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ABSTRACT

A safety analysis has been conducted for the transports of non-heat-generating (low-
to medium-level) radioactive waste to the planned final repository KONRAD. The
safety analysis has two main objectives:

1) Assessment of potential radiation exposures from normal (incident-free)
transportation, especially in the region of the final repository where all waste
transports converge.

2) Assessment of risks from transport accidents in the region of the final repository,
i.e., the quantification of the frequency of accidents and of possibly resulting
radiation exposures and contamination levels.

For the purpose of the study the anticipated waste transport volume and the waste
properties were analysed in detail. This included information on the transport
containers, waste product properties, activity inventories and local dose rates of the
waste packages being transported. The envisaged practical impiementation, i.e. the
transport arrangements including shunting operations at the Braunschweig
marshalling yard and the Beddingen interchange station, were also included.

Two shipping scenarios, which could be considered to bound the real conditions, were
analyzed:

- 100 % transportation by rail

- 80 % transportation by rail, 20 % by road

The relevant transport regulations contain the requirements to be met by the transport
of shipping units carrying radioactive waste. In addition, the "KONRAD preliminary
waste acceptance criteria” contain activity limits for waste packages being disposed of
in conjunction with further requirements relating to the properties of waste products
and waste containers. These regulations and acceptance criteria represent the
framework of the safety requirements for the waste packages. However, they do not
provide any information on the type, quantity and properties of the radioactive waste
actually produced and requiring disposal. Consequently, the availability of an
extensive and detailed waste data survey of the Federal Office for Radiation



Protection (BfS) was of fundamental importance to the safety analysis. Completed in
summer 1990, a nation-wide survey was conducted with the aim of obtaining
comprehensive data on the radioactive waste produced and to be anticipated in the
foreseeable future in the Federal Republic of Germany (not including the five new
federal states). These data refer in particular to the activity contents of waste
packages and the local dose rates derived from these. Overall, the waste volume is
characterized by 217 reference waste types and the related average annual quantity
produced.

On the basis of the surveys and analyses conducted annually by BfS with respect to
the existing waste volume, the additional new waste produced and the expected
waste volume for the immediate future, the final repository KONRAD will probably be
operated on a single-shift basis. This would result in the transportation of about 3,400
shipping units annually.

If it is assumed that radioactive waste from the five new federal states will also be
delivered to the KONRAD waste disposal site when it is in operation, such a
supposition is not expected to significantly influence the results of the present study:

- The current waste volume is comparatively small. Based on many years' data,
approximately 200 shipping units were transported per year to the Morsleben
waste repository formely operated in the GDR.

- The activity contents and concentrations of the remaining waste can reasonably
be expected to be on a scale similar to that of the waste occurring in the Federal
Republic of Germany before the accession of the GDR, and at any rate must
satisfy the waste acceptance requirements of the KONRAD waste repository.

Radiation Exposure from Normal Transport

The total annual radiation dose received by an individual as a result of waste
transports passing by or halting in its vicinity is derived from the local dose rate at
each location and the cumulative period of time spent by individuals at these locations
during a period of one year. In this context, the study concentrated on exposure
situations in which groups of persons are particularly exposed to the radiation field of
the waste packages as a result of their living habits or their occupation. This
corresponds to the normal procedure adopted in radiological protection in order to
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determine the potential doses to “critical groups of individuals". For persons who do

not belong to the "critical group", the radiation exposure caused by the waste

transport can generally be expected to be lower, and in most cases much lower, than
for those in the critical group.

General population

The doses determined for critical group individuals of the population in the region of
the final repository range approximately from 0,02 to 0,1 mSv/a. To a large extent,
doses are in the lower range of 0,02 mSv. This is either because on an average only
short periods of time are spent in the immediate vicinity of the waste transports, since
the vehicles generally pass by or halt only for a short time, or because of the larger
distances between the individual and the waste transports. Less favourable conditions
with respect to duration of exposure and spatial distance can lead to radiation
exposures above 0.02 mSv. The highest exposure conditions were determined for
residents of buildings directly adjacent to the Braunschweig marshalling yard in the
Alte Salzdahlumer Strasse area. They are relatively close to goods trains with waste
wagons parked on tracks in the reception sidings; the longer standing times inevitably
lead to longer periods of exposure. These circumstances represent an exceptional
local situation which exists only here and not at any other locations either in the
Braunschweig marshalling yard or in the region of the final repository. In the case of
the 80 % rail/20 % road transportation scenario, the effective doses are up to 0.1
mSv/a for the critical group in the Alte Salzdahlumer Strasse area. In the extreme
case of 100 % rail transport and assuming that all regular goods trains are routed via
the Braunschweig marshalling yard, the annual radiation exposure of this group of
persons can reach values of up to 0,2 mSv/a.

The potential radiation exposure of critical groups of persons in the population as a
result of waste transports is well below the value of 1 mSv/a recommended by the
IAEA transport regulations. To permit a clearer understanding of the significance of
the annual radiation doses determined for the critical groups of persons, they can be
compared to natural radiation exposure applicable to all persons. In the Federal
Republic of Germany this has an average value of about 2 mSv/a, although the

exposure varies in a wide range dependent on the place of residence and other
personal circumstances. The additional radiation exposure of the critical groups of



persons as a result of the waste transports is equivalent at the most to a small fraction
of natural radiation exposure. The radiation exposure of these groups of persons, and
consequently even more significantly of those inhabitants of the region around the
final repository who do not belong to the relatively few individuals of the critical
groups, remains practically unchanged by the waste transports.

Transport and handling personnel

Considering the persons who are occupationally involved with waste transportation,
that is employees of the Federal German Railways and Verkehrsbetriebe
Peine-Salzgitter, the dispatch and marshalling personnel at the Braunschweig
marshalling yard and Beddingen interchange station, who are primarily involved in
shunting and dispatching the waste wagons must be regarded as the critical group of
persons. Depending on their functions, maximum doses of approximately 0,3 - 0,7
mSv/a are obtained for the small number of persons making up this group. For the
other marshalling personnel, doses are significantly lower.

The radiation exposure of the dispatch and marshalling personnel involved in the
waste transportation is in a dose range that has also been observed in some cases in
other railway areas with a high volume of radioactive consignments. The values
determined are significantly below the dose limit of 5 mSv/a applicable to this group of
persons.

Transport Accident Risk

The risk of transport accidents is determined by the frequency of accidents leading to
a release of radioactive substances and the potential radiological consequences, such
as radiation exposure of persons and contamination of the biosphere. To assess the
risk associated with transport accidents, the region in the proximity of the final
repository KONRAD is considered and this is defined as the area within a
radius of 25 km around the installation. This region, for which the accident risk
of the entire waste transport is calculated, is chosen since it covers all waste
transports converging in the vicinity of the final repository and the rail and road
transport routes representative for this region. This includes the Braunschweig



marshalling yard, through which a large proportion of the waste transport is expected
to be routed.

The frequency and magnitude of the radiological consequences for the waste
transport volume depends on several parameters including especially:

- the frequencies with which accident loads affect waste packages,

- the properties of the waste containers and the waste product contained which
determine the release behaviour,

- the content of radioactive substances (activity inventory),

- the frequency of occurrence of different atmospheric dispersion conditions; these
can influence the airborne and deposited contaminant concentrations and thus, to
a large extent, the radiological consequences.

To take these parameters into account, possible accident loads of transport vehicles
and transport containers were divided into 9 severity categories; the associated
relative probabilities of occurrence were determined by evaluating accident statistics
for railway goods traffic, heavy goods vehicle traffic and the Braunschweig marshalling
yard. Because of the wide ranging differences in the behaviour of the various
container types (concrete, cast iron and steel plate containers) and, where applicable,
of the different waste products (e.g. cement/concrete, bitumen), under accident loads,
the transport volume was broken down into various waste container groups. For this
classification, the release behaviour is the deciding criterion. The fraction of the
activity inventory assumed to be released from waste containers was then determined
for each of the pre-defined severity categories and waste container groups. The
activity inventory of shipping units affected by an accident then determines the
released activities of individual radionuclides, the source term.

The potential radiological accidental consequences, such as radiation exposure of
persons and contamination of soil and vegetation, are calculated using the UFOMOD
accident consequence program.

In calculating radiation exposure, the following exposure paths are taken into

account:



- cloudshine

- groundshine (70 yrs)

- inhalation (intake of activity with respiratory air)
- ingestion (intake of activity with food , 70 yrs)

- resuspension (reentry of radionuclides deposited on the ground into the air) with
subsequent inhalation (70 yrs)

The calculations take into account the relative frequency of the atmospheric
dispersion conditions in the region of the final repository. For this, the weather data of
the German Meteorological Service (DWD), Offenbach, collected at the
Braunschweig-Volkenrode weather station, situated north-west of the Braunschweig
municipal area, were available.

An accident simulation program was used in order to cover the spectrum of possible
accident sequences including the releases of radioactive substances and the
anticipated frequency of the events. This program considers the transport volume
under investigation (217 types of réference waste and their relative frequency),
different transport constellations, such as the number of waste wagons in the goods
train and their consignment, and possible accident loads (9 severity categories).
Based on this, a large number of source terms is generated, which are representative
of the possible releases of radionuclides caused by accidents. The program
simultaneously records the frequency of occurrence of such releases.

In a further step the large number of generated source terms are ranked by increasing
radiological importance and then subdivided into 10 source term groups. By taking
into account the conditional probabilities of the individual source terms belonging to a
source term group a representative weighted source term - a so-called release
category - is determined for each source term group. These release categories are
representative with respect to the radionuclide composition and the released activities
of individua! radionuclides for calculating the radiological consequences. Ten such
release categories each have been generated by the simulation program for
accidents during transportation by goods train, by truck, and in the
Braunschweig marshalling yard. In each case 5 release categories are
representative for accidents with purely mechanical impact on shipping units,
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and 5 release categories for accidents with mechanical impact and subsequent fire.
The frequency of occurrence has been determined for each of these release
categories. With respect to the waste transports for one year, this is the probability
with which releases caused by accidents, which are represented by a release
category, can be expected in the region of the final repository.

In conducting the analysis of the accident risk, the model parameter values were
generally specified in a conservative manner. This refers in particular to the definition
of the severity categories, the assignment of accident events to severity categories,
and the derivation of the frequency with which accidents in a specific load category
occur. The combination of these conservative assumptions in the context of the
accident risk analysis results in the clear overestimation of both the estimated
frequencies of accidents as well as, to a large extent, the amount of acitivity release
(source term).

The results of the probabilistic risk analysis of transport accidents in the region of the
final repository are expressed as cumulative complementary frequency distributions
for three transport operations:

- waste transport exclusively with goods trains (100 % rail)

- waste transport partly with goods trains and partly with trucks (80 % rail/20 %
road) and

- at the Braunschweig marshalling yard.

The frequency distributions are obtained by superimposing the results of each of the
ten release categories. The frequency distribution thus obtained represent the
frequencies of occurrence of the release categories resulting from transport accidents
within the 25 km radius.

The frequencies of specific radiological consequences in the region of the final
repository as a result of transport accidents can be obtained from the complementary
frequency distribution curves. In this context, the radiological consequences are
represented in different ways:

- as radiation exposure in the form of effective doses in the immediate vicinity of an
accident location in the direction of dispersion of the contaminant
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- as Cs 137-equivalent soil contamination. This is to enable a comparison with the
Cs 137-fallout in the Federal Republic of Germany as a result of nuclear weapons
testing and the reactor accident in Chernobyl.

In calculating the potential radiation exposure levels, it is assumed that no
countermeasures are taken at distances beyond 250 m from the accident location;
this is especially with respect to the post-accident removal of radioactive substances
deposited on vegetation and other surfaces or other measures to reduce possible
radiation exposure. However, for illustrative purposes, separate calculations were
carried out for shorter distances and for a distance of 250 m from the accident location
in which only the potential radiation exposure through inhalation is determined. This
permits a comparison for obtaining the contribution of the long-term exposure paths
groundshine, ingestion and resuspension to the total dose. This indicates the extent to
which post-accident measures can contribute to reducing radiation exposure.

The cumulative complementary frequency distribution curves show the expected
frequencies of radiological consequences from transport accidents in the region of the
final repository. The expected frequencies are for the area around the final repository
within a radius of 25 km, that is, the frequencies per year of such events anywhere
within this area.

CONCLUSIONS

The results of the transport risk analysis can be summarized as follows:

- ltis unlikely that transport accidents with a release of radioactive substances will
occur in the region of the final repository during the operating period of
approximately 40 years.

- Because of the lower accident risk of transports by rail as compared to road, the
envisaged high fraction of rail transport of the entire transport volume has a
beneficial effect.

- In case of an accident with release of radioactive substances, the potential
radiological consequences decrease rapidly with distance; starting from around
250 m by a factor of 10 up to about 1,200 m and a further factor of 10 at a
distance of about 6,200 m.
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- The releases associated with accidents are frequently so small that the potential
radiation exposure even without countermeasures is below the natural radiation
exposure for one year, at a distance of about 250 m from the accident location,
this is true for 9 out of 10 accidents with goods trains and 19 out of 20 accidents
with trucks.

- With the hypothetical assumption of a continuous operation of the repository, a
potential effective dose of 50 mSv without countermeasures would result on an
average once every 500 000 years at a distance of 250 m in the direction of
atmospheric dispersion for the scenario 100 % rail transport and once every
400,000 years for the scenario 80 % rail/20 % road. 50 mSv corresponds to the
design guideline exposure of § 28 Para. 3 of the German Radiological Protection
Ordinance and the annual dose limit for persons occupationally exposed to
radiation.

- The expected frequencies of corresponding accident consequences are
considerably lower for the Braunschweig marshalling yard.

The above-mentioned frequencies of possible accident consequences are the result
of the transport risk analysis. It should be noted in this context that these values are
definitely overestimated because of the interaction of conservative assumptions made
in the framework of the analysis. It can thus be concluded that the waste transports do
not pose any major additional risk to the region of the repository. The individual risk
from a transport accident for a person living close to a transport route is even smaller.
The reasons for this include:

- An accident would have to occur within the vicinity of the place in which an
individual is located. Even if the route concemed is a stretch on which accidents
are more likely to occur, the likelihood of an accident is clearly lower than for the
entire region around the repository.

- In general not all transports will be routed via this section of the route, since
altemnative transport routes are available.

- To be affected, the person would have to be situated in the direction of
atmospheric dispersion from the accident site, the probability of which is also
lower.



Overall, the results of the transport study show that no major associated risks would
~ result from the converging waste transports destined for the final repository KONRAD
for the region around the site. This applies to both nommal transport and transport
accidents.
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1 Principles and Objectives

Like all activities in our civilized world the transportation of radioactive waste on public
routes or routes to which the public has access (e.g. rail/road) entails some elements
of risk - nuclear and nonnuclear - for man and his environment. The risks involved in
waste transportation comprise the radiation exposure of the population and transpont
personnel from nomal, accident-free transportation, as well as from possible transpor-
tation or handling accidents with the potential of causing radiation exposure of people
and contamination of the surrounding area.

The Federal Minister for the Environment, Nature Conservation and Reactor Safety
(BMU), Bonn, commissioned the Gesellschaft fir Reaktorsicherheit (GRS) mbH, Colo-
gne, to conduct a study that examines this situation more closely. Its objective is to
quantify the type and extent of the risks associated with waste transportation to the
KONRAD waste disposal site. The KONRAD site is a disused iron ore mine within the
city boundaries of Salzgitter in the south of Lower Saxony designated for the disposal
of waste with negligible heat generation. independent of the plant-specific licencing
procedure for the Konrad waste repository, the present study is intended to make a
further contribution to the safety evaluation of the entire subject area.

In addition, however, the study is prompted by public concern expressed in the region
of the waste disposal site indicating that the anticipated waste transportation constitu-
tes an undue risk of personal safety and therefore a potential danger for man and his
environment. In this respect the present study also represents an attempt to establish
a sound scientific basis for the public debate on the problems of transportation, in par-
ticular in the region of the KONRAD waste repository.

The transport of waste to the disposal site is subject to regulations on the transporta-
tion of dangerous goods, in particular as stipulated in the Directive on the Transporta-
tion of Dangerous Goods by Road (GGVS) /GGS 90/ and the Directive on the Trans-
portation of Dangerous Goods by Rail (GGVE) /GGE 85/. The transport regulations
provide for the properties of different types of dangerous goods by distinguishing bet-
ween various hazard categories. The provisions governing the transportation of ra-
dioactive materials (Hazard Category 7) are based on the "Regulations for the Safe
Transport of Radioactive Material" published and continuously updated by the Interna-
tional Atomic Energy Agency (IAEA) /IAE 85/. The regulations embody the require-



ments which transports of consignments containing radioactive material must satisfy.
As far as the packaging requirements are concemed a graduated safety system ap-
plies; the requirements packagings must satisfy become more stringent as the activity
content increases along with other properties of the radioactive material relevant for a
possible release and culminate in Type B packages which must be capable of with-
standing extreme mechanical or fire-related accidental forces.

The conduct of a safety analysis considering the potential radiological consequences
from normal transportation and for potential accidents for a specific transport volume,
albeit one that is perhaps only anticipated for the future, satisfies the recommenda-
tions of IAEA transport regulations /IAE 85/. According to § 203, the competent autho-
rity is required to have periodic assessments carried out in order to determine the ra-
diation exposure to which transport personne! and the population could be subject to
as a result of the transportation of radioactive materials and, in particular, also to inve-
stigate whether the necessary measures have been taken to ensure by appropriate
means that radiation exposure is kept as low as reasonably achievable. A feature that
distinguishes waste transports to the planned KONRAD waste disposal site is that the
transports are concentrating in the region of the waste disposal site. The study must
therefore investigate whether a significant additional risk could arise in this region for
the population or transport personnel from normal transportation or from accidents.
Consequently, the present transport study focuses on potential consequences within
a radius of 25 km of the waste disposal site.

The report starts by presenting the general procedure and the database. The methods
applied are described in greater detail in Appendices (separate Volume) in order to
explain the basic ideas for the study. The following questions relating to the transpor-
tation of waste are of particular interest for the study and are examined in depth:

1. What types and quantities of radioactive waste are provided for transportation?

2. What are the radiologically relevant characteristics of the waste packages, i.e. the
radioactive inventory and the local dose rate?

