transport route used in the fictitious case study, constituted the input 

data for the socio-economic analysis presented in the rest of this chapter.

8.4 Socio-economic costs of accidents involving hazard

ous materials

The expected socio-economic costs of accidents involving hazardous materials 

when carrying out the transportation assignments included in the fictitious 

case study were calculated on the basis of the evaluation data described in 

chapter 7. The costs which have been arrived at are as follows: for ammonia 

transportation approximately SEK 3 per 1,000 ton-km (varies somewhat 

depending on the type of transport route) in road transportation and less than 

SEK 0.10 per 1,000 ton-km for rail transport (complete train). Corresponding 

costs for petrol transportation are estimated at less than SEK 2 per 1,000 ton- 

km for rail transport and between SEK 5 and roughly 7 (depending on the 

choice transport route) per 1,000 ton-km for road transport.

For tanker transports there is also a presentation of the estimates of expected 

costs for accidents involving hazardous materials given representative annual 

transport flow patterns in the fictitious road network (not tied to the two 

specific transportation assignments in the calculation example). As regards 

ammonia there is a clear difference between roads in an urban environment 

and in the country (SEK 0.71 and 0.03 for every 10 km driven, respectively),



whereas the difference is less pronounced for petrol (SEK 1.52 and 1.04 for 

every 10 km driven, respectively). The lower costs for ammonia are explained 

by the fact that this substance, unlike petrol, is transported in pressurised 

tanks. In order to obtain an understanding of the extent to which hazardous 

materials can be expected to contribute to social costs for accidents in 

connection with hazardous material transportation by road, these figures can 

be compared with the expected traffic accident costs for trucks in general 

(irrespective of whether they transport hazardous materials or not) which has 

been estimated at SEK 7.10 for every 10 km driven).

The fact that the cost calculations are based on a fictitious case naturally imply 

that one should be careful to avoid over-interpreting the results of these 

studies. This applies in particular to the comparison between the expected 

accident costs for road and rail road transportation respectively since the 

expected number of accidents for each type of transport may show consi

derable variations in different real-life environments/transportation 

assignments. However, the preconditions for the fictitious case study have 

been assessed as being sufficiently realistic for the case study to provide an 

indication of the approximate size of the socio-economic costs of accidents 

involving hazardous materials.

8.5 Cost/effect analysis of risk reduction measures

Two examples of cost/effect analysis were produced as part of the fictitious 

case study. The first example relates to measures designed to create a protec

tive zone (15, 30 or 100 metres wide) along the railroad track on those sub

sections which enter urban environments; the aim is to reduce the anticipated 

accident consequences for railroad transportation of the quantity of ammonia 

which is specified in the case study. The second example relates to a newly



built road (total 125 km) to reduce the expected number of accidents and the 

consequences of an accident given the petrol transportation parameters which 

are specified in the case study (100,000 tons per year).

The analysis results show that given the conditions which apply in the case 

study, these measures (protective zone or road building respectively) cannot 

be motivated on the basis of saved costs for accidents involving hazardous 

materials when we use an ordinary traffic-based economic evaluation of 

personal injuries. As an example it can be mentioned that the annual cost for 

the latter measure has been estimated at approximately SEK 155 million, 

whereas the anticipated reduction in accident-related costs for transportation 

of 100,000 tons of petrol per year is no more than about SEK 30,000. Sensiti

vity analysis also indicates that it is unrealistic to visualise a case in which 

such huge amounts of hazardous materials are transported that these measures 

would be motivated on a socio-economic basis. Certain measures (for example 

newly built roads/road improvement/railroad improvements) may however 

have effects over and above those which are directly bound to transportation 

of hazardous materials (reduction in the number of "normal" traffic accidents, 

time-saving etc) which would affect their socio-economic profitability. (For 

the protective zone too there may be other motives than the expected reduction 

in accident cost in conjunction with the transportation of hazardous materials; 

compare with the commentary on page 23 above.) One should also be aware 

that in the choice between various transport routes, for example, even 

marginal changes in the risk profile may result in a different order of priority.



9 DISCUSSION AND CONCLUSIONS

This chapter discusses first of all why methods of the type resulting from this 

project should be used to analyse risks in connection with transportation of 

hazardous materials. Thereafter, there will be a discussion on some of the 

remaining questions which have not been completely highlighted within the 

framework of the project. Finally a few conclusions will be presented which 

must be regarded as no more than preliminary since the project results consist 

of an analysis method whose strengths and weaknesses cannot be completely 

known until the method has been adopted for practical use and implemen

tation in real life transportation assignments.