3. Which conveyances are used and on which routes?

4. How great is the additional traffic volume?



5. What is the type and extent of the potential radiological consequences from nor-
mal (accident-free) transportation?

6. What is the type and extent of the potential radiological consequences in the
event of transportation accidents, and at which frequency do such accidents oc-
cur?

The basic results of the study are presented as potential radiation doses expressed
as effective dose (weighted whole-body dose). Radiation exposures arising from nor-
mal transportation are stated as individual doses and collective doses. Individual do-
ses refer to groups of people who may specifically affected by waste transportation as
a result either of their circumstances or their profession. Natural radiation exposure
and the dose levels embodied in the transport regulations are applied as comparative
variables. Collective doses state the total radiation doses for a population of people,
e.g. residents along transport routes or transport personnel. The natural radiation ex-
posure of the population under examination is taken as the comparative variable.

The findings on the accident risk are represented in graphs where potential radiation
exposure is plotted versus the anticipated frequencies of occurrence. The graphs
show the relationship between potential radiation dose as the result of an accident
and the frequency with which such effects can be anticipated for the waste transport
volume under consideration. The natural radiation exposure and an effective dose of
50 mSv are used for comparison. 50 mSv corresponds to the dose level specified in
§ 28, Sect. 3 of the Radiation Protection Ordinance for nuclear power stations and
other installations which are subject to the licencing procedure according to § 7 of the
German Atomic Energy Law (AtG) and the dose limit per calendar year for persons
occupationally exposed to radiation.

2 Description of Methods

The subject of investigation of this study encompasses the determination of potential
radiological consequences from normal (accident-free) waste transportation and the
transport accident risk.



The present investigation is based on the developmental stage as of autumn 1990 of
the planning and licencing documents for the KONRAD repository. This applies in par-
ticular to:

- the intended waste and transport containers
- the local dose rates and radioactivity inventories of the waste packages

- planned sequence of the storage operations.

The conditions and arrangements for a typical transportation operation from the custo-
mer to the waste disposal site were determined and prescribed in close cooperation
with relevant transport enterprises and other companies. These include specifically
the German Federal Railways (Deutsche Bundesbahn - DB) and the Verkehrsbetriebe
Peine-Salzgitter (VPS).

For the purpose of the study it was assumed that all the relevant regulations gover-
ning the transportation of radioactive materials apply without restriction and are com-
plied with. This refers specifically to the local dose rates for the packages stipulated in
the Directive on the Transportation of Dangerous Goods by Rail (GGVE) and the Di-
rective on the Transportation of Dangerous Goods by Road (GGVS) as well as the
provisions applicable for the general public and the transport personnel.

21 Normal Transportation Operations

The radiation exposure associated with normal, accident-free transportation can be at-
tributed to the fact that people who find themselves regularly or by chance in the di-
rect vicinity of passing or stationary vehicles carrying waste, or who are professionally
required to work with such, e.g. marshalling personnel, may be exposed to the field of
radiation emanating from the waste containers. Assessment of potential exposure si-
tuation (e.g. duration, type and magnitude of the radiation field) and the determina-
tion of the resultant radiation exposure - whether in the form of individual or collective
doses - is one of the central objectives of the present investigation. The annual radia-
tion dose of individuals is then derived from the local dose rate at the places where
the people receive exposure and the total time they spend in these places in the cour-
se of a year.



As regards estimating the individual dose note that the most relevant of the large
number of possible exposure situations are those in which individuals or groups of
people receive especially high exposure from the radiation field of the waste packages
owing to their circumstances or profession. In this respect the study concentrates on
estimating the potential doses of these individuals or groups of people who are also
described as "critical groups". This is consistent with a procedure widely used in radia-
tion protection. Individuals not belonging to the critical groups can thus be expected to
be exposed less, or generally very much less, to radiation as a result of waste trans-
portation than those in the critical group.

2.2 Transport Accidents

Analyses of transport accidents or transport risks are generally conducted with the ob-
jective of quantifying accident situations as regards their course of action, consequen-
ces and probability of occurrence. In doing so, accident sequences must also be inclu-
ded in which the mechanical and/or thermal impact limits of the transport packages
envisaged by the design are exceeded and a package failure may result.

The requirements which must be satisfied by the container design, the form taken by
the radioactive materials it contains and the permitted activity content are defined in
the following regulations:

- The transport regulations /GGS 90, GGE 85/ based on the IAEA Regulations for
the Safe Transport of Radioactive Material /IAE 85/

- The "Provisional Waste Acceptance Requirements" /BFS 90/ derived from the sa-
fety analyses for the planned KONRAD waste repository.

The waste packages must satisfy both these stipulations which, despite certain diffe-
rences in the requirements derived from the theoretical models are based on a com-
parable safety concept: Possible radiological impact should be avoided or minimized
also in the event of transport accidents involving severe impacts or incidents at the
waste disposal site. To make this possible, the permitted activity content of transport
containers is limited depending on the container properties and the form which the ra-
dioactive substances take. Vital importance is attached in this connection to minimi-
zing possible releases of radioactive substances in the event of mechanical or thermal
(fire) loads. Thus the permitted activity contents of waste in bituminized form are



clearly lower than for waste encapsulated in cement/concrete because of the greater
release in the event of fire. On the other hand, the different release behaviour can be
offset by transport packages with sufficiently high load resistance.

The analyses of the accident risk take the following into account:
- The anticipated waste transport volume to the KONRAD waste disposal site

- The different properties of the transport packages, the form of waste product,
(waste product properties), and the different activity contents

- The spectrum of possible mechanical and/or thermal accident loads
- The resultant range of accidental releases (source term)

- The spectrum of resultant potential radiation exposures taking different atmosphe-
ric dispersion conditions into account

- The frequency with which accidents and their associated radiological consequen-
ces (radiation exposure, contamination) can be anticipated

A component part of the method used is to include even very rare accident loads and
to quantify the associated possible radiological consequences and frequency of oc-
currence of such events.

The method used is generally known as a probabilistic risk analysis and is distinguis-
hed by the fact that not only the extent of damage, for example, is stated as an as-
sessment and evaluation criterion, but also its probability of occurrence. It is important
when presenting the accident risk results that both quantities are considered simulta-

neously.

Modelling of complex accidental sequences requires the introduction of simplifying as-
sumptions and categorization of accidents and incidents. The present transport risk
analysis is based practically throughout on stipulations and assumptions that err on
the safe side and therefore leads to a clear overestimation of the risk of possible tran-
sport accidents. This statement is backed up in the following chapters.

The principal components of the analysis of radiation exposure attributable to normal
transportation and of the accident risk are represented in schematic form in Figure
2.1. The individual steps are described in greater detail below.
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Figure 2.1: Schematic Representation of the Method for Determining the Potential
Radiological Consequences from Radioactive Waste Transportation



3 Type and Quantity of Radioactive Waste Destined for
Disposal

According to the current planning status, radioactive waste with negligible heat gene-
ration is destined for storage in the KONRAD waste repository in accordance with the
"Provisional Waste Acceptance Requirements /BFS 90/. Waste of this kind occurs in
the nuclear fuel cycle, research, medicine and technology. In its original state, the pri-
mary wastes of this type have various forms, such as:

Liquids, concentrates, sludges

lon exchange resins

- Compressible and/or combustible solids

- Incompressible solids, e.g. structural material components
- Filters, filter candles

- Other types of waste

The radioactive waste is appropriately conditioned and packaged before transporta-
tion to the waste disposal site. To meet the basic requirements specified in the Waste
Acceptance Requirements, primary waste must be solidified, whereby the most com-
mon solidifying agents are cement and concrete although bitumen and plastics are al-
so used. Waste products in decomposing, fermenting or liquid form or which contain a
significant fraction in such states are not accepted for disposal.

To ensure compliance with the requirements set for in the Waste Acceptance Require-
ments, the radioactive waste is subject to inspections as part of quality assurance pro-
cedures applied prior to being delivered to the waste disposal site.

Depending on the waste product properties, the radioactive waste is divided into six
waste form groups:

Group 01: e.g. Bitumen and plastic waste
Group 02: e.g. Solids

Group 03: e.g. Metal solids

Group 04: e.g. Compacted wastes



Group 05: e.g. Cemented/concreted waste
Group 06: e.g. Concentrates in solid form

This breakdown is of particular importance in conjunction with the release behaviour in
the event of incidents and accidents.

3.1 Database

The "KONRAD Provisional Waste Acceptance Requirements" contain activity limits for
waste packages destined for disposal in conjunction with other requirements concer-
ning the properties of the waste forms and waste containers. They represent the
safety-related framework that must not be exceeded by the waste packages. How-
ever, they do not permit any conclusions as to the nature, quantity and properties of
the radioactive waste actually occurring in the various sectors and provided for dispo-
sal. The extensive and detailed survey conducted by the Federal Office for Radiation
Protection (BfS) for design and planning purposes over the recent years at potential
producers and consignors of waste in the Federal Republic of Germany is of funda-
mental importance and has been completed in summer 1990. GRS was granted ac-
cess to these data for the purpose of the present transport study. As part of waste
survey waste originators had to characterize the waste packages destined for delivery
to a waste disposal site, that is to say they had to indicate the waste properties with
relevance for disposal and necessary for planning purposes. According to the instruc-
tions of the Federal Weights and Measures Office (PTB) and Federal Office for Radia-
tion Protection (BfS), the data required were to represent upper bound data to allow
for even unfavourable operating conditions or changes caused by the age of a nu-
clear facility, for instance. To enable the waste data to be summarized comprehensi-
vely a categorization model was devised on the basis of the following characteristics:

Originator

Container type

Immobilization and

Type of waste

This model was used to ensure that the waste package data were registered systema-
tically and applied to categorize the radioactive waste occurring or anticipated to occur



in the Federal Republic of Germany in the foreseeable future, including the radioactive
waste from reprocessing of spent fuel elements of German nuclear power stations
that has to be accepted back from other European countries. Each waste flow is de-
scribed in detail in a waste data sheet.

In detail, the spectrum of radioactive waste classified as non-heat-generating waste
according to the waste survey, and suitable for disposal in the KONRAD waste reposi-
tory, was subdivided into 217 reference waste types, with each reference waste type
representing a certain waste form and its specific packaging. The foliowing information
is generally available for each reference waste type:

- Origin/originator

- Type of waste

- Conditioning-/immobilization type

- Type of packaging

- Radioactivity, type and quantity

- Local dose rate of the waste package
- Mean annual volume of waste

The essential characteristics of the waste data that are relevant for transportation are
outlined in brief below.

3.2 Waste and Transport Container Types

A prerequisite for the handling and storage operations is the availability of a system of
waste and transport containers matching to the technical safety and operating require-
ments of the waste repository. There are three main container designs:

- Cylindrical concrete containers
- Cylindrical cast iron containers

- Cubical containers (sheet steel, cast iron, concrete)
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Without exception, these are non-recyclable waste containers with varying designs, si-
zes, wall thicknesses and weights. Typical examples of the different container types
are illustrated in Figure 3.1 a-c.

Cylindrical concrete containers comprise a steel-reinforced concrete structure made
from standard or heavy weight concrete, into which a drum filled with radioactive wa-
ste e.g. a 200 | or 400 | sheet metal drum is generally placed. The remaining annular
gap and the top area of the container are sealed by concrete.

The cylindrical cast iron containers are thick-walled receptacles made of cast iron
which are also used to package radioactive waste that has not been immobilized and
is comparatively highly active; the wall thickness and shielding are tailored to suit the
waste form concemed. These containers are sealed with a cover made from the same
material, which is either screwed or welded to the body of the container.

Cubical containers are manufactured from sheet steel of at least 3 mm thickness, rein-
forced concrete or cast iron. They are primarily used to hold 200 | or 400 | drums or
contaminated structural elements and components from nuclear installations that have
been decommissioned. The largest cubical containers, such as Type V container, are
designed to accommodate up to 28 x 200 | drums or 14 x 400 | drums. The cubical
containers are sealed with a cover made from the same material, which is either scre-
wed on or locked by means of tie rods. The weight of a waste container must not ex-
ceed 20 Mg (metric tons).

Table 3.1 gives an overview of the dimensions and weights of the standardized waste
and transport container types. The safety requirements they must satisfy are embo-
died in the "Provisional Waste Acceptance Requirements" /BFS 90/.

11



Figure 3.1b: Cylindrical Cast Iron Container (Type I1)
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Figure 3.1c: Sheet Steel Cubical Container (Type V) and Drum Manipulator
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Table 3.1: Standardized Container Types (Storage Container Classes) for Packaging
Radioactive Waste with Negligible Heat Generation /BFS 90/

External dimensions

Length / | Width | Height | Gross Package
No. Designation Dia. (mm) | (mm) |volume weight

(mm) (m°) (Mg)

01. |Concrete container Type | | & 1060 - 1370 1.2 | approx. 3...4
02. |Concrete container Type ll | o 1060 - 1510 1.3 | approx. 3..4
03. |Cast iron container Type | | & 900 - 1150 0.7 | approx. 3...6
04. [Cast iron containerType Il | o 1060 - 1500 1.3 | approx. 7...12
05. |Cast iron containerType llIl | @ 1000 - 1240 1.0 | approx. 3...6
06. {Cubical containerType | 1600 | 1700 | 1450 3.9 | max. 20
07. |Cubical container Type i 1600 | 1700 | 1700 4.6 | max. 20
08. | Cubical containerType Il 3000 | 1700 | 1700 8.7 | max. 20
09. |Cubical container Type IV 3000 | 1700 | 1450 7.4 | max. 20
10. {Cubical container Type V 3200 {2000 | 1700 | 10.9 | max. 20
11. {Cubical container Type VI 1600 | 2000 | 1700 5.4 | max. 20
3.3 Waste Quantities and Transport Volumes

The operating procedures of the planned KONRAD waste repository envisage the sto-
rage of 17 shipping units in a single shift. In this context, a shipping unit is defined as
either a cubical container or a pool pallet loaded with one or two cylindrical containers
made of concrete or cast iron material. Per year, comprising 200 working days, 3.400
shipping units will be disposed of with single-shift operation.

On the basis of the annual waste surveys and analyses by the Federal Office for Ra-
diation Protection, to establish the existing and newly added waste volumes single-
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shift operation is regarded as being the most likely mode of operation of the KONRAD
waste disposal facility and is assumed for the purposes of this study as far as the anti-
cipated annual transport volume is concerned.

According to /BRE 90/ this supposition is backed by the substantial reductions in the
annual quantities of new conditioned radioactive waste ascertained in recent years,
which have led to a progressive fall in the predicted volume of waste. This develop-
ment is attributed to the use of modem conditioning techniques such as high-pressure
compaction, drying and packaging of waste in thick-walled cast iron containers at nu-
clear power stations, as well as to a reduction in the generated radioactive waste volu-
me as a result of improved plant and process engineering at these installations. Ac-
cording to current forecasts, the volume of waste suitable for the KONRAD waste dis-
posal site is expected to decrease gradually even with single-shift operation, so that
this operational mode must be regarded as the most likely. This operating mode re-
sults in the annual transportation of 3,400 shipping units.

The pro rata breakdown of the transport volume (shipping units) according to the wa-
ste origin is shown in Figure 3.2 and has been derived from the waste data base al-
ready mentioned on the type and quantity of the radioactive waste occurring or antici-
pated in the near future in the Federal Republic of Germany (not including the new fe-
deral states). As the graph shows, a major proportion (approx. 50 %) of the transport
volume is accounted for by reprocessing waste which will have to be taken back from
abroad (France and Great Britain) after 1995.

The pro rata breakdown of waste container types obtained from the survey is illustra-
ted in Figure 3.3. According to this information, cylindrical concrete or fibrous concrete
containers dominate with a fraction of 50 percent. The cast iron containers account for
a further 15 percent of the transport volume, with the remaining 35 percent being ma-
de up by different types of cubical container.
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4 Radiological Characterization of Waste and Transport

Containers

4.1 Regulations

Depending on the consignor, the type of waste and the means of transport concer-
ned, waste containers carried on public routes or routes to which the public has ac-
cess, e.g. rail or road, are subject without exemption to the safety provisions of the re-
levant directives and guidelines such as the Directive on the Transportation of Dange-
rous Goods by Road (GGVS) and the Directive on the Transportation of Dangerous
Goods by Rail (GGVE). In addition, the waste packages must satisfy the "Requir-
ements for Radioactive Waste accepted for Disposal" according to the "Provisional
Waste Acceptance Requirements" for the KONRAD repository /BFS 90/. The local do-
se rate of the waste package is limited by these regulations, whereby the following

maximum values must not be exceeded:

Maximum Permitted Local Dose Rate of
Waste Packages at Different Distances
from the Surface (mSv/h)

surface 1im 2m
W A nce R iremen
- Cylindrical containers 22 0.1 -
- Cubical containers 0?) - 0.1
Directive on the Transportation of
Dangerous Goods (GGVE/GGVS) ob) 0.4? -

a) Locally up to 10 mSv/h

b) These dose limits may be exeeded in case of exclusive use transportation, i.e. if
access to the load is prevented by an enclosure and it is not loaded or unloaded
between the beginning and the end of transportation. Regardless of package local
dose rate, however, the maximum permitted local dose rate of the conveyance is
limitted to 0.1 mSv/h at a distance of 2 m (GGVS App. A, Para. 2712).

The most restrictive dose limit of the two applicable regulations shall be valid for each

transport.
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4.2 Local Dose Rate of Waste and Transport Containers

As a rule the gamma radiation emitted from the radioactive waste product cannot be
entirely attenuated by the container, immobilization, and any shielding materials and
results in a radiation field extending beyond the waste container. The size of this ra-
diation field and the associated local dose rate depend on various factors. The dose
rate is influenced by the activity content, radiation type and energy, and by the shiel-
ding efficiency of the immobilization and container materials.

Figure 4.1 shows the principal spatial distribution of the local dose rate by way of an
example, in this case for Type V containers. The curve pattern corresponds to the ma-
ximum permitted local dose rate of 0.1 mSv/h at a distance of 2 m from the container
surface. The curve clearly illustrates that the local dose rate declines very quickly as
the distance increases and, at a distance of 15 to 25 m, falls at a levels equivalent to
that caused by cosmic rays at normal aircraft cruising altitudes. At a distance of 60 to
80 m from the package, the local dose rate has tailed off so substantially and is in the
range of the local dose rates encountered in our natural environment.

Extensive radiation transport and local dose rate calculations have been carried out
for all waste categories in connection with the safety assessment of the designated
KONRAD waste repository.

The results of these calculations are illustrated in Figure 4.2. The graph shows the
distribution of the number of shipping units displaying a specified local dose rate. Mo-
re than one-half (approx. 60 %) of the shipping units destined for disposal had local
dose rates in the dose range of 0.01 to 0.1 mSv/h at a distance of 2 m from the con-
tainer surface or shipping unit. The local dose rate of the remaining 40 percent of
shipping units was below this dose range. The average local dose rate at a distance
of 2 m of all the shipping units destined for disposal was around 0.03 mSv/h. Referred
to the dose limit of the local dose rate of 0.1 mSv/h at a distance of 2 m from the vehi-
cle, stipulated by the transport regulations, this figure falls below the permitted limit by
at least a factor of 3. Compliance with the maximum permitted local dose rate is ensu-
red individually by the appropriate design and configuration of suitable shielding mate-
rials.
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Figure 4.2 illustrates that the local dose rates at a distance of 2 m from the outer sur-
face of the shipping units are distributed across a fairly large dose range for different
types of waste and from various areas of origin. Even assuming that the waste produ-
cer would like to make full use of the maximum permissible dose rates, the scope for
this is confined owing to the properties of the radioactive waste (e.g. limitations in vo-
lume reductions during waste processing and conditioning). In this respect, the mean
dose of 0.3 mSv/h at a distance of 2 m from the shipping units, as derived from the
waste data collected by the Federal Office for Radiation Protection (intended as being
conservative), can be regarded as a reasonable basis for dose assessment purposes
also in the longer term. The margin to the dose limit can also partially be attri-
buted to the fact that the waste acceptance requirements are more restrictive than the
transport regulations. The local dose rate limit of 0.1 mSv/h at a distance of 2 m from
the vehicle embodied in the transport regulations, for example, contrasts with the local
dose rate limit at a distance of 1 m from the surface of a cylindrical container accor-
ding to the "Provisional Waste Acceptance Requirements”, which is the more restricti-
ve requirement.

4.3 Activity Inventory of the Waste Transport Containers

Comprehensive information on the nature and quantity of the activity contained in the
waste is available from the waste data collected by the Federal Office for Radiation
Protection. Figure 4.3 shows the distribution of the gross activity as a function of the
number of shipping units. The figure reveals that the overall activity per shipping unit
varies greatly and ranges over more than 7 decades, although the conclusiveness of
this result is limited by the wide diversity in the radiological significance of different ra-
dionuclides. The majority of values occur in the range between 10° and 10" Becque-
rel (Bq) per shipping unit.

21



syupn Buiddiys oove :siseg

:e aunbiq
(bg) Aunioy ssoi
¥1+3¢ ¢€1L+3G ¢1+3G6 LL+36  (QL+36
SALLBAAMAALAALS OGO SO0 PESEN X OO 5 'Y O

RSB pd
c
i =3
L 00s &
@
o3
S w
X =,
1% O
! jos
5
- 0001 ©
C
3
—
(/)]

- 00GL

U buiddiys Jed
AIOJUSAU] AIAIIOY BUF JO UONNaHISI(

22



Approximately 135 radionuclides with different half-lifes occur in the waste. A selection
of waste nuclides relevant for the activity contained in waste or of radiological signifi-
cance are listed below:

Radionuclide Half-life Radiation type
H3 12.3a B
Co 60 53a Bry
Srg0 285a B
Cs 137 30.1a Bly
Pu 238 87.7a o
Pu 239 24390 a o
Pu 241 149 a By
Am 241 433 a o
5 Waste Transportation; Transport Scenarios and
Arrangements

The potential radiological consequences of waste transports to the KONRAD waste
disposal site depend on the nature and number of shipments and the associated wa-
ste transport routes.

5.1 Transport Scenarios

One of the objectives of the reorganisation of the German nuclear fuel cycle industry
is for the German Federal Railways (DB) to be solely responsible for licenced nuclear
material transports. In addition measures have been implemented to ship hazardous
materials preferentially with high-safety-standard railway systems.

Consequently, the lion's share of waste bound for the KONRAD waste disposal site
can be expected to be transported by rail in the future. According to forecasts made
on this basis by the Federal Ministry for the Environment, Nature Conservation and
Reactor Safety (BMU), a fraction of the total transport volume of approximately 80 %
by rail and 20 % by road can be regarded as a reasonable transport scenario
(reference case). This forecast is based on the established fact that all major consi-
gnors of radioactive waste, in terms of volume are, or will be, connected by rail to the
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KONRAD waste disposal site. Insofar as this precondition is not fulfilled or transporta-
tion by rail appears impractical (e.g. for small amounts of waste or shorter trave! di-
stances, for example), consideration will be given to transportation by road. This situa-
tion is provided for in the reference scenario by the 20 % road transport fraction.

The transportation of radioactive waste by other means of transport, e.g. barge trans-
portation in particular, is regarded as being discounted and is consequently omitted
from this study.

In addition to the reference scenario, a further transport scenario envisaging transpor-
tation exclusively by rail (100 % rail) is also investigated. This approach is intended to
allow for uncertainties in forecasting the exact breakdown of shipments between rail
and road by means of two extreme scenarios: One (20 % road, 80 % rail),
which probably overestimates the fraction of waste carried by road; and (100 % rail),
which overestimates the fraction of rail transportation. This procedure also has the ad-
vantage of identifying the influence of the different shipping modes.

5.2 Transport Arrangements

In order to ensure an orderly and smooth execution of storage operations, the waste
being disposed of is purposefully called for delivery concerned at the consignor's pre-
mises. The punctual delivery of the waste to the disposal site is generally the respon-
sibility of the consignor. As a rule, only covered means of transport are used since the
waste containers must be delivered in a dry condition under the "Provisional Waste
Acceptance Requirements". The weight of the shipping units (loaded pool pallets and
cubical containers) must not exceed 20 Mg (metric tons).

According to the information currently available, the general conditions for transporta-
tion are as follows:

e Transportation by Road

As far as the transportation of waste by road is concerned, transportation can general-
ly be assumed to be effected directly from the consignor to the waste disposal site,
primarily on main roads and motorways. The dimensions and weight of the waste pak-
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kages generally necessitate the use of heavy-duty-trucks. The weight restrictions ap-
plicable in this context (maximum permissible total weight 38 Mg) suggest that the
transport vehicles will essentially transport only one shipping unit.

® Transportation by Rail

Rail transportation of waste consignments to the waste disposal site will generally be
performed in two stages without transfer. The first stage comprises transportation on
the network of German Federal Railways (DB) as far as the interchange station in
Beddingen situated a few kilometres north of the KONRAD repository. Here the
Verkehrsbetriebe Peine-Salzgitter (VPS) assume responsibility for the onward move-
ment of the waste wagons, providing a branch line service as far as the waste
disposal site transfer track. The VPS network not belonging to the German Federal
Railways is designed as a secure rail network with station signal control and
comparablé to the technical safety standards of the DB. Within the area of re-
sponsibility of the DB, a basic distinction must be made between shipments oc-
curring as part of regular standard goods traffic and those considered to be dedicated
trains.

Transportation within the framework of regular standard goods traffic is characterized
by the fact that the waste consignment is transported according to a timetable on rail-
way routes laid out as a network from junction to junction (or via several such points),
and that the journey is interrupted at junction points for reformation and marshalling.
This typically prolongs the transport time of a waste consignment from 1 to 3 days,
whereby the wagons are generally subjected to between 3 and 5 reformations
(marshalling operations). With few exceptions, waste wagons transported as part of
regular standard goods traffic are generally routed through the Hanover/Seelze and
Braunschweig marshalling yards.

Waste wagons transported as dedicated train, are not subject to marshalling operation
and long interruptions - apart from stops necessitated by operating requirements -
but travel direct from the consignor to the waste disposal site or Beddingen interchan-
ge station. The marshalling yard in Braunschweig is generally bypassed. However, the
operating conditions at the waste disposal site make the transportation of waste by
dedicated trains conditional on the consignor concemed being able to have sufficient
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quantities of waste packages on a call-up basis available. For the purposes of the
present study it is assumed that these conditions are fulfilled, in particular as
regards the waste volume from German light-water reactors following spent fuel
element reprocessing abroad. In the case of other consignors, however, trans-
portation as part of regular standard goods traffic is assumed for the purpose of this
study.

Once the waste wagons have been delivered to Beddingen interchange station,
current plans envisage their onward movement as quickly as possible by VPS
with the aim of reducing standing times to a minimum. If the waste wagons
are delivered in a mixed-cargo train, i.e. with wagons with different destina-
tions, onward transportation from Beddingen will be preceded by reformation or
marshalling activities.

Current planning envisages the use for transportation of slightly modified Shimms 708
and Sahimms 900 wagons which have a load capacity of at least 2 shipping units per
wagon, depending on the type of package. These are 4 or 6-axle flat bogie vehicles
designed specifically for shipping moisture-sensitive goods of high weight. Figu-
re 5.1 shows a schematic representation of the dimensions of a Sahimms Type 900
wagon.

The travel and handling times of the waste consignments and personnel required for
railway transportation were established in cooperation with the DB (Mainz, Hannover,
Braunschweig), the Verkehrsbetriebe Peine-Salzgitter GmbH (VPS) and time-and-
motion studies conducted at the Braunschweig marshalling yard and Beddingen inter-
change station. In this respect, the following dose calculations take the circumstances
at these transfer stations into account.

The maximum permitted travel speed for regular goods train are laid down in the train
operation regulations and are as follows for goods wagons that are not intended for
high-speed transports:

- Normal transport 80 - 100 km/h

- Marshalling operations 25 km/h
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Figure 5.1: Schematic Representation of the Sahimms 900 Goods Wagon

5.3 Traffic Volume

The estimation of the road and rail traffic volume associated with waste transportation
is based on the information regarding the quantity of waste provided by the individual
waste consignors. In addition, the disposal capacity of 17 shipping units (SU) per day
or 3,400 shipping units per year, with single-shift operation, and the above ground
buffer storage capacity of the waste disposal facilities must also be taken into ac-
count. The size of the individual waste shipments delivered from the consignor, which
can consist of several wagons in the case of transportation by rail, has been assumed

as follows:

Mode of transportation | SU per shipment
Truck 1
Regular goods train 2-17
Dedicated train 40

The number of waste shipments per year determined on this basis is stated in Table
5.1 for both transport scenarios considered in this study. The values given are appro-

ximate values.
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Table 5.1: Estimated Number of Waste Shipments to the KONRAD Waste Reposito-
ry Site Assuming Single-shift Disposal Operation (3,400 Shipping units per year)

Mode of Transportation Mean Number of Shipments per Year
80% rail/ 20% road 100% rail

Rail

- regular goods train approx. 200 approx. 345

- dedicated train approx. 45 approx. 45

Road (Heavy trucks) approx. 680

According to Table 5.1 and assuming a breakdown of 80 % rail to 20 % road, the
waste-related traffic volume for the most probable transport scenario is approximately
200 regular goods train shipments, approximately 45 dedicated-trains and approxima-
tely 680 truck shipments per year. The 45 dedicated train loads correspond to a waste
volume of approx. 1,785 SU, arising from the reprocessing of spent fuel elements
from German reactors which will have to be taken back from other countries from the
mid-1990s onwards. The 200 or so shipments belonging to standard goods traffic
comprise the waste generated by different consignors in the Federal Republic of Ger-
many, totalling some 935 SU. Waste consignments carried as part of regular goods
traffic thus comprises 5 shipping units on average or, assuming a loading capacity of
2 SU per wagon, two to three wagon per shipment.

In the event of exclusive waste transportation by rail (100 % rail scenario), the number
of shipments carried by regular goods traffic increases from around 200 to approxima-
tely 345. This increase corresponds to the equivalent of the annual waste volume of
680 SU which would have to be transferred from road to rail.

As far as the waste-related traffic volume in the region of the waste disposal site is
concerned, the numerical values stated above represent upper limit values since so-
me waste consignments from different originators may be carried in the same train fol-
lowing marshalling. This situation is also taken into account accordingly when investi-
gating the accident risk.
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The numerical values in Table 5.1 characterizing the traffic volume attributable to wa-
ste transport must be seen against the "background" of the total volume of goods traf-
fic in the region of the waste disposal site. As far as the repository region (see Figure
5.2a) is concerned, the following data provided by the German Federal Railways Di-
rectorate in Hannover are available as regards the daily goods train traffic in 1989
(Table 5.2).

Table 5.2: Daily Number of Goods Trains in the Region of the Waste Disposal Site

Route Goods train per Day
Lehrte - GroB3 Gleidingen 108
Hildesheim - Grof3 Gleidingen 18

GrofB3 Gleidingen - Braunschweig marshalling yard 82

GroR Gleidingen - Beddingen 61

As far as the volume of road traffic in the region is concerned, the "average traffic vo-
lume per working day (DTV-W)" according to the 1985 traffic census, as shown in Ta-
ble 5.3, serves as an approximate aid to orientation /BAS 86/. Insofar as the numeri-
cal values refer to the Hannover-Berlin motorway (A 2), considerable changes have
taken place in the time since the survey was conducted.

Table 5.3: Traffic Volume in the Repository Region According to the 1985 Road Traf-
fic Census

Route Goods Traffic  Passenger Traffic
(Vehicles per day)

Secondary Roads 183 2103
Main Roads 547 5058

A 39/ A 391 Motorway 2122 16 140
(Salzgitter - Braunschweig)

A 2 Motorway (Hannover - Berlin) 4 423 15 194

A 7 Motorway (Kassel - Hannover) 6 401 26 238
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The figures indicate that the road and rail traffic volume associated with the transpor-
tation of waste does not cause any noticeable change in the traffic situation and vehi-
cle density.

5.4 Routing

The routing or itinerary of the waste transports is largely determined by the geogra-
phic location of the various dispatch locations and the waste disposal site (Figure
5.2a).

The itineraries identified in the road route map (Figure 5.2b) correspond to the most
favourable routes and largely coincide with the motorway and main road networks.

The rail route map (Figure 5.2c), by contrast, is based on information from the Ger-
man Federal Railways which provided route plans for each individual consignor for the
purpose of this study. We note, however, that the information provided is generic and
does not rule out alternative routes.
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6 Radiation Protection Regulations

The basis for the radiation protection that apply to the transportation of radioactive
materials are the Atomic Energy Act related provisions in the Radiation Protection Or-
dinance (StriSchV) and the provisions of the Directives on the Transportation of Ha-
zardous Goods. The applicability of the Radiation Protection Ordinance is, however, li-
mited as the provisions of §§ 29 to 80 do not apply to the transportation of radioactive
materials according to current legislation, with the exception of the principles of radia-
tion protection contained in § 28 (e.g. minimization principle).

The relevant radiation protection regulations are therefore based on the specific Direc-
tives on the Transportation of Dangerous Goods by Road (GGVS) and by Rail
(GGVE). This national traffic regulations on the transportation of radioactive materials
are based on the International Atomic Energy Agency (IAEA) "Regulations for the
Safe Transport of Radioactive Materials (Safety Series No. 6)", the last revised edition
of which was published in 1985 /IAE 85/.

Under these regulations, the radiation exposure is controlled by a system of dose and
dose rate limitations. The radiation exposure of the transport personnel is ge-
nerally limited to 5 mSv/a. This value may be exceeded - up to a maximum dose of
50 mSv/a - only if the individuals are classified as being occupationally exposed to ra-
diation and are subject to individual radiétion exposure monitoring and regular special
health supervision.

Internal measures within the area of responsibility of the DB have been in place for
years to ensure that the aforementioned dose limit of 5 mSv/a is not exceeded.

A maximum permitted dose of 1 mSv/a is stated in the IAEO regulations for the gene-
ral population with the provison that this value be used as a limit for the critical group
of people. If compliance with this dose limit can be proven for the critical group, then
the radiation exposure of the general population is generally well below this dose limit.

In addition to the local dose rate limit for the waste containers (cf. Chapter 4), further
local dose rate limits are stipulated in the traffic regulations for the means of transport.
Thus, in particular, the local dose rate outside the vehicle must not exceed the follo-
wing values irrespective of the nature and quantity of the radioactive load:
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Max. pemi local I
- Extemal surface of vehicle: 2.0 mSv/h
- At a distance of 2 m from the vehicle: 0.1 mSv/h
The maximum exposure levels apply equally to road and rail transport. In conjunction
with road vehicles, also note that the local dose rate at the driver's and co-driver's

seats must not exceed 0.02 mSv/h unless the personnel is regularly subject to special
health supervision.

Table 6.1 provides an overview of the maximum permissible body doses and local
dose rates.

Table 6.1: Permissible Exposure Levels for the Transportation of Radioactive Waste

Regulations Maximum Permissible Doses or Local Dose
Rates
GGVS/GGVE |Vehicle external surface 2.0 mSv/h
2m from external surface 0.1 mSv/h
drivers caba) 0.02 mSv/h
IAEA Transport Personnel 5 mSv/a

a) Specified only for transportation by road (GGVS)

7 Radiological Consequences from Normal (Accident-Free)
Waste Transportation

On the basis of the waste transport volume, the radiological characteristics of the wa-
ste and transport containers, and the transport arrangements dose estimates were
carried out for various groups of people for the two transport scenarios considered in
this study (80 % rail/20 % road and 100 % rail). In order to assess the radiation expo-
sure with accident-free transportation, the collective and individual doses are conside-
red on the basis of the effective dose concept.

In this context, the collective dose can be seen as a quantity which provides particular
information about the extent to which the transport personnel and the population as a
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whole, that is to say collectively, are exposed to radiation as a result of waste trans-
portation. This radiological quantity can be compared with the exposure of the popula-
tion by natural sources and the application of ionizing radiation and radioactive mate-
rials in other areas of human activities, for instance.

The individual dose or effective dose can also be used as a comparative quantity, for
instance, in conjunction with natural radiation exposure and its range of variation. In
addition, it is useful in showing compliance with relevant radiation protection regula-
tions.