9.1 Viability of the risk analysis method

The previous chapters of this project summary state clearly that the risk analy

sis, at least as regards the transportation of hazardous materials, is not the 

most exact science which one might be inclined to believe at first glance. A 

lack of relevant data, the need to make assumptions and simplifications, 

difficulties in obtaining reliable information and more or less uncertain 

estimates which are sometimes based on each other over several stages, appear 

to be the rule rather than the exception. However, this situation is in no way 

unique to this project, the same difficulties have also been observed for 

example in studies which were referred to in the introductory chapter. Owing 

to these difficulties it is also possible that various risk analyses/risk analysts 

may sometimes arrive at mutually contradictory results owing to differences in 

assumptions, methods and/or input data.



If risk analyses are subject to all these problems and we therefore cannot 

expect them to give us the answers to all our questions regarding the risks 

associated with transportation of hazardous materials, then why should we 

spend so much time and money in using them? The answer to this question 

naturally requires that we examine how we would otherwise deal with the 

necessity of obtaining data regarding these risks. There are several reasons for 

preferring systematic risk analysis to other more informal/intuitive methods of 

handling the considerable — but far from comprehensive — body of data 

which is available regarding the risks associated with hazardous materials.

The use of risk analysis methods of the type employed in this project means 

that existing knowhow is compiled/structured/collected in a systematic way 

and that gaps in knowhow can be identified. This in turn means that the 

analysis parameters can be tested/questioned/adjusted by independent 

analysts/researchers/experts and that relevant research areas can be formu

lated. Systematically implemented and well-documented risk analysis thus 

create the foundation for knowhow growth.

Another and perhaps more important benefit of carrying out risk analysis is 

that the assumptions and evaluations which form the basis for various risk 

estimates are clarified. This means that it should be easier to avoid un

necessary misunderstandings in information/discussions/negotiations between 

decision-makers/haulage operators/the public. Risk analysis thus constitutes 

an important stage in the democratic process which surrounds the transporta

tion of hazardous materials in our society.



9.2 Remaining questions

All four sub-projects indicated various types of shortcomings in the database 

on which the estimates have been based. The intention is not to repeat here 

these shortcomings in the available knowhow, since they are already described 

in the various method sections in chapters 4-7 in this project summary. The 

fact that a reliable foundation for certain estimates has been lacking means in 

turn that the estimated values which are presented in the various sub-reports 

from this project cannot be regarded as entirely reliable in respect of the risks 

associated with the transportation of hazardous materials; instead, these 

estimates may possibly be needed to be changed as better and more reliable 

information becomes available. In point of fact, there have been several 

occasions during the course of this project in which previously made assump

tions and estimates had to be modified as new data became available.

Since the available accident statistics for roads and railroads differ on various 

vital points, it is not possible to compare the various estimates which have 

been made in the two sub-reports dealing with the probability of accidents 

involving hazardous materials (Fredén, 1994a; Nilsson, 1994) without observ

ing a certain degree of caution. For rail traffic, it has been possible to discern 

those accident types which can be expected to lead to accidents involving 

hazardous materials on a non-negligible scale, while road traffic accidents 

reported to the police (excluding accidents involving wild animals) also 

include events which should not have any consequences whatsoever for the 

hazardous materials. Furthermore, it is virtually impossible to determine the 

extent to which reporting has so far taken place of vehicles involved in road 

traffic accidents which have been transporting and/or been intended for the 

transport of hazardous materials (compare section 5.1 above). One of the 

results of this is that the calculation examples in the fictitious case study must 

be interpreted with considerable caution and should by no means be regarded



as a basis for assuming general differences in risk levels between road and rail 

transportation of hazardous materials.

The significance of tanker wall thickness is another important question which 

has not been possible to highlight sufficiently within the framework of this 

project. Further examples of questions which require additional investigation 

are the probability of damage to water sources, the cost of emergency rescue 

efforts in accidents involving hazardous materials and identification of non- 

built-up zones which for various reasons are today found along roads/railroads 

on which hazardous materials are transported.

The assessment and handling of risks in the transportation of hazardous 

materials are more than just a question of access to data and methods of 

producing reliable estimates of accident probabilities, accident consequences 

and socio-economic costs. This risk assessment and risk handling processes 

also deal to a certain extent with estimates and assumptions which by nature 

are political rather than scientific. This means that certain aspects of the risk 

analysis method produced in this project and described in this report are far 

from non-controversial.

One example of just such a characteristic of this analysis method is that the 

loss of one human life is considered to bring about the same cost irrespective 

of how many other people lose their lives during the same accident. In many 

contexts a form of progressive risk evaluation is used whereby the cost per 

fatality becomes higher the greater the number of simultaneous fatalities. This 

principal is used officially in countries such as the Netherlands but since we in 

Sweden, at least at present, do not have any generally accepted regulation in 

this regard, it has not been included in the analysis method produced in this 

report. It is a fairly simple procedure to modify the method so that it includes a 

progressive risk evaluation if this should be considered desirable.