The collective dose anticipated as a result of waste transportation was determined
using the INTERTRAN computer program /IAE 83/ provided by the International Ato-
mic Energy Agency (IAEA), Vienna. This program system can be used to establish the
collective dose for different population groups, taking the relevant traffic, routing and
radiological basic data into account. Three different groups of people were considered
in the study:

- Transport personnel, e.g. vehicle driver, assistant
- Dispatch and marshalling personnel

- General population

The category of the general population includes all residents or passers-by living
within a corridor 800 m deep on either side of the transport route, the people in vehi-
cles meeting or overtaking the vehicle carrying the waste, as well as any people expo-
sed at stopping places for road transporters (e.g. service stations). The shielding ef-
fect of buildings was considered only for the group of people comprising residents in
areas with urban housing structure.

The individual dose estimates are based on an analysis of the exposure conditions to
which individuals or groups of people might be exposed on the transport route of the
radioactive waste. The dose is then derived from the distance-dependent local dose
rate, the typical traffic volume for that locality, as well as the place and duration of ex-
posure of the people concemed.
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7.1 Collective Doses

With single-shift operation of the waste repository and an annual disposal capacity of
3,400 shipping units, the transportation of radioactive waste leads to collective doses
stated in Table 7.1 for the two transport scenarios considered in this study.

Table 7.1: Annual Collective Doses for Different Population Groups

Population group Annual Collective Dose (man - Sv/a)

80% rail / 20% road 100% rail
Transport personnel approx. 0.1 approx. 0.03
Marshalling and dispatch personnel approx. 0.1 approx. 0.14
General population approx. 0.1 approx. 0.03
Totala) approx. 0.3 approx. 0.2

a) The fraction of the collective dose attributable to the area around the site (25 km radius) is

approximately 30% of the total

The estimates of the collective dose refer to the entire territory of the Federal Republic
of Germany (excluding the states of the former GDR) and are derived from the waste
transportation arising and being carried out throughout the country. Depending on the
transport scenario, the portion of the collective dose accounted for by people directly
involved in transport activites, namely transport, marshalling and dispatch personnel,
is on the order of 0.17 to 0.2 man-Sv per year, accounting for more than two-thirds of
the total collective dose anticipated as a result of waste transportation. With 15 to 30
percent of the total collective dose, the portion of the collective dose affecting the po-
pulation is relatively small despite the fact that this group far exceeds the people ex-
posed for professional reasons by number. This can be attributed primarily to the fact
that residents living along the transport route are generally exposed to the field of ra-
diation emanating from the waste containers only for a very short time.

The collective dose values also reveal that waste transportation by rail results in
slightly lower collective doses than the transport scenario with a 20 percent road

transport.
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A comparison with the collective dose resulting from the natural radiation to which the
group of residents/passers-by is subjected permits the evaluation and overall classifi-
cation of the collective dose anticipated as a result from waste transportation. On its
own, the terrestrial component of natural radiation (that is to say excluding cosmic and
internal components) caused by radionuclides present in soils and building materials
amounts to approximately 0.5 mSv/a for the Federal Republic of Germany, whereby
regional deviations reveal values up to two or three times this figure /BON 90/. The re-
sultant collective dose of people living in property on or adjacent to the assu-
med transport routes amounts to an estimated 800 man-Sv/a, assuming a mean po-
pulation density of 250 people/square kilometre, a route network length of around
4,000 km and a corridor depth on both sides of the transport route (in line with the IN-
TERTRAN program) of 800 m.

If this numerical value is compared with the collective dose anticipated as a result of
waste transportation (Table 7.1), the collective dose from waste transportation is
found to account for only fractions of the natural exposure. Given the small absolute
amount of the collective dose caused by waste transportation on the one hand and
the only slight differences between the transport scenarios on the other, no clear pre-
ferences can be deduced from the collective dose investigations as regards a specific
mode of transport.

7.2 Individual Doses

The individual dose estimates made by the present study were determined for loca-
tions and professional functions distinguished by a high transport volume, the
transport arrangements etc., and the associated potential radiation exposure. In this
context, the individuals or groups of people considered were generally those likely to
be exposed most extensively to the radiation emanating from the waste containers as
a result of their living habits or profession. These individuals or groups of people are
usually described as the "critical group". They include residents living along the envi-
saged transport routes all the year round or railway personnel directly involved with
waste transportation, such as dispatch and marshalling staff at the relevant transfer
stations. The radiation exposure of any other people falls short, and in most cases far
shorter than the dose values calculcated for the critical group.
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In estimating the radiation exposure of the residents along the route or passers-by,
the following exposure components were taken into account:

- First, the exposure component from all waste consignments transported via the
route concemed during the passage of the transport vehicle at a distance of 5 m
(road) or 10 m (rail).

- Second, an additional exposure component caused by every 20th waste consign-
ment (or 5 percent of the route-specific transport volume) during randomly distri-
buted traffic-related stopping times (duration 2 to 5 minutes) of the transport vehi-
cle en route, e.g. at traffic lights or railway signals.

Doses at specific transfer stations, such as Braunschweig marshalling yard, Beddin-
gen interchange station, or the transfer track at the KONRAD repository installation,
were calculated in compliance with the current local circumstances and work practi-
ces, e.g. shift operation. Due attention was paid here to the spatial distances between
the waste wagon and the place where exposed persons are located, and the duration
of exposure. In this context, the operating methods at the Braunschweig and Beddin-
gen marshalling yards were analyzed in greater detail. It was further assumed that the
individuals or groups of people being considered were assigned exclusively to a parti-
cular professional function, such as the reception sidings or, at Braunschweig mars-
halling yard, to the Beddingen marshalling track, for example, and that they worked
there.

Shielding by building structures (mean attenuation factor DRF = 10) was taken into
account on a time basis (75 % spent indoors, 25 % outdoors) only with the group of

people residing next to the marshalling yard.

The doses for the critical groups of people derived on this basis are upper estimates.
Under normal transport conditions and consideration of the general peripheral condi-
tions (e.g. single-shift storage operation), these values will practically not be excee-
ded, even in the region with the highest local waste transport volume, that is the re-
gion of the waste disposal site. Outside the repository region, the values generally fall
far short of the stated doses in line with the reduced route-specific transport volume.

The calculated individual doses are summarized in the Tables 7.2 to 7.4. Table 7.2
shows the individual dose for residents and passers-by along the (road) transport
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route according to the transport scenario assuming 20 % of shipments by road. The
radiation exposure of the population and the transport/dispatch personnel in case of
exclusive waste transportation by rail (100 % rail) is presented for selected locations
and transfer stations in Tables 7.3 and 7.4. The dose values therefore conservatively
bound the 80 % rail/l20 % road transport scenario.

The results (Tables 7.2 and 7.3) indicate that the predicted potential radiation exposu-
re of the population (critical group of people) as a result of waste transportation by rail
generally lies in the dose range from 0.02 to 0.1 mSv/a. Higher doses although still re-
presenting only fractions of natural radiation exposure, are found for residents of buil-
dings immediately adjacent to the marshalling yard in the area of Alte Salzdahlumer
Road (minimum distance to track 20 to 30 m), whose potential radiation exposure
- according to the relevant assumptions (100 % rail transport and continuos presence
all year round) - could reach maximum values up to 0.2 mSv/a.

However, bearing in mind the current planning stage, which assumes that part of the
waste (up to 20 percent) will be conveyed by road, the predicted radiation exposure
for the critical group of people will be approximately 0.1 mSv/a in the area of Alte
Salzdahlumer Road as well. This reduction in the potential radiation exposure (from
0.2 to 0.1) corresponds to the reduced volume of waste being transported via the
Braunschweig marshalling yard: the total of approximately 345 consignments a year
with exclusive rail transportation is reduced to only around 200 consignments when up
to 20 percent of the waste volume (= 680 shipping units) is transferred to road trans-
portation (cf. Table 5.1).

Note in particular that the described exposure situation in the vicinity of the marshal-
ling yard is restricted entirely to the residents of the buildings directly adjacent to the
railway embankment in the Alte Salzdahlumer Road. By no account does it apply to
other locations in the vicinity of the marshalling yard. This phenomenon is associated
with the fact that the residents of these buildings are more exposed to the radiation
field emanating from the waste containers than any other population group within the
marshalling yard area owing to the marshalling operations and the associated wagon
standing times. The transport volume travelling by dedicated trains on the other hand,
has no effect at all on the radiation to which people living by the marshalling yard are
exposed since the dedicated train loads are directed straight to Beddingen interchan-
ge station and made ready for dispatch there.
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In the hypothetical case of waste transportation exclusively by means of regular goods
trains (no dedicated trains), and assuming that all movements (over 3,400 shipping
units) pass through Braunschweig marshalling yard, the radiation exposure of the resi-
dents living at the marshalling yard (critical group of people) could potentially increase
to 0.4 mSv/a.

The use and share of dedicated trains for shipping radioactive waste therefore have a
significant influence on the potential radiation exposure of the immediate residents
and transport personnel of the Braunschweig marshalling yard. In the context of the
present study, this mode of transport was assumed only for the waste contingent deri-
ved from reprocessing abroad owing to the large volume concemed. The use of dedi-
cated trains to transport the waste from consignors in the FRG who also have a suffi-
ciently high waste volume to dispose of could lead to a further reduction in the radia-
tion exposure.

With regard to people professionally concerned with waste transportation, the critical
group of people primarily comprises the dispatch and shunting personnel of German
Federal Railways and the Verkehrsbetriebe Peine Salzgitter at the Braunschweig
marshalling yard and Beddingen interchange station with function in marshalling/dis-
patching the waste wagons. Depending on the job concerned, maximum dose values
of around 0.3 to 0.7 mSv/a have been determined for this relatively small group of
people; the values for the other marshalling personnel are clearly lower.

The radiation exposure of the marshalling and dispatch personnel thus lies in a dose
range that was also observed in other railway areas with a high volume of radioactive
consignments /BZA 90/. In any case, compliance with the relevant dose limit of
5 mSv/a, as applicable to this group of people, is ensured.

The current information level does not permit accurate dose estimates to be made for
people professionally exposed to radiation as a result of waste transportation by road.
Such consideration require the availability of sufficiently detailed information as re-
gards the transport sequence, vehicle type, and personnel management. Unlike rail
transports, established data are currently not available in this connection permitting
the individual doses to which the transport personnel are subjected as a result of wa-
ste transportation by road to be estimated. In general, however, it must be noted that
the radiation protection principles and the regulations goveming dose and dose rate li-
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mitation according to Chapter 6 retain their full validity for transportation by ro-
ad. If necessary, the road transport personnel must be classified as being oc-
cupationally exposed to radiation and therefore subject to regular radiation pro-
tection procedures.

Table 7.2: Estimates of the Annual Radiation Exposure of the Public (Critical Group)
as a Result of Waste Transportation by Road

Transport Scenario: 20% Road / 80% Rail

Route Population Groupa) Effective Dose
(mSv/a)
Motorway A 39 Residents in adjacent property / < 0.02
passers-by
Northern Industrial Route  |Residents in adjacent property / < 0.02
(Salzgitter) passers-by
Access road to KONRAD|Employees of the slag reprocessing < o_o3b)
Shaft Installation plant
Natural Radiation Exposure ca. 2.0

a) Time spent exclusively outdoors
b) Vehicle waiting time at the entrance checkpoint < 20 min.
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Table 7.3: Estimates of the Annual Radiation Exposure of the Public (Critical Group)
as a Result of Waste Transportation by Rail

Transport Scenario: 100% Rail Transport with Regular Goods Trains and Dedica-
ted Trains
Effective
Route Population Group Dose
(mSv/a)
Hannover/ Braunschweig/ |Residents in adjacent property® < 0.04
KONRAD Repository
Hildesheim/Grof3- Residents in adjacent propertya) £)
Gleidingen
Braunschweig Marshalling |Residents of the buildings closest to the| Q.1 - o,2°)
Yard track, Alte Salzdahlumer Road
Residents of the area to the north-east off < 0.05
the marshalling yard
Beddingen Interchange Residents in adjacent property < 0.05
Station
Transfer Track Shaft Employees of the slag reprocessing piant <01
Installation
Natural Radiation Exposure 2.0

a) Time spent exlusively outdoors
b) Transport volume small by comparison with other routes according to current information
c¢) Value range for the critical group of people for

- Transport scenario 80% rail / 20% road (lower value)

- Transport scenario 100% rail (upper value)
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Table 7.4: Estimates of the Annual Radiation Exposure of the Transport Personnel
as a Result of Waste Transportation by Rail

Transport Scenario: 100% Rail Transport with Regular Goods Trains and Dedica-
ted Trains
Route / Functional Area Functions Efffective Dose
(mSv/a)

Braunschweig Marshalling Yard

Approach Line Reception inspectors <07

Sorting Sidings Marshalling personnela) <06

Exit Sidings Marshalling personnela) <04
Beddingen Interchange Station

Approach Line Reception inspectors <0.7

Sorting Sidings Marshalling personnel <0.7

Exit Sidings Transfer traffic <0.2
Natural Radiation Exposure 2.0

a) Fulltime job at Beddingen marshalling track
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8 Transport Accident Risk

8.1 General Procedure

On their way to the waste disposal site, waste transports can become involved in acci-
dents. In certain circumstances the waste containers may not be able to withstand the
accidental' forces, thus causing radioactive substances to be released into the envi-
ronment. Depending on the radioactive materials held in the waste containers concer-
ned and the amount released into the environment, the radiological consequences -
such as radiation exposure of men and contamination of the biosphere - vary over a
wide range. The frequency with which specific consequences can be anticipated for
the waste transport volume being considered depends on several variables, including
the following:

- The frequency with which varying accidental forces affect waste containers

- Properties of the waste containers and the waste product they contain, which de-
termine the release behaviour

- The radioactive content (activity inventory)

- The frequency with which different atmospheric dispersion conditions are present:
these can influence the airborne and precipitated contaminant concentrations and
the subsequent potential radiological consequences.

To determine the risk resulting from transport accidents as regards the transport volu-
me to the KONRAD waste disposal site, the spectrum of possible radiation exposure
is determined and, at the same time, the probability of occurence of such radiological
consequences is quantified.

The waste containers are primarily delivered by rail, but a small proportion, currently
estimated at a maximum of 20 % of the shipping units delivered, arrives by road. The
investigations of the risk associated with transport accidents refers to the close-in re-
gion of the planned waste repository. The region is defined as being within a radius of
25 km of the installation, thus covering the area in which all waste transports to the
waste disposal site are concentrating. In this context, two basic transport scenarios
are used:
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- 100 % rail transport

- 80 % rail / 20 % road transport

The size of the region around the site for which the accident risk arising from waste
transports is determined was selected because it encompasses all the waste trans-
ports converging in the waste disposal site region and the rail and road routes repre-
sentative for the area. It includes Braunschweig marshalling yard, through which a
large proportion of the waste transports are expected to be directed.

The determination of accident frequencies is based on accident statistics for railway
goods traffic and heavy goods traffic on federal motorways and similar main roads
throughout the entire territory of the Federal Republic of Germany (before the acces-
sion of the GDR). This comprehensive statistics can be applied to the area around the
waste disposal site since it has no less favourable traffic conditions than the larger
area to which the accident statistics refer. This statement does not refer to Braun-
schweig marshalling yard, whose site specific accident statistics were used.

It is assumed for both rail and road traffic that the transports within the radius of 25 km
each travel a distance of 50 km before they reach the waste disposal site. The fre-
quencies of occurrence of transport accidents and the associated radiological conse-
quences are calculated for this scenario. Consequently, the accident frequencies de-
termined for the entire area within a radius of 25 km of the site represent upper bound
values and cover specifically accident risks for any shorter transport distance in the re-
gion. In other words, if a certain frequency of transport accidents is anticipated for a
traveling distance as a whole, the frequency for a part of this distance can under no
circumstances be greater but must, in general terms, be lower. The anticipated fre-
quencies of transport accidents cannot be less favourable at any location inside the
25 km radius than for the 25 km radius as a whole.

The same applies for other transport routes of similar length (50 km) in the Federal
Republic of Germany since only a fraction of the total transport volume of radioative
waste passes along these routes when compared with the 25 km radius around the
KONRAD instaliation.

With single-shift operation of the KONRAD waste repository, the annual transport vo-
lume is approx. 3,400 shipping units. A shipping unit is defined either as a cuboid con-
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tainer or a pool pallet carrying one or two cylindrical containers. In the case of trans-
portation by road, it is assumed that one unit is carried by the conveyance, owing to
the weight of the shipping units. With rail transport, the shipping units are primarily
transported by goods trains as part of standard goods traffic system, whereby one wa-
gon carries two shipping units. The use of dedicated trains, comprising only wagons
with waste containers, is assumed to be restricted to the carriage of waste derived
from reprocessing of spent German fuel elements abroad.

The study initially looks at the component parts of transport accident analyses to de-
termine the radioactivity released from the transport containers under different acci-
dent loads. in this connection, accident loads of transport vehicles and transport con-
tainers are divided into 9 severity categories in order to make adequate provision for
the spectrum of possible accident impact. Because of the very different behaviour of
various container types (concrete, cast iron, sheet steel containers) in conjunction with
accident loads and varying waste forms (e.g. cement/concrete, bitumen) the tran-
sport volume is subsequently divided into different waste container classes. This cate-
gorization is determined primarily by release behaviour. Finally, depending on the pre-
viously defined severity categories and waste container classes, data are given on the
fraction of the activity inventory (fractional release) released from the waste contai-
ners. In this context a distinction is made between tritum (H3), carbon (C14), halo-
gens (e.g. iodine) and other radionuclides, owing to their varying release behaviour.
Similarly, released aerosol particles are assigned to four particle size ranges on the
basis of their aerodynamic diameter. The released activity of individual radionuclides,
known as the source term, can then be determined from the fractional release, which
indicates which fraction of the activity inventory of a waste container involved in an ac-
cident is released, and from the nuclide-specific activity inventory of the waste contai-

ner.

Following the discussion of these features of accident risk analysis common to road
and railway accidents, the study looks at accident frequencies.

8.2 Container Failure and Release Behaviour

Accident loads may fall within the performance standards provided for by the design

or they may exceed them. In the present context, waste and transport containers are
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designed primarily to satisfy the requirements specified in the "IAEA Regulations for
the Safe Transport of Radioactive Material" as well as the design characteristics ac-
cording to the "Waste Acceptance Requirements" derived from accident analyses for
the operating phase of the KONRAD waste repository.