Another question of considerable significance to the analysis result and the 

conclusions/decisions which may be based on it, is whether the cost compo

nents which are included in the analysis method presented here are sufficient 

to identify all the relevant aspects of the risks involved in the transportation of 

hazardous materials. One may ask, for example, if it is sufficient to calculate 

costs for anticipated actual human injury/damage to property or the environ

ment, or whether one should take into consideration, and try to attach a price 

tag to, the subjective concern which the handling/transportation of hazardous 

materials may give rise to among people who live or work near 

terminals/transport routes. One can also ask if the analysis should in some way 

take into consideration the fact that the risks of transporting hazardous 

materials tend to be unevenly distributed between the population (primarily 

depending on the site of the housing/workplace) to a greater extent than risks 

in connection with for example road traffic, additives in food stuffs or 

depletion of the ozone layer. The fact that those who are subjected to risks 

generally have extremely limited possibilities of influencing these risks 

themselves may also be needed to be taken into consideration in the assess

ment of various types of accident consequences. Measuring and attaching a 

price tag to this type of less tangible factor is naturally very difficult and this 

project's brief did not include this. In principle, however, it is possible to 

include this type of factor in the analysis method produced by this project.

The list of remaining questions can without doubt be made far longer but the 

above examples should be sufficient to further underline the fact that risk 

analysis cannot be expected to result in eternal truths. Methods of risk analysis 

should rather be regarded as imperfect but none the less usable tools which 

can be used at a given point in time to obtain the best possible result (given the 

relevant knowhow situation) for handling of risks.



9.3 A few preliminary conclusions

The method developed in this project for analysing risks in conjunction with 

the transportation of hazardous materials constitutes a unique effort in that it is 

a) based on Swedish conditions, b) applicable to specific transportation 

assignments and c) encompasses the entire chain from "normal" road traffic 

accidents/railroad accidents, via accidents involving hazardous materials and 

their consequences, to a calculation of the socio-economic accident costs 

(special costs) which can be expected to arise as a consequence of these 

hazardous materials.

It should be pointed out once more that the project's brief was not to prove the 

existence o f any possible general differences in risk level between road and 

railroad transportation o f hazardous materials. However, for a specific 

transportation assignment, such differences may be seen but they need to be 

identified in each and every single case in the manner exemplified in the 

fictitious case study presented in this project. It should be noted that the same 

attitude to general comparisons between risks relating to road and railroad 

transportation of hazardous materials respectively has been adopted in other 

studies as well (for example in Great Britain, Purdy, 1993).

Factors which are particularly important to estimation o f the anticipated 

accident consequences/accident costs have been identified as a result of this 

project. This includes for example the cost of emergency rescue services, 

sanitation and lost income, since the probability of such costs arising, given 

that an accident involving hazardous materials occurs, is considerable. 

Furthermore the results are very sensitive to the probability profile with regard 

to small, medium and large spills and the size of the figure used for evaluation 

of risk reduction (personal injury/fatality). At the same time, it is difficult to 

estimate the probability o f accident scenarios involving major spills since the



empirical data for such estimates is very unreliable. Sensitivity analysis may 

therefore be necessary as regards the probability of these scenarios, as well in- 

depth studies of sequence of events and the consequences of this type of 

accident.

Clear-cut differences have been noticed between the various substances 

studied in this project. Ammonia and LPG accidents are expected to have 

considerably more serious consequences than accidents involving the other 

substances studied here.

Even if the results of the fictitious calculation example must be interpreted 

with considerable care and caution, these results indicate that the expected 

socio-economic special costs of accidents involving hazardous materials are 

relatively small in comparison with the cost associated with "normal" traffic 

accidents. They indicate also that expensive risk-reduction measures may in 

certain cases be difficult to motivate on the basis of socio-economic argument

ation alone. However, both these conclusions are dependent on how the 

questions discussed in section 9.2 above (possible progressive risk evaluation, 

evaluation of human concern etc) are handled.

In conclusion one can establish that the risk profile for transportation of 

hazardous materials is extremely complicated and that there are still several 

gaps in our knowledge of these risks, both as regards the probability of acci

dents involving hazardous materials and their consequences. Even if this were 

not the case, that is to say if we had complete and accurate knowledge in these 

matters, we would not necessarily know how to handle the risks in a manner 

which is acceptable to all those concerned. The subject is complicated further 

by the fact that the risk profile cannot be expected to remain constant. Instead 

it is likely to change in pace with development and the use of various chemical 

substances, changes in vehicle design and infrastructure etc. It is our hope that



the analysis method produced for this project can be seen to be a usable and 

flexible instrument which can be used to keep pace with this development and 

in the long term provide a better decision-making basis for the handling of 

risks in the transportation of those hazardous materials which are so essential 

to the functioning of our society.
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