8.2.1 Definition of Severity Categories

As far as potential accidental consequences are concerned, the mechanical and/or
thermal impact on the waste containers caused by the accident are of vital importan-
ce. Together with the properties of the waste containers and the form of waste they
contain (e.g. cement/concrete, bitumen, compacted waste etc.), these determine the
extent to which radioactive materials are released into the environment. A very broad
range of accidental loads is possible in this connection, ranging from mild to very ex-
tensive mechanical impact onto the waste containers. In the case of fire incidents,
which can occur on their own or in conjunction with mechanical container loads, the
thermal energy input also varies within wide limits. This decisively influences the de-
gree to which the waste product is heated and therefore also the extent of the release
of radioactive materials; this thermal energy input depends on the duration of the fire,
the way in which the waste container is exposed to the fire, and on the flame tempera-
ture. In combined events where a mechanical impact is followed by a fire, the release
of radioactive substances is also influenced by the extent of prior mechanical damage.

To permit a quantitive evaluation of accident risks, the broad spectrum of possible ac-
cidental impacts must be condensed in a finite number of load categories, each of
which in turn encompasses a wide range of possible effects on waste containers cau-
sed by accidents. For the purposes of the present study, nine severity categories were
* defined with the characteristics shown in Figure 8.1. The main variables of the break-
down are the "impact speed" and the "fire duration/temperature pattem”, which deter-
mines the thermal energy input. Severity categories (BK) 1 (impact speed up to 35
km/h), 4 (impact speed between 36 and 80 km/h) and 7 (impact speed > 80 km/h) re-
present sequences of events producing only mechanical loads on the containers. in
contrast, the other categories refer to accident situations where a fire incident also en-
sues. To keep the number of severity categories to a minimum, accidents in which a
fire occurs on its own without a mechanical load are included in load categories 2 or 3
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for combined mechanical and thermal impacts (impact speed > 35 km/h with subse-

quent fire).
impact
velocity
without thermal thermal impact thermal impact
impact 30 min., 800°C 60 min., 800°C
0to 35 km/h BK 1 BK2 BK3
36 to 80 km/h BK 4 BK5 BK®6
above 80 km/h BK7 BK 8 BK9

Figures 8.1: Definition of the Nine Severity Categories

The speed at which the waste transport was travelling when the traffic accident occur-
red is used to determine the mechanical impact. A distinction is made between three

speed ranges:

0- 35 km/h
36 - 80 km/h and
> 80 km/h

In order to determine the fractional release, the waste containers concemed were as-
sumed to impact against a hard, unyielding surface at the maximum speed of the rele-
vant speed category. In conjunction with the speed range above 80 km/h, a speed of
110 km/h was assumed. In rare, extremely unfavourable individual scenarios, this mo-
del possibly underestimates the actual accidental impact. In the 0 to 35 km/h speed
range, for instance, it is not impossible that heavy loads (such as the engine for in-
stance) could fall on the transport container or that, in the event of a collision, a train
travelling at a considerably higher travel speed could strike the container at a very un-
fortunate position. In such cases the energy input on the waste container could, in
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certain circumstances, exceed that caused by an impact on an unyielding surface at
35 knmv/h. Effects exceeding those posited cannot be ruled out in the top speed cate-
gory (assuming an impact at 110 km/h) either. In conjunction with risk determination,
however, which involves consideration of a wide spectrum of accident constellations,
the procedure is considered to be sufficiently cautious since individual incidents of this
kind are largely equalized by the following conservative assumptions:

1. The use of the top speed in each velocity range rather than the mean value, for
instance, generally results in a substantial overestimation of the accident speed.

2. A reduction of speed of the cargo before impact, as in the case of a wagon sliding
after derailment, is not taken into account.

3. The assumed impact against a hard, unyielding surface such as solid bridge pile
is likely to occur in reality only in exceptional circumstances; as a rule, the availa-
ble surfaces are yielding or destructible, such as embankments or buildings.

The thermal impact is characterized by the fire duration/temperature pattern, assu-
ming that the waste container is totally engulfed to fire. In defining the severity catego-
ries, the following conditions are assumed

No fire
30-minute fire at 800 °C
60-minute fire at 800 °C

Even in experiments conducted specifically for this purpose, fires corresponding to
such dimensions (duration 30 or 60 minutes, temperature 800 °C, engulfing the tran-
sport container on all sides) can be simulated only with great difficulty, especially with
large transport containers such as those used for waste transportation. In this respect,
a specified fire load of even 30 minutes duration covers a high percentage of fire
loads occurring in reality, and the 60-minute scenario allows for even extreme fire si-
tuations. A 30-minute fire at 800 °C corresponds to the reference fire to demonstrate
compliance with the performance standards specified in transport regulations of the
IAEA /IAE 85/ for Type B transport containers.
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The severity classification scheme covers fires lasting for longer periods or burning at
higher temperatures. Thus the transport container is exposed to higher temperatures
by the fully engulfing 60-minute fire at 800 °C than by a fire lasting several hours with-
in close proximity of the waste container, for example, such as could arise if nearby
wagons or vehicles with a high fire load (heating oil, coal etc.) were to be consumed
by fire in the accident.

A similar situation applies as regards the temperature. During stoichiometric combus-
tion, flame temperatures in the hot temperature range generally lie considerably below
the assumed value of 800°C. The generation of such temperatures is possible only in
special configurations, e.g. welding torches. Investigations in conjunction with fire tem-
perature determination reveal that average outdoor fire temperatures lie clearly below
800°C. Temperatures as high as this occur only in enclosed spaces with unfavourable
thermal radiation geometry. However, these too are included in the heat transfer cal-
culations by means of conservative assumptions so that, overall, higher waste product
temperatures (and therefore releases) are calculated than experimentally observed.
The conservative assumptions used with the heating-up time calculations, which form
the basis of source term determination, include the following in particular:

1. Selection of conservative heat transfer parameters such as irradiation numbers,
emission coefficients and heat transfer coefficients.

2. Disregard of insulating or shielding structures.

3. The cooling and insulating effects of any fire-extinguishing agents during the fire
attack.

In conjunction with the posited fire duration/temperature patterns, the assumptions
stated above ensure that the possible heating of the waste containers during fire inci-
dents is adequately covered.

Overall, together with the stated boundary conditions (e.g. hard, unyielding impact
surface, fire duration/temperature pattem with fully engulfing fire), the categorization
scheme can be regarded as appropriate for the purpose of the study, which conserva-
tively covers the broad spectrum of possible accidental impacts. This does not include
theoretically conceivable extreme events, but these have such a low probability of oc-
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currence that, as discussed below, they fall far short of the frequencies of occurrence
that reasonably need to be considered.

8.2.2 Release Fractions

Accident-related releases of activity depend on the properties of the transport contai-
ners and the waste products they contain. For this reason, the range of waste contai-
ners in use is divided into waste container classes with the aim of categorizing waste
containers with the similar release characteristics in a single group. In the following, a
distinction is made between 8 waste container classes (AGG):

AGG 1 Bituminized waste in sheet steel cubical containers

AGG 2 Non-immobilized and non-compactable metallic and non-metallic
waste in sheet steel cubical containers

AGG 3 Metallic waste in sheet steel cubical containers

AGG 4 Compacted waste in sheet steel cubical containers

AGG 5 Waste immobilized in cement in sheet steel cubical containers

AGG 6 Bituminized waste in concrete containers

AGG 7 Waste immobilized in cement in concrete containers

AGG 8 Waste in cast iron containers

The load-dependent fractional releases determined for these groups of waste contai-
ners are based on experiments and theoretical model calculations. The fractional re-
leases forming the basis of the present study are presented in Tables 8.2.1 and 8.2.2.
The values shown in Table 8.2.1 represent the airbome activity released in the form of
aerosol particles for all radionuclides with the exception of tritium (H3), radiocarbon
(C14) and halogens (e.g. iodine), for which values are listed in Table 8.2.2.

In the event of a mechanical impact on the waste container, aerosol particles with a
large range of aerodynamic equivalent diameters (AED) can be released and become
airbome. Particles with diameters < 10 um AED are normally classified as fully respira-
ble; particles with diameters > 10 ym AED are considered not to be respirable and
therefore do not contribute to inhalation, although they may be part of radiation expo-
sure via groundshine and food intake (ingestion). Particles larger than 10 pm have
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higher deposition velocities, so that they can result in contamination of vegetation,
ground and other surfaces in particular in the vicinity of the accident site.

The activity released during transport accidents is determined for the 8 waste contai-
ner classes and 9 severity categories defined above for particles in the following size
range intervals: 0 - 10 ym, 10 - 20 pym, 20 - 50 ym and 50 - 70 pm. To provide a clear-
er overview, the fractional releases for particles smaller than 10 pm are shown in Ta-
ble 8.2.1 together with the compounded values for particles in the 10 - 70 ym size
range. The values are specific for the airborne activity component released in the form
of aerosol particles.

The information contained in the Table includes the following:

- In the purely mechanical load categories 1, 4 and 7, a clear increase from very
low values to values in the 1 % range of fractional releases are observed.

- The design of the concrete and cast iron containers (Figure 3.1) prevents the re-
lease of radioactive material in some of the lower severity categories.

- As far as low mechanical loads are concerned, a comparison of the purely mecha-
nical loads of category 1 with the combined mechanical and thermal loads of cate-
gories 2 and 3 indicates the dominance of the activity release caused by the ther-
mal energy input. In the severity categories with impact speeds > 35 km/h plus fi-
re, the fractional release amounts to 10 % of the activity inventory of the waste
containers.

- In waste container class 1, which includes bituminized waste in sheet steel cubical
containers, the release caused by fire is considerably higher than with waste im-
mobilized in cement/concrete, for instance (AGG 5).

Much higher fractional releases are assumed for the H3 (tritium), C14 (carbon) and
halogens (e.g. iodine) with thermal impact since these can take on a volatile form in
the event of fire. Table 8.2.2 shows that complete release from the waste containers is
assumed in most cases for the severity categories with fire (2, 3, 5, 6, 8 and 9)
(fractional release = 1).
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8.3 Accident Frequencies

A large body of accident data and statistics were assessed in order to ascertain the
accident frequencies. These are detailed in the appendices (separate volume) to the
present report. As far as transportation by road is concerned, some use was made of
earlier investigations into accident frequencies and the extent of damage /PSE 85/
which have been updated by more recent data.

The accident statistics for road and rail transport contain information as to the fre-
quency with which an accident must be anticipated per vehicle-kilometre driven or per
goods train-kilometre (excluding minor damage), as well as a pro rata breakdown of
accident events according to accidental impact (severity categories) with varying de-
grees of severity. Furthermore, a distinction is made as to the frequency of the num-
ber of wagons affected by accidents in the case of goods trains. This additional piece
of information is essential for a meaningful application of the accident statistics to a
particular transport volume since the accident frequency per goods train-kilometre alo-
ne does not give an insight into the accident probability of goods train wagons. In the
case of the marshalling yards, the accident statistics refer to the number of accidents
per 1 million marshalled goods train wagons and the relative frequency of different de-
grees of accident load (severity categories), as well as providing information on the
numerical distribution of the wagons affected given an accident.

The following summary outlines the statistical accident database forming the basis of
the analysis of the transport accident risk with waste transports to the waste storage
site. The results are presented separately for transport accidents as part of railway
goods traffic, marshalling operations and transportation by truck.

- 8.3.1 Accident Sequences and Accident Frequencies in Railway Goods
Traffic

The transport volume of radioactive materials or only of radioactive waste by rail is too
small to be used for statistical analysis. Consequently, it had first to be established
whether the field of hazardous materials transportation by rail represented a suitable
database. To this end, the reports of the Federal German Railways (DB) covering ac-
cidents and incidents relating to the transport of hazardous materials from 1981 to
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1987 /DBB 87/ were evaluated. For each accident or incident, these reports contain a
short description of what happened and details of the type of freight involved,
the scope of damage, and the cause of the event. The evaluation showed that a
large proportion of the incidents involving the transportation of hazardous materials
is not representative for the subject under consideration here. For example, many
incidents were caused by non-tight locks and seals and the resultant escape of ha-
zardous liquids, something which is excluded in the transport of radioactive wa-
ste owing to the type of packaging and the waste material. Moreover, the stati-
stical data for this type of transport was too limited to provide a reliable accident da-
tabase. The investigation was therefore extended to cover the whole area of rail-
way goods traffic, whereby the transport of hazardous materials is included as a sub-
set.

Incidents in railway operations (accidents involving at least one moving railway vehi-
cle) are systematically recorded by the DB for its entire railway network. Compilation
of incidents is standardized by relevant rules of recording. The offices dealing with ac-
cidents have report sheets and instructions on their completion at their disposal. The
data recorded in this way are collated and filed by the DB according to different as-
pects for further statistical evaluation.

In addition, an accident file is established for every accident and stored at the
station with responsibility for the area in which the accident took place for a
period of five years. Depending on the significance of the accident, this file
contains more specific details on the incident than could be entered on the report
sheets.

In conjunction with the present study, the "Survey of goods train accidents with mate-
rial damage to vehicles of over DM 3,000 in the period 1979 through 1988" /DBB 88/
was evaluated. This database contains the date and station within whose area of re-
sponsibility the accident occurred for each accident in order to allow the incident to be
identified; it also states code numbers for the type of event, type of train, the speed of
the trains before the accident (except for fire incidents) and the estimated material da-
mage to rolling stock.

A differentiation is made between the following principal types of railway accidents,
whereby the code numbers permit an even more detailed breakdown:
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- Derailment Occurs when a railway vehicle runs off or lifts off the track
- Collision Occurs when one railway vehicle impacts with another

- Impact Occurs when a railway vehicle runs against an obstacle in the
track clearance, but not against another railway vehicle

- Crash Refers to an accident at a level-crossing involving a road user

Fire/lexplosion ~ Occuring in or caused by a moving railway vehicle

In the compilation of accidents /DBB 88/, an accident is categorized according to the
type or primary cause of the event. The fire and explosion accidents constitute primary
events. Fires or explosions occurring as a consequence of a prior mechanical acci-
dent, therefore, cannot be identified from this data base. Moreover, the compilation of
accident data does not reveal such vital information as to the number of goods wag-
ons affected in the accident.

Because the available documents were not sufficient to identify accidents in which fire
resulted from another primary incident, and since they do not contain any data on the
number of wagons affected by each accident, the DB carried out a survey specifically
for these points in June 1989 at all stations with responsibility for areas in which
goods train accidents with material damage to railway vehicles of over DM 3,000 oc-
curred in the period 1983 to 1987 /DBB 89/. Data for the period before 1983 were no
longer available at the time of the survey, and some documents were still being com-
pleted for 1988.

The objectives of the survey were to determine the fraction of accidents with mechani-
cal effect and subsequent fire, and to obtain detailed data on the extent of damage to
the individual wagons for all the documented accidents. In the period covered by the
~ survey, a total of 292 accidents were recorded according to /DBB 88/. Additional de-
tails were provided for a total of 196 incidents /DBB 89/. These were, however, not al-
ways presented with the desired precision, so that conservative assumptions had to
be made when determining the number of affected wagons in some cases.

The accident data compilation /DBB 88/ and the results of the special survey for the
period from 1983 to 1987 constitute the primary data base evaluated and analysed for
this study. This necessitated the classification of accidents in the severity categories
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defined in Chapter 8.2.1. Goods train accidents are differentiated according to three
speed categories (0 - 35 km/h, 36 - 80 km/h and > 80 km/h) on the basis of the travel
speed recorded prior to the accident. All accidents contained in the data base with
material damage to railway vehicles of over DM 3,000 were taken into account. if the
damage caused is less than DM 3,000, the occurrence of a release in the event of the
vehicle carrying waste containers can practically be ruled out. To ensure that the me-
thod is conservative, this relevance limit also covers incidents and associated impact
which the waste containers can withstand without any difficulty. Also, the method of
using the travel speed prior to the accident and the associated kinetic energy of the
shipping units is conservative, and generally provides an upper limit for the accidental
impact, in particular given that the impact is also assumed to be against an unyielding
surface. Similarly, the subdivision of accident events into severity categories, each of
which incorporates a wide range of mechanical and/or thermal loads, tends to result in
overestimation of the accidental risk since it is assumed that the accidental load cor-
responds to that of the interval upper limit in each case when determining the acciden-
tal consequences. An accident occurring at 40 km/h, for instance, is classified in the
36 - 80 km/h speed range and treated like an accident at 80 km/h as far as the me-
chanical impact is concerned although the kinetic energy at the latter speed is four ti-
mes as great.

The assignment of goods train accidents involving fire to the two categories of fire
load defined in Chapter 8.2.1 is difficult without an in-depth analysis. The accident sta-
tistics also take accidents into account in which the fire was caused or supported by
uncovered, readily flammable freight, by means of sparks or spontaneous combustion,
for example. Such conditions do not exist with the containers used to transport radio-
active waste. Nevertheless, fire incidents contained in the accident statistics are inclu-
ded in their entirety and, for the purpose of accident risk analysis, are categorized as
fire accident equivalent to a fire duration/temperature patten of either 30 minutes or
60 minutes at 800 °C fully engulfing the waste containers. In doing so, it is assumed
that two out of three fires last for 30 minutes and that one out of three corresponds to
the 60-minute reference fire. This classification clearly overestimates the real world
conditions.

The data from /DBB 88/ summarized in Table 8.3.1 provide an overview of the acci-
dent frequency in railway goods traffic as a function of accident type and speed. The
Table shows a numerical breakdown of the accidents involving goods trains occurring

'S
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between 1979 and 1988 according to the different accident types and speed ranges.
The total goods train travel distance are also stated for the study period, thus allowing
determination of the total accident frequency, an important element in accident risk
analysis, of 0.34 goods train accidents per million train-kilometres. The statistics does
not contain auxiliary exchange trains used to move goods wagons between consi-
gnors or recipients with private sidings to the next marshalling yard. Since the
exchange trains travel primarily in areas with a comparatively high proportion of
level crossings without barriers, their accident frequency is assumed to be in-
creased. When the exchange trains are taken into account, the total accident fre-
quency in goods train traffic rises to approximately 0.5 accidents per million goods
train-kilometres.

Table 8.3.1 also shows that accidents with fire or explosion without prior mechanical
impact account for approximately 8 % of the accidents that occur. Fires subsequent
prior mechanical impact on the other hand are much rarer and occurred in the referen-
ce period of ten years in only three goods trains accidents (two accidents, in one of
which two trains were affected by fire). With such a small number of incidents obser-
ved, albeit with potentially rather serious consequences, the possibility of a statistical
fluctuation resulting in an underestimation of the accident frequency cannot be ruled
out. The expected value of a probability distribution which allows the observed
number of accidents being the lower limit of the 95 % confidence interval was
therefore determined for the purposes of analyzing the accident risk of waste
transports. In summary, this is more or less equivalent to doubling the assumed
accident frequency of goods trains with a fire as a consequence of a prior mechanical
effect.

Figure 8.3.1 also shows the pro rata breakdown of goods train accidents, derived from
these accident data base according to the severity categories 1 to 9 posited in this
study. The relative frequencies of the severity categories adds up to 1. Consequently,
accidents with only mechanical impact are expected in approximately 89 % of all
goods train accidents (load categories 1, 4 and 7). The remaining approximately 11 %
are distributed among the six severity categories with combined mechanical and ther-
mal loads. Fires without mechanical accidental impact were conservatively assigned
to the < 35 km/h speed range. In assigning the total proportion of accidents with com-
bined mechanical and thermal effect to speed categories, the same distribution
was assumed as that determined from accidents with exclusively mechanical effect. It
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Table 8.3.1 Number of goods trains involved in accidents (with material damage to
railway vehicles of over DM 3,000 excluding exchange, work and auxiliary trains) from
1979 to 1988, grouped according to type of accident and speed range, as well as
goods train-km travelled on the network of the Federal German Railways.
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impact relative frequency
velocity

without thermal thermal impact thermal impact
impact 30 min., 800°C 60 min., 800°C

Oto35kmh | 0,36 (BK1) [5,9E-02  (BK2) |2,9E-02 (BK3)
36t080km/h | 0,45 (BK 4) |9,5E-03  (BK5) |4,7E-03  (BK®6)

above 80 km/h | 8,4E-02  (BK7) |1,8E-03 (BK8) |8,8E-04 (BK9)

Figure 8.3.1: Relative Frequency of the Nine Severity Categories with Goods Train
Accidents

is noticeable that fire incidents corresponding to a fire duration/temperature pattern
of 30 minutes at 800 °C were assumed to occur twice as much as fire events lasting
for 60 minutes.

The frequency of goods trains accidents and of the relative breakdown according to
severity categories alone does not provide a sufficient basis for quantitatively evalu-
ating the risk associated with transportation accidents for the considered transport vo-
lume. In many railway accidents, even when the relevance limit used here for the sco-
pe of damage is exceeded, the only damage is to the train engine. Particularly in acci-
dents involving crashes at level-crossings, the large mass of the train engine, which is
always at the front of goods trains, often prevents the goods wagons from being da-
maged by the accident. Other causes of accidents such as fire owing to malfunctions
in the electric drive are confined exclusively to the train engine. Even in the most se-
vere accidents, a large number of the wagons are often only slightly damaged if at all.

Quantitative information on the number of wagons affected in train accidents, depen-
ding on accident type and speed category, was derived from the data in /DBB 89/. A
wagon was defined as being affected if the material damage incurred exceeded DM
3,000. Since appropriately detailed information was not available for all incidents, con-
servative estimates often had to be made as regards the number of wagons affected.
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In connection with the number of affected wagons it could always be clearly ascertai-
ned whether any wagons at all, or only the power unit, were affected. In all the evalua-
ted cases, at least an all-in figure indicating the number of affected wagons was avai-
lable. In cases where the extent of damage to individual wagons was not otherwise
stated, an upper limit for the number of affected wagons was specified in such a man-
ner that the overall damage was not being exceeded, assuming damage of DM 3,000
to each affected wagon. Some instances of negligible damage were inevitably re-
corded as a result. The scope of damage to individual wagons was often described
qualitatively. In such cases the wagons considered to be affected were those on
which more serious damage to the structure and chassis could not be excluded. Whe-
re a list of the material damage to the individual wagons was available, the relevance
limit of DM 3,000 was applied to each.

The results of the evaluation of primary interest for this study as regards the frequency
with which a certain number of wagons is affected by the accident are represented in
Figures 8.3.2 to 8.3.5. The graphs show the relative frequency with which a specified
number of wagons is affected by an accident for the 0 - 35 km/h, 36 - 80 km/h and >
80 km/h speed ranges and for fires without prior mechanical impact. For incidents with
"zero" wagons affected, the material damage is confined to the train engine or is be-
low the relevance limit for wagons. It is evident that a high percentage of accidents -

in some cases well over 50 % - fall into this category. This can be attributed to that
fact that, by impacts (against obstacles) wagons are not seriously affected in over
80 % of occurrences; for crashes (at level crossings) this applies to over 90 % of oc-

currences.

In fires without mechanical impact, the most common incident is fire in the train engi-
ne, mostly caused by the electrical system. More than one-half of fire incidents are of
this nature. It is also evident that even severe fires scarcely spread to the other wa-
gons in the train in this accident category. Only one fire incident (without mechanical
effect) was observed with two affected wagons. The same cannot be said to apply to
fires that occur as a result of an accident with mechanical impact.

For derailments and collisions (between railway vehicles) the probability of several wa-
gons being affected is greater. Derailment is the sole accident category in which da-
mage only to the train engine is not the most frequent case.
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The frequency distributions of affected wagons in goods train accidents (Figures 8.3.2
to 8.3.5) reflect the results derived from the accident analysis. Although gaps are
found in the distribution of limited empirical data, which contain incidents with up to 14
relevantly affected wagons, a systematic pattern can be observed. In order to use the
data in the risk analysis, the empirical data of affected wagons were fitted by means of
distributions which satisfactorily describe the empirical distributions. The incidents in
which no wagons (only the power unit) were affected were not included in the fitting
procedure. The frequency of the occurrence of an accident with one to nine affected
wagons, as well as for accidents with more than nine affected wagons, were determi-
ned from these distributions. Figure 8.3.6 summarizes the distributions adjusted to the
empirical data for purely mechanical impacts and for fires not preceded by a mechani-
cal load.

Accidental events where mechanical impact results in a subsequent fire were ob-
served so rarely (two incidents with three train units affected by fire) that an empirical
frequency distribution for the number of affected wagons is not defensible. This type
of incident primarily comprises collisions (between railway vehicles) or derailments in-
volving tank wagons with readily flammable materials. In this context it must be as-
sumed that all the wagons which release flammable materials owing to mechanical im-
pact or are carrying loose readily flammable cargo, are affected by fire. As far as
these accident types are concerned there is a tendency for a greater number of wa-
gons to be affected, whereby the fire will predominantly affect the wagons with the
characteristics described above. In this context an uniform frequency distribution was
assumed for incidents involving one to ten affected wagons for the purposes of the
risk analysis. In summary, the assumption of an uniform distribution for incidents with
up to ten affected wagons for each speed category were considered to be sufficiently
conservative.

If the relative frequencies with which the various severity categories occur in the event
of goods train accidents, as shown in Figure 8.3.1, are combined with the preceding
information on the distribution of the number of affected wagons, the statistical data
can be represented in the probability matrix reproduced in Table 8.3.2. The elements
of the matrix indicate the percentage of goods train accidents involving accidental
loads corresponding to the severity categories given in the first column and the num-
ber of affected wagons given in the first line. The values in the "0 wagons affected"
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Figure 8.3.2 Relative frequency of a specified number of affected wagons in
goods train accidents: speed range 0 to 35 km/h.
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Figure 8.3.3 Relative frequency of a specified number of affected wagons in
goods train accidents: speed range 36 to 80 km/h.
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Figure 8.3.4 Relative frequency of a specified number of affected wagons in
goods train accidents: speed range above 80 km/h.
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Figure 8.3.5 Relative frequency of a specified number of affected wagons in
goods train accidents: fire without mechanical impact.
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column refer to the train engine. The sum of this column is 58 %, i.e. accidental da-
mage to the train engine above the relevance limit of DM 3,000 occurs in 58 % of all
goods train accidents. The "10 wagons affected" column stands for ten or more affec-
ted wagons. The last column contains the line sub-totals of probabilities for the va-
rious accidental sequences. In this way, the fraction of the accidents accounted for by
the different severity categories (load categories) already stated in Figure 8.3.1 are re-
produced. The numerical values of the probability matrix clearly reveal the assumption
that each configuration of affected wagons is uniformly distributed for the combined
mechanical and thermal severity categories 5 and 6 as well as 8 and 9, in the ab-
sence of an adequate empirical data base. The sub-totals of the individual columns of
affected wagons indicate that high numbers of wagons affected by accidents are in-
creasingly improbable: in approx. 11.7 % of accidents only 1 wagon is affected, with
two affected in approx. 7.3 % of cases; a total of ten or more were affected in approx.
1.3 % of accidents. These data, compiled for the purposes of the present transport
risk analysis, were determined in a conservative manner.

Insofar as radioactive waste is transported to the waste disposal site by dedicated
trains - as is the case with waste derived from reprocessing spent German fuel ele-
ments abroad - the values in Table 8.3.2 can be directly applied for the purposes of
the accident analysis. For example, for accidents involving dedicated trains loaded
exclusive with radioactive waste, the table immediately reveals the conditional proba-
bility given an accident being assignable to severity category 4 (mechanical impact, 36
- 80 km/h) and having 5 wagons affected by the accident. An accident with this outco-
me can be anticipated in approximately 1.5 % of all cases.

For all other waste transports which do not derive from reprocessing abroad, it is as-
sumed, as explained in Chapter 5.2, that the waste is transported in mixed-cargo
trains, that is to say as part of standard goods traffic.

Referred to the waste transports considered in this study, this means that the waste
wagons are a component part of a larger train unit, either as individual or groups of
wagons. In the event of a goods train accident, this affects the probability of wagons
carrying radioactive waste being affected by the accident. In a mixed-cargo train
carrying wagons with radioactive waste, the probability must be determined for wa-
gons with radioactive waste being among the damaged wagons in a goods train acci-
dent with a specified number of wagons. Questions such as these can be answered
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with the aid of combinatorial probability calculations. On the basis of statistical data,
the average number of wagons carried by goods trains was set at 30. The analyses
conducted in this connection are described in detail in the Appendix and used,among
other things, to derive the accident probability per goods wagon-Kilometer from the in-
formation on the accident probability per train-km and the distribution of the affected
wagons.

8.3.2 Operating Methods and Accident Frequencies at Braunschweig
Marshalling Yard

Wagons carrying radioactive waste for the KONRAD waste disposal site are subject to
marshaliing if they are being shipped with standard goods traffic. Extensive research,
which could not be extended to include a larger number of marshalling yards, was ne-
cessary in order to procure statistical accident data for marshalling operations. For this
reason, the analysis of data has been concentrated on Braunschweig marshalling
yard and is of particular interest in conjunction with the transport risk analysis owing to
its location in the region the waste disposal site. Among other major marshalling
yards, this installation has higher than average values as regards the number of mar-
shalling accidents reported, compared to the number of wagons which undergo mar-
shalling. Thus, the data specific for Braunschweig marshalling yard are required and
represent conservative values for other marshalling yards.

The operating methods in the Braunschweig marshalling yard differ from those in
other marshalling yards in that the wagons are mostly moved by utilizing the natural
slope of the installation without a train engine. This applies both to the hump, from
which the wagons are generally pushed one at a time (maximum of 4 axles simulta-
neously), énd to the following tracks (sorting sidings, allocation tracks) on which also
larger wagons groups, known as "groupings" (Nachlasse), are also moved by em-
ploying brake wagons. Speed limits of 5 km/h for pushing off the hump, 7.5 km/h for
leaving the first retarder, 15 km/h on the approach speed when the drag block is ap-
plied, and 25 km/h for shunting gangs that operate with shunting power units are laid
down.

The operational traffic consists almost exclusively of cargo wagons. Some 100 wag-
ons per day are hazardous-cargo wagons, of which about 70 % carry flammable or
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explosive material. For specially labelled hazardous cargo, gravity marshalling can be
forbidden or is subject to special safety measures.

Typical accident sequences include insufficient coordination between those involved,
defective drag blocks, mistakes in positioning the block, bumping, insufficient braking
capacity when forming the "grouping", unsecured parking, non-compliance with speed
limits or poor mass distribution in a set of wagons with high compressive forces in
groups of wagons. Many of these accident sequences, however, generally result only
in minimal damage.

Marshalling accidents in Braunschweig marshalling yard between 1987 and 1989 we-
re evaluated according to the same relevance limit as that used for goods train acci-
dents, that is material damage to railway vehicles in excess of DM 3,000. During the
three-year period 17 relevant accidents occurred; compared to 2.28 million wagons
marshalled on the hump 7.5 accidents therefore occurred per 1 million shunted wa-
gons. Unlike the evaluation of goods train accidents, this number does not contain
any cases in which only the train engine was affected.

As regards the accident types, the majority of accidents were caused by collisions and
bumping (13 cases). Derailment and other causes were significantly rarer among the
relevant accidents (4 cases). No relevant case of fire was recorded in the three years
being considered. The personnel at the Braunschweig marshalling yard is not aware
of any accident in which a fire resulted from mechanical impact of an accident, even
prior to the period under investigation here.

When assigning the severity categories defined in Section 8.2.1, all the reported acci-
dents were allocated to the mechanical impact category in the speed range < 35
km/h. While exact speed data are not available for any accident, because only train
engine have a speed recorder, the detailed accident descriptions do lead to the
conclusion that the upper limit of this speed range was not exceeded or rarely slightly
exceeded. In addition, the accidental impact for most of these accidents is consider-
ably overestimated within the framework of the risk analysis by positing an impact
against an unyielding obstacle with a speed equivalent to the upper limit of the appro-
priate speed range. Any possible slight underestimation in an individual case is more
than compensated for by this conservative procedure.
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Even if none cases were observed at Braunschweig marshalling yard during the study
period, the occurrence of accidents with fire during marshalling cannot be com-
pletely ruled out. It must be assumed that the frequency of fires is largely de-
termined by the fraction of flammable or combustible cargo. Because the cargo
in shunting operations comprises exactly the same material types as in goods
train traffic, the risk analysis assumed that accidents with fire in shunting opera-
tions would accounted for by the fraction observed in the regular goods train traf-
fic. This supposition is conservative since some causes of fire that occur with
goods train traffic do not exist or do not have the same importance for shunting opera-
tions. These include, for example, overheated axle bearings or brakes, or crashes at
level crossings with (road) vehicles carrying flammable material in the form of fuel or
cargo. The assumption posits one accident involving fire for 1.3 million (i.e. 0.8 per
million) marshalled wagons. The two-to-one assignment to the half-hour and one-hour
reference fires, respectively, was accordingly made as it was for regular goods train
traffic.

As regards accidents with mechanical impact which result in subsequent fire, the fact
that only low travel speeds generally apply in marshalling operations had again to be
taken into account. Therefore, incidents with combined mechanical and thermal load
were generally assigned to severity class 2 and 3, respectively, for safety analysis
purposes.

As far as the number of wagons affected by an accident is concerned, most
frequently only one wagon was affected, as with goods train accidents. The fre-
quency with which several wagons are affected decreases even more rapidly
with marshalling operations than with goods train traffic. No accidents with mo-
re than five affected wagons were observed . On average, therefore, fewer wa-
gons were affected in a marshalling accident than was the case in en-route
goods train accidents in the same speed range (0 to 35 km/h). This is primarily
attributable to the fact that smaller sets of wagons or individual vehicles are
usually involved in shunting accidents; similarly, fewer wagons are derailed at
low speeds. The empirical distribution of the relativ e frequency for a specified
number of wagons affected in marshalling accidents is illustrated in Figure 8.3.7.

For fire accidents and mechanical accidents with subsequent fire, the frequency distri-
bution used for goods train accidents as regards the number of affected wagons was
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also applied. In particular, an uniform distribution of the number of affected wagons for
accidents with combined thermal and mechanical impact was conservatively as-
sumed. However, the distribution was restricted to only up to five affected wagons in
order to take account of the smaller average number of wagons affected in shunting
accidents.

In line with the methods used with goods train accidents, the accident statistic for
marshalling operations were summarized in a matrix of probabilities of occurrence and
is reproduced in Table 8.3.3. In accordance with the frequency distribution for affected
wagons described above, the columns for more than five affected wagons as well as
the speed categories 36 to 80 km/h and above 80 km/h are not applicable. The empir-
ical distribution was employed directly for the accidents in severity category 1 without
fitting the data by means of a statistical distribution function. Consequently the field for
three affected wagons remains empty in this severity category.

The fact that not all wagons affected in accidents carry radioactive waste has to be ta-
ken into account for the purposes of risk analysis as regards shunting operations as
well. The relevant combinatorial statistics were therefore also applied for this case. A
model had to be used as a basis for this, describing the frequency with which wagons
carrying radioactive waste are present in a supposed accident environment. With due
regard to the operational methods it seemed reasonable to suppose an accident envi-
ronment comprising a train being assembled for further transportation to Beddingen
interchange station. Such a train is characterized by a configuration of 30 wagons on
average, with an equal distribution of the number of wagons carrying radioactive wa-
ste, up to nine, in accordance with the assumptions made for goods train traffic. In this
way, the method developed for goods train traffic accidents could be applied analo-
gously.
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Table 8.3.3: Matrix of the probability of occurence of a specified severity category
and a specific number of affected wagons in shunting accidents (in %).

Number of affected wagons Line
Severity categories 1 2 3 4 5 6 7 8 9 10 totals
0 to 35 km/h 52,6 21,1 0,0 105 53 00 00 00 00 0,0 89,5
0 to 35 kmv/h 800°C 30’ 48 10 05 04 04 00 00 00 00 00 7.1
0 to 35 km/h 800°C 60’ 24 05 02 02 01 00 00 00 00 0,0 34
36 to 80 km/h 00 00 00 00 00 00 00 00 00 00 0,0

36 to 80 kmvh 800°C 30° 00 00 00 00 00 00 00 00 00 0,0 0,0
36 to 80 km/h 800°C 60" 00 00 00 00 00 00 00 00 00 00 0,0

Above 80 km/h 060 00 00 00 00 00 00 00 00 00 0,0
Above 80 kmh 800°C30° { 00 00 00 00 00 00 00 00 00 0,0 0,0
Above 80 km/h 800°C60' | 00 00 00 00 00 00 00 00 00 00 0,0

Column totals 59,8 22,6 0,7 11,1 58 00 00 00 00 0,0 |100,0

60 1
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Figure 8.3.7 Relative frequency of a specific number of affected wagons in shunt-
ing accidents: empirical distribution Braunschweig marshalling yard 1987 to 1989
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8.3.3 Accident Frequencies with Road Traffic

In determining accident frequencies for road transportation from statistical data, basic
conditions must be stipulated which are comparable with the actual conditions in
which the waste transports are effected. This refers to the characteristics of the
transport vehicles and the transport routes relevant for describing potential accident
environments. Owing to the weight of the planned shipping units, the vehicles used
will generally be articulated lorries. As far as routing is concemed, transportation on
motorways and - approaching the waste disposal site - on motorway-like main ro-
ads is both feasible and likely. These peripheral conditions were assumed when deter-
mining the accident frequencies according to Appendix Il (see seperate Volume).

The analysis of data was further restricted by disregarding accidents of heavy trucks
with light vehicles (motorcycles, cars). There is evidences, that accidents of this kind
generally do not affect on heavy trucks in such a way to cause damage to the load.
Accidents causing material damage of less than DM 3,000 were also discounted from
the accident analysis. This limit, which was determined from the available data, ap-
pears very conservative in comparison to the truly relevant effects, with the result that
a large number of the accidents is included which almost certainly posed no threat to
the freight.

Because of the resources available; only limited independent evaluations of primary
data were possible. Consequently, the results of /PSE 85/ were used primarily as re-
gards the relative frequency of certain accident types. These were supplemented by
independent evaluations and other published results. The supplementary data refer
primarily to assumptions regarding the breakdown of fire incidents between the two re-
ference fires (800°C for 30 minutes and 800°C for 60 minutes) and the breakdown into
accidents involving one or several vehicles. The frequency of flammable loads carried
by the other party in the accident influences the frequency of the severity categories
with thermal effect (fire).

The overall accident rate for articulated lorries on federal motorways was determined
to be 3.5 - 107 per km. The result is based on accidental data for 1987 and the per-
centage of the total mileage driven on motorways (53 %) from 1980. It can be as-
sumed that these figures provide a reasonable description of the present situation.
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The probabilities of occurrence determined for the individual severity categories are
summarized in Figure 8.3.3. The relative probabilities add up to 1 (i.e. any accident
that occurs is assigned to one of the specified severity categories). In almost 98 % of
all accidents, purely mechanical impacts can be anticipated (sub-total of severity cate-
gory 1, 4 and 7), with half of all accidents occuring in the speed range up to 35 km/h.
Because of the speed limits applicable to heavy trucks, accidents occuring at a speed
above 80 km/h are slightly less than 5 %.

A fire ensued in 2.3 % of cases. Of these, some 7.4 % satisfy the conditions of the
60-minute reference fire, while the remainder is covered by the 30-minute fire scena-
rio. In comparison to the breakdown made for railway traffic these fractions are indica-
tive for the conservatism included in the analysis where in the absence of an ade-
quate database, one-third of accidents was assigned to the 60-minute reference fire
and two-thirds to the 30-minute reference fire. The frequency distribution of fire acci-
dents according to speed ranges deviates only slightly from the distribution for railway
accidents with only mechanical impact. This indicates that accidents resulting in a fire
without prior mechanical effect are rare in comparison to rail transport. Such type of
accidents would result in higher frequencies in the 0 to 35 km/h speed range.

For road transportation, the data given in Figure 8.3.8 correspond directly to the ma-
trix of probabilities of occurrence stated for rail transport accidents in Tables 8.3.2 and
8.3.3. The probabilities of occurrence in Figure 8.3.8 do present the input data for the
accident simulation program described in Section 8.4.
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impact relative frequency
velocity

without thermal thermal impact thermal impact
impact 30 min., 800°C 60 min., 800°C

Oto35km/h |0,4990  (BK1) [1,1E-02 (BK2) |8,4E-04 (BK3)
361080 km/h | 0,4307  (BK4) |9,5E-03 (BK5) |7,6E-04  (BK6)

above 80 km/h | 4,8E-02 (BK7) | 1,1E-03 (BK 8) |8,4E-05 (BK9)

Figures 8.3.8: Relative Frequency of the Nine Severity Categories for Road Tran-
sport Accidents

8.3.4 Representativeness of the Accident Data to the Region of the
Repository

Investigations were carried out to establish the extent to which the available national
data (old federal states) for accident frequencies can be transferred to the 25 km
radius-region of the waste disposal site. The region being considered is too small to
reveal significant deviations in regional accident statistics. This applies to rail traffic in
particular. For this reason, the study relies essentially on a qualitative assessment of
special regional characteristics relevant for indicating favourable or unfavourable de-
viations from national statistics.

As far as marshalling operations are concemed, the transport risk assessment is
based directly on the accident data for Braunschweig marshalling yard where - dis-
regarding Beddingen interchange station - the marshalling operations necessary in
the vicinity of the waste disposal site will actually be carried out. There is therefore no
need to examine these data's transferability.
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Among other factors, the natural slope of the installation results in higher accident fre-
quencies for this marshalling yard than the average of other major marshalling yards.

Additional marshalling operations become necessary at Beddingen interchange sta-
tion when the waste wagons are delivered in mixed-cargo trains. These are controlled
by VPS. As in Braunschweig, they are generally effected on the hump. However, at
the site there is no natural slope that could make accidents more likely to occur. Ac-
cording to VPS, wagons carrying radioactive waste and marked with hazardous goods
labels, would not be marshalled over the hump. The same applies to wagons already
combined to form groups, a scenario likely to occur frequently with waste wagons as a
result of prior marshalling in Braunschweig. Avoiding the hump, such wagons will be
forwarded on tracks controlled by signals directly to the sorting siding track by using a
train engine. Movements of this kind within the marshalling yard are subject to a
speed limit of 25 km/h. The track system inside the marshalling area is much smaller
and more clearly laid out than in Braunschweig, and the supervision of the generally
much lower marshalling volume by a small number of people reduces the chance of
accidents, e.g. because of insufficient coordination between shunting personnel,
which is the cause of a large number of shunting accidents and incidents. Another
way of averting coordination problems is to conduct the marshalling operations under
remote control, whereby the driver of the train engine assumes direct supervision of
the other operating procedures.

As regards its technical equipment and operating procedures, the features with rele-
vance to safety for operations under VPS control are equivalent to those of the Fede-
ral German Railways. This is supported by information provided by VPS indicating that
in the past 10 years no incidents have been recorded with operating procedures such
as those anticipated here. On the whole, therefore, it can be reasonably assumed that
the accident risk referred to the number of wagons marshalled in Beddingen inter-
change station will be smaller than that for Braunschweig marshalling yard.

Currently available information on waste transport in the region of the waste disposal
site, the Hannover-Braunschweig route of the DB-network in particular will be affected
by the waste movements. The route linking V6hrum and the Braunschweig marshal-
ling yard is located within a radius of 25 km of the waste disposal site. Other routes li-
kely to be used include Braunschweig-Helmstedt (depending on the future waste dis-
posal concept for the new federal states) and, to a lesser extent, Hildesheim-
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Braunschweig, which coincides with the Hannover-Braunschweig route after Gross-
Gleidingen.

Neither the current accident data, insofar as they refer to this region, nor the informa-
tion available on aspects of routing relevant for safety or route construction give any
indication that the accident risk on these routes will be any greater than on the natio-
nal average. The fraction of single-track routes within the 25 km zone surrounding the
site likely to be used for waste transportation (18 % from Hoheneggelsen to Gross-
Gleidingen), for instance, which can be assumed to entail a higher accidental risk, is
with 34 % clearly below the value of 54 % for the network of Federal Railways prior to
the accession of the GDR (referred to the length of line operated). Moreover, the rele-
vant route is expected only to be used for waste transportation on a small scale. With
0.57 crossings per Kilometer, the number of level crossings within the 25 km zone is
also lower than the average of 0.76 crossings per km for the nationwide network of
Federeal Railways. Route characteristics potentially favouring accidents (e.g. narrow
curve radii) or characteristics that could aggravate the accident consequences (e.g.
major drops) are largely avoided by the topographical features of the area, which is
generally flat.

Reorganization of the traffic volume as a result of increasing traffic in the new federal
states are rather speculative. However, there are indications suggesting that an impro-
ved route structure with enhanced safety will be achieved as a result of this develop-
ment in the medium term.

As far as the safety standards of the operating stock and the management practices
are concerned, an equivalent safety standard to that of the Federal German Railways
can be anticipated for transports by VPS from Beddingen interchange station to the
waste disposal site. The speed limit of 40 km/h applicable to the entire VPS network
considerably reduces the potential accident loads in most conceivable accident sce-
narios. Thus the risk for this transport route is certainly overestimated by using the
data of the goods train traffic of the Federal German Railways.

As far as road transportation is concerned, the location of the waste disposal site al-
lows the waste to be shipped almost exclusively on federal motorways with the excep-
tion of a short, well-developed road section within the immediate vicinity of the site.
For this reason, the accident frequency of the relevant vehicle types on motorways

-
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was taken as the basis for determining the transport risk. The level of development of
these routes is up to standard, so that the road conditions cannot be expected to give
rise to less favourable conditions than the national average. On the contrary, the to-
pographical situation of the region is such that hazardous features such as steep in-
clines and winding stretches are not present. The same applies as with rail traffic as
regards sections that can aggravate the consequences of an accident, such as major
drops, for example.

It can generally be concluded that there are no indications to call the transferability of
the basic accident data to the region around the site into question. There are indica-
tions suggesting that the application of national data to the waste disposal site region
may result in an overestimation of the transport risks.

8.4 Transport Accident Simulation - Source Term Definition

In the event of a transport accident, several influencing variables determine the extent
to which radioactive substances are potentially released:

- The magnitude of the mechanical and thermal impact acting on shipping units with
radioactive waste as a result of the accident. Nine load categories are defined in
this connection.

- The number of shipping units affected by the accident. This depends on the num-
ber of shipping units per vehicle being transported and, in the case of railway
transport on the number of waste wagons affected.

- The waste container and waste product properties (8 waste container classes)
and the radioactive inventoy of the shipping units affected by the accident deter-
mine the radioactivity released as a result of the accident.

An accident simulation program was used to describe the spectrum of possible acci-
dent sequences and the potential releases of radioactive substances, also taking the
anticipated frequency of the events into account. The program takes into account the
transport volume (217 reference waste types and their relative frequency), different
transport constellations as regards the number of waste wagons in the goods train
and their load, the possible accident severity (9 categories) and, on this basis, produ-

80



ces a large number of source terms which are representative for possible releases of
radionuclides as a result of accidents. Likewise the frequency of such releases
can be determined. The conservative assumptions explained in the previous
chapters for establishing values that determine the release from waste contai-
ners and frequencies of accident impact are an integral part of the simulation
program.

A brief explanation is provided below of how the individual shipments of radioactive
waste by rail and road are modeled in the simulation program, and of how transport
accidents are simulated and a sufficiently large number of source terms is determined
so as representatively to cover the transport volume and accident spectrum. In this
connection, the following aspects of railway goods traffic, marshalling operations and
road transportation are discussed:

- Loading of transport vehicles
- Simulation of transport accidents

- Determination of released activity

8.4.1 Waste Transportation by Rail

® Loading of waste wagons

The following assumptions are made for transportation by rail:
- Two shipping units are carried per cargo-wagon.

- Waste derived from reprocessing German fuel elements abroad is shipped by de-
dicated trains comprising 20 cargo-wagons, each carrying 2 shipping units.

- Waste originating from other sources is shipped by regular goods trains, that is to
say in "mixed-cargo trains". It is assumed in connection with the region of the wa-
ste disposal site, in which waste wagons from different originators are carried mo-
re frequently by one goods train following marshalling operations, that the train
carries 1, 2, 3 etc. up to a maximum of 9 such wagons with the same frequency.
The maximum value is consistent with disposal capacity of the waste repository of
a maximum of 17 to 18 shipping units per day with single-shift operation.
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- Waste containers are disposed of in groups with the same external dimensions
(disposal container class according to Table 3.1) a goods train carries uniform wa-
ste container types.

According to these specifications, standard goods trains with waste wagons carry 5
such wagons and a total of 10 shipping units on average, compared with 20 wagons
and a total of 40 shipping units carried by dedicated trains. With an annual sto-
rage capacity of 3,400 shipping units, and bearing in mind that approx. 52 % of these
(cf. Figure 3.2) are derived from reprocessing, the following transport volume can be
anticipated in the region of the waste disposal site for the 100% rail transportation
scenario:

- 44 dedicated trains

164 standard goods trains.

As far as standard goods trains are concemned, the average number of cargo wagons
carried per train is taken as 30 on the basis of statistics from the German Federal
Railways.

Reformation of trains such as those at Braunschweig marshalling yard result in stan-
dard goods trains frequently carrying waste shipments from different consignors.
Compared with transportation on a national scale, this results in a smaller number of
standard goods trains; however, on average these carry more waste wagons. Outside
the region of the waste disposal site, it is assumed that a larger number of goods
trains will carry a correspondingly lower average number of wagons as was the case
when determining the radiation exposure from regular transportation. These supposi-
tions influence the results of the study only very slightly, if at all.

The statistical data on the relative frequency of different accident severities and the
number of affected wagons summarized in Table 8.3.2 also include events in which
up to 10 wagons are affected by an accident. As a result of the previous assumptions
on loads of dedicated trains and standard goods trains, the simulation program simu-
lates accidents in which 1, 2, and up to a maximum of 10 wagons with radioactive
containers are affected. The frequency of occurrence of such events is also taken in-
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to account in each case; for high accidental loads and a large number of affected wa-
gons these are accordingly low (cf. Table 8.3.2).

A shipment of radioactive packages is modeled by "Monte-Carlo" simulation, a statisti-
cal procedure enabling different constellations to be generated on the basis of statisti-
cal data. The simulation process is shown schematically in Figure 8.4.1.

The first stage involves determining whether the simulated transport is by means of a
dedicated train or a mixed-cargo train.

Then the disposal container class must be determined in each case. In this context,
the frequency distribution of different waste container types is taken into account,
such as represented in Figure 3.3. All the waste containers in a simulated transport
belong to the same disposal container class to reflect the procedure of disposing of si-
milar container types.

The number of wagons is specified as 20 for dedicated trains; for mixed-cargo trains
the number (nwag) is determined at random from the range 1,2, 3 ... 9.

This is followed by a loop which is passed through n times (n = nwag) for mixed-cargo
trains and 20 times for the dedicated trains, in order to generate the shipment of the

train.

In this context, the waste originator is determined for each wagon, taking into account
the volume of shipping units provided for disposal of the selected disposal container
class. In other words, the frequency with which a waste originator is represented in
this process is consistent with the proportion of the waste transport volume of the pre-
viously determined disposal container class provided by the waste originator. In con-
nection with dedicated trains, the only possible originators are COGEMA and BNFL,
with mixed-cargo trains all other originators are considered.

Finally, waste types (reference waste) are assigned to the two shipping units in each
wagon. In this context cumulative frequency distributions of different reference waste
types are available for each waste originator and each disposal container class, deri-
ved from the waste database compiled by the Federal Office for Radiation Protection
(BfS).
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Figure 8.4.1: Structure of the Simulation Model for Waste Transportation by Rail
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e Simulation of transport accidents

The procedure for simulating accidental sequences in order to determine the entire
range of potential consequences with their probabilities of occurrence is elucidated for
railway goods traffic in Figure 8.4.2. The procedure enables 500 different consignment
configurations of goods trains, such as described above with the aid of Figure 8.4.1,
to be simulated separately for each of the 9 severity categories. The number of wa-
gons (nwag) carrying radioactive waste packages is set to 20 for dedicated trains; with
mixed-cargo trains nwag assumes values of 1,2,3 etc. up to 9 with equal pro-
bability. Railway accidents can result in 1,2, 3 etc. waste wagons being affec-
ted, where by accidents with up to 10 affected wagons are taken into account
in accordance with Table 8.3.2. However, these accidental sequences occur
with differing probability. As explained in Chapter 8.3.1, these relative frequen-
cies can be read off directly from Table 8.3.2 for dedicated trains depending on the
severity category. In the case of mixed-cargo trains these probabilities further depend
on the number of waste wagons (nwag) in the total of 30 goods wagons being carried
in the train.

The process for assigning two shipping units of a specific category for each wagon
leads to a consecutively numbered quantity nwag (<9 in mixed-cargo trains, 20
in complete trains) of loaded waste wagons. The simulation program now ge-
nerates source terms for accidental events for waste wagon 1, waste wagons
1 and 2, waste wagons 1, 2 and 3 etc. being affected by the accidents for
the specified severity category. This procedure is continued for dedicated trains
until a source term is created where 10 waste wagons are being accidentally
affected.

With mixed-cargo trains, the procedure is continued until a source term for nwag (<9)
affected waste wagons is calculated. At the same time - assuming a railway accident
- the conditional probability of the relevant accident sequence, and of the associated
source term, is stored. The severity category is also stored since a distinction must be
made according to whether the release does or does not involve fire for the purpose
of subsequently calculating atmospheric dispersion and the potential radiation expo-
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Figure 8.4.2: Simulation of Accidents with Railway Goods Traffic
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sure. Thus, for each simulated shipping configuration, a total of 10 source terms
is generated for dedicated trains, and nwag source terms (the number of
previously determined wagons with radioactive waste) are generated for
mixed-cargo trains. In this connection, accident sequences are also registered
in which the waste containers withstand the accidental forces (cf. Table
8.2.1) and no release of radioactive substances takes place. With 500 con-
signment configurations for each severity category the procedure illustrated in

Figure 8.4.2 leads to a total of approx. 27,000 generated source terms
(9 -500-[0.21 - 10 + 0.79 - 51) which represent the spectrum of possible releases in
the event of goods train accidents.

8.4.2 Waste Transportation by Road Transport Vehicles

Because of the size and weight of the shipping units, it is assumed that one shipping
unit is carried on an articulated lorry when radioactive waste is transported by road. To
simulate shipments on road transport vehicles, accident loads and resultant source
terms, the procedure is similar to that described in Figures 8.4.1 and 8.4.2 with the
simplification that only one vehicle and one shipping unit is affected by the accident.
In determining the type of consignment, the selection is made from all consignors, ta-
king the entire volume of reference waste types into consideration, with the exception
of waste derived from reprocessing abroad which is assumed throughout this study to
be transported by rail.

Irrespective of the relative fraction in the accident spectrum, 500 consignments
with one shipping unit are generated for each of the 9 severity categories. The
released activity of individual radionuclides (source term) is determined for each
simulated consignment and, at the same time, the relative frequency of the se-

verity category considered is also recorded (assuming an accident occurs, cf.
Figure 8.3.3). A total of 4,500 (=9-500) source terms, representing the spec-
trum of potential releases in the event of road transport accidents, was gene-

rated.
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8.4.3 Braunschweig Marshalling Yard

Wagon loadings, accident loads and subsequent source terms are simulated in exact-
ly the same way for marshalling accidents as in the procedures described in Chapter
8.4.1, with the following modifications:

- As far as the loads carried by goods wagons are concerned, all reference waste
types are considered apart from the waste from reprocessing retumed to Germa-
ny from abroad, which is assumed to be transported by dedicated trains and di-
rected straight to the waste disposal site without passing through Braunschweig
marshalling yard.

- In line with the evaluation of shunting accidents at Braunschweig marshalling yard
described in Chapter 8.3.2 (cf. Table 8.3.2), only accident events in severity cate-
gories 1 to 3 involving up to 5 wagons are considered.

As with accident in railway goods traffic, the simulation program generates goods train
consignments with up to 9 waste wagons travelling in a train of 30 wagons, for which
marshalling accidents are simulated with up to 5 affected wagons for 3 possible load

categories according to Figure 8.4.2. This produces a total of around 5,800 source
terms (500 - 3 - 35/9) each with its conditional probability of occurrence (assuming a
marshalling accident occurs). These represent the spectrum of potential releases in

the event of marshalling accidents.

8.4.4 Formation of Source Term Groups

A source term generated by the accident simulation program represents the released
activities of individual radionuclides with the simulated accident configuration. These
radionuclide-specific activities are determined by the activity content of the waste pak-
kage involved in the accident and the fraction assumed to be released into the at-
mosphere according to Table 8.2.1 and 8.2.2 with the accident load (severity catego-
ry) and waste container group concerned. As described in Chapter 8.2.2 and Appendi-
ces IV and V, a distinction is made between four particle size ranges of aerodynamic
equivalent particle diameter (AED) (0-10 pm, 10-20 pm, 20-40 ym and 40-70 ym) so
that one source term comprises four sub-source terms. For the purpose of subsequent
analysis of possible radiological consequences and their probabilities of occurrence,
the following additional information is assigned to each source term:
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- The severity category (k=1,2,3 ... 9)
- The conditional probability of occurrence (assuming an accident occurs)

- A radiological hazard index calculated from the radionuclide specific activity which
permits an approximate relative classification of different source terms with re-
spect to the potential radiological consequences.

The radiological hazard index of a source term is calculated by summation of the acti-
vity of the various radionuclides multiplied by the nuclide-specific weighting factors.
The weighting factors used are considered to be an adequate measure of the relative
radiological significance of the individual radionuclides subsequent accidenta! relea-
ses.

To facilitate the analysis of environmental consequences, the large number of simula-
ted source terms must be grouped in a limited number of representative source terms,
designated as release categories. Consolidation of source terms to representative re-
lease categories is conducted separately for railway, marshalling yard and road tran-
sport accidents.

In doing so the source terms are first arranged in ascending order according to the ra-
diological hazard index; this is done separately for purely mechanical and combined
mechanical and thermal load categories. Source term groups are then formed by com-
bining accidental sequences with approximately equal hazard indices. The average
representative source terms - known as release categories - were determined by ta-
king the probability of occurrence of the individual (simulated) accidental sequences
into account. For assigning individual source terms to source term groups the cumula-
tive probabilities of occurrence were specified separately for transport accidents with
purely mechanical and combined mechanical/thermal accidental load characteristics.
The cumulative probabilities were according to the subsequent table specified in a
way that the range of values of hazard indices of accidental sequences having high
hazard indices did not differ substantially. This procedure is intended to assure repre-
sentativeness particularly for the source terms resulting in higher radiological conse-
quences.
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This procedure also accounts for the relative probability of occurrence for each source
term group, provided the accident takes place.

The individual source terms combined in a source term group on the basis of their ra-
diological hazard index, can be assigned to very different conditional probabilities of
occurrence, depending on which simulated accident event (e.g severity category,
number of affected wagons) is considered. The conditional probabilities of occurrence
of individual source terms in a source term group are taken into account when forming
a release category representative for the source term group by means of appropriate
weighting. In this way a representative composition of the radionuclide-specific activi-
ties of the release category is obtained. In other words, source terms having a higher
probability of occurrence are more important in forming the source term group, i.e. the
composition and quantity of radionuclides, than others.

8.4.5 Release Categories

The simulation of potential accidents from transporting waste to the Konrad repository
results subsequent grouping and consolidating of numerous generated source terms
in various release categories which are representative with respect to the composition
and quantity of radionuclides considered to be important for radiological assessment
purposes. For accidents involving transportation by goods trains, road vehicles and at
Braunschweig marshalling yard, 10 such release categories are generated by the ac-
cident simulation program for each mode of transport. In this context, release catego-
ries 1 to 5 are derived from accidents with purely mechanical impact on shipping units,
while release categories 6 to 10 represent accidents with mechanical impact and sub-
sequent fire.
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® (Goods train accidents

Figure 8.4.3 shows the released activity of the radionuclides H 3, Co 60, Sr 80, Cs
137, Pu 238, Pu 241 for the 10 representative release categories (FK 1 to FK 10) for
goods train accidents. The selection of the radionuclides listed in Figure 8.4.3 allows
for the fact that these radionuclides are of particular importance either by their activity
content in the waste and/or their radiological significance. The information on the re-
leased activity of the listed radionuclides refers to the total activity released in the par-
ticle size range from 0 - 70 pm AED.

It is apparent that the released activity goes up markedly as the numbers increase for
release categories derived both from purely mechanical accident impact (FK 1 to FK
5) and from combined mechanical and thermal accident impact (FK 6 to FK 10)
(logarithmic scale). This is in contrast to the conditional probabilities of occurrence al-
so shown in the figure. These state the relative frequency with which the individual re-
lease categories occur, given a goods train accident resulting in the release of radio-
active material. The conditional probabilities of occurrence of the 10 release ca-
tegories therefore total 1. Releases caused by an accident which correspond to
release category FK 1, for instance, occur with a conditional probability of 0.38;

this contrasts with the very low probability of occurrence of 4.8 - 10~7 for release ca-
tegory FK 5 with its comparatively high activity releases. The absolute probabilities of

occurrence of these release categories are calculated from the probability of an acci-
dent associated with the release of radioactive substances, multiplied by the conditio-
nal probability (assuming an accident with release occurs) of the release category

concerned.

® Road transport accidents

Figure 8.4.4 shows the released activity (0 - 70 um) of the selected radionuclides H 3,
Co 60, Sr90, Cs 137, Pu 238, Pu 241 for the 10 representative release categories
(FK 1 to FK 10) for road transport accidents. The released activity with source
term FK 1 (without fire) and FK 6 (with fire), which can be anticipated more fre-
quently, are shown to lie in a comparatively low range. Releases caused by accidents
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of this kind can be expected in approx. 50 % (48 % + 1.9 %) of all releases associa-
ted with heavy goods vehicle accidents, as indicated by the conditional probabilities
of occurrence (assuming an release associated accident occurs) of the release

categories, which are also shown. The activity releases of the release catego-
ries with higher numbers, such as FK 4 and FK 5 (without fire) and FK 9 and FK 10
(with fire), on the other hand, ar e orders of magnitude higher. These source

terms result from accidents occurring less frequently and/or accidents in which

waste packages with a very high activity inventory are involved. The conditional
probabilities of occurrence derived from the accident analysis, for example,

of 4.1 - 10° for release category FK 4 or1.6-10* for release category FK9

suggest that correspondingly high releases must be anticipated in one accident

out of 250, or in one accident out of approximately 6,000 respectively. Howe-
ver, in this context, reference is made in particular to the comments at the end
of Chapter 8.5.1.

A comparison of Figures 8.4.3 and 8.4.4 reveals that the released activities with
goods train accidents are higher on average than with accidents involving trucks. This
is to be expected, since a truck carries only one shipping unit at a time, compared with
two shipping units in the case of a goods wagon. Furthermore, the simulation of goods
train accidents also includes events in which up to 9 waste wagons are affected by the
accident. The fact that this difference is only marginally visible when the release cate-
gories are compared by the mode of transport can be attributed to the fact that the
waste containers reveal a very different activity inventory (cf. Figure 4.3) when several
wagons are affected by an accident. As a result, only a few affected shipping units de-
termine the size of the release.

e Marshalling accidents

Similarly Figure 8.4.5 shows the released activities for selected radionuclides with the
release categories representative for accidents at Braunschweig marshalling yard. A
comparison with Figures 8.4.3 and 8.4.4 reveals that marshalling accidents with and
without fire do generally occur in a speed range that is conservatively covered by as-
suming a mechanical load corresponding to 35 km/h impact on an unyielded surface.
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The absence of higher severity categories becomes apparent in particular with the
higher release categories and associated lower activity releases.

8.5 Expected Accident Frequencies with Release

The simulation of consignments of shipping units and of possible accident loads, to
which the vehicles and their loads could be subject to results initially in a large number
of source terms which are then grouped into release categories; these constitute re-
presentative releases for transport accidents given the transport volume to the KON-
RAD waste disposal site under consideration here. Releases caused by accidents in
railway goods traffic, at Braunschweig marshalling yard and during transportation by
road are covered by 10 release categories for each case, five representing mechani-
cal and five representing combined mechanical and thermal loads on shipping units.
Each of these release categories are assigned with the conditional probability of its
occurrence assuming an accident in which shipping units carrying radioactive waste

are affected and resulting in a release of radioactive substances.

In order to evaluate the risks associated with the transportation of radioactive waste to
the KONRAD waste disposal site, the expected frequencies of accidents with a relea-
se must be determined so that the expected frequencies can be assigned to the indi-
vidual release categories. Referred to one year's waste transport volume, these state
the frequency with which releases caused by accidents and represented by a release
category, can be anticipated. These expected frequencies are developed in the follo-
wing chapters for accidents associated with railway goods traffic, operations at Braun-
schweig marshalling yard, and road transportation.

8.5.1 Railway Transport

The frequency must be determined with which accidents resulting in a release of ra-
dioactive material from waste containers can be anticipated in the region of the waste
disposal site, assuming the annual delivery of 3,400 shipping units by goods trains
(100 % rail transport). The expected frequency will be determined (cf. Chapter 8.1) for
a radius of 25 km around the planned KONRAD waste disposal site. As discussed in
Chapter 8.4.1, the following annual transport volume will be anticipated in the vicinity
of the waste disposal site for the 100% rail transportation scenario:

>
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- 44 dedicated train comprising 20 wagons, each carrying 2 shipping units

- 164 regular goods trains, comprising 30 wagons on average, of which, with equal
frequency, 1, 2, 3 ... 9 waste wagons are loaded with 2 shipping units.

These specific assumption do not significantly influence the accident frequencies sta-
ted below since the accident frequency per waste wagon is independent of the num-
ber of waste wagons being carried in a train. However, to make sure that accidental
events in which a large number of waste wagons may be affected by a train accident
are also included by the simulation process - with correspondingly high releases -,
the aforementioned is generally justified and plausible assumptions are taken as star-
ting point.

The result is the following:
The average route length within the 25 km region of the waste disposal site is assu-
med to be 50 km for both regular goods trains and dedicated trains. According to
Chapter 8.3.1, a total accident frequency of 0.5 train accidents per million kilometres
can be anticipated for railway goods traffic. Therefore, the annual frequency with
which railway accidents can be anticipated within a 25 km radius by 208 goods trains
(164 + 44) carrying radioactive waste is as follows:
208 Trains g km- 0.5 - 10-8 Accidents _ 592.10-3 Train accidents

a Trainskm ~ a
In other words, assuming continuous operation of the waste repository, a goods train
carrying wagons with radioactive waste containers would be anticipated to become in-
volved in an accident once in approx. 190 years on average.

As discussed in detail in Chapter 8.3.1, the occurrence of a train accident does not
necessarily affect wagons with specific characteristics - such as waste wagons. For
only a fraction of train accidents one or several of the waste wagons being carried will
be affected. In the case of dedicated trains carrying exclusively waste wagons, the on-
ly train accidents involving no waste wagons are such in which only the power unit is
affected. According to Table 8.3.2, this is the case in some 58 % of goods train acci-
dents. Therefore, in 42 % of train accidents waste wagons will be affected as well.
This percentage is smaller with mixed-cargo trains since railway accidents that involve
goods wagons, but not necessarily waste wagons, can also occur. Taking the acci-
dent data of Table 8.3.2 and the general conditions of mixed-cargo trains carrying 30
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wagons on average including, with equal frequency, 1, 2, 3 ... up to 9 waste wagons,
it can be concluded that in approx. 18 % of all accidents involving mixed-cargo trains
one or more waste wagons will be affected. These data result in the following overall
fraction of goods train accidents in which at least one waste wagon is affected:

2. 042+12.0.18=023

In other words, assuming that an accident involving a train that is carrying a waste wa-
gon takes place in the vicinity of the waste disposal site, a waste wagon can be ex-
pected to be affected in 23 % of cases. Therefore, considering the waste transport vo-
lume of one year, a railway accident in which one or more waste wagons are affected
must be anticipated somewhere inside the 25 km radius region with a annual frequen-

cyof1.2-103a~! (5.2- 102 accidents/a - 0.23). This is to say that such an event
would be anticipated every 830 years on average in the hypothetical case of continu-

ous operation of the waste repository.

If a waste wagon is affected by an accident so that waste containers are subject to a
load according to one of the 9 severity categories, this does not lead to a release of
radioactive substances in every case. The data compiled in Table 8.2.1 as regards re-
lease fractions with accident loads indicate that concrete and cast iron containers can
withstand the accident effects in some of the lower accident categories, so that no re-
lease of radioactive material is to be expected. Taking the relative frequency of diffe-
rent waste container groups in the total transport volume into account on the one
hand and the severity categories (cf. Figure 8.3.1) on the other, it can be shown that
no release of radioactive substances occurs in 42 % of all train accidents where at
least one waste wagon is affected. This value is calculated by the accident simulation
program which, when simulating a large number of load and accident constellations,

also registers events in which no release of radioactive Substances occurs. In
conjunction with the numerical data above, this indicates that train accidents as-

sociated with a radioactive release can be anticipated with a annual frequency
of 1.2-103 a-1- (1-0.42) =7.0- 10~* per year for the 100 % rail transport scena-
rio. Given the hypothetical continuous operation of the waste disposal site, a train ac-

cident involving a release of radioactive material from waste packages could be ex-
pected to occur approx. every 1,400 years on average. In this context note that both
the quantity released and the radiological significance can vary within wide limits.
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Several components of the accident risk analysis, such as the definition of the severity
categories, the frequency of severity categories and establishment of release fractions
associated with different severity categories, give a result indicating that a release of
radioactive materials occurs in roughly half (58 %) of all train accidents in which a wa-
ste wagon is affected. This percentage is undoubtedly far too high and can be attribu-
ted to an accumulation of a series of conservative assumptions made within the fra-
mework of the present accident risk analysis. These include:

- When evaluating accident statistics, a goods wagon is considered to be affected,
if the material damage exceeds DM 3,000.

- The speed of the train before the accident determines the speed range (0 - 35
km/h, 36 - 80 km/h, > 80 km/h) to be used for assigning the accident severity.

- The accident load of the goods wagons is taken to be equivalent to the accident
load of the waste container.

- When determining the waste container's behaviour and the resultant release, it is
assumed that the accidental impact corresponds to the upper speed limit of the
relevant severity category. Accident loads corresponding to an impact at 5 km/h
are treated the same as an impact at 35 km/h, for example, which has an energy
effect that is 50 times greater. Furthermore, it is assumed that the waste package
impacts against a surface corresponding to an unyielding structure, although this
is seldom the case in reality. Similarly, by assuming a fully engulfing fire and an
unfavourable combination of fire temperature (800°C) and duration (30 minutes,
60 minutes), each fire incident is classified as a very serious fire with adverse ef-
fect on the large and heavy waste containers.

- The fact that the shipping units are carried in multiple-axle, comparatively rigid

goods wagons that are closed on all sides is not taken into account.

The combination of these conservative assumptions as part of the accident risk analy-
sis has the effect of clearly overestimating the estimated frequencies of accidents in-
volving a release and the associated radiological consequences.
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8.5.2 Road Transport

In the 20 % road/80 % rail transport scenario, it is assumed that 20 % of the shipping
units are transported to the waste disposal site by articulated lorries each carrying one
shipping unit. As explained in Chapter 8.4.2, all reference waste types are considered
as potential loads with the exception of waste being retumed from reprocessing
abroad. With a total number of shipping units of 3,400 per year, 20 % of deliveries
corresponds to 680 truck loads per year. As stated in Chapter 8.3.3 the accident fre-
quency of articulated lorries on federal motorways and main roads amounts to 0.35
accidents per 1 million km. The average distance travelled when driving to the waste
disposal site within a 25 km radius zone is assumed to be 50 km. Therefore, the acci-
dent frequency for the transport volume carried by road transport vehicles in one year
is calculated as follows:

680 1rucks . 50km - 0.35 - 10-6Accents 4 5. 10-2 Accicents

In other words, assuming continuous operation of the waste repository, an accident in
which the shipping unit is affected can be anticipated to occur once in approximately
80 years somewhere on the roads used within a 25 km radius zone of the waste dis-
posal site. Since the concrete and cast iron containers used comparatively frequently
(cf. waste container groups 6, 7 and 8 in Table 8.2.1) are able to withstand the acci-
dental loads in some of the lower severity categories, a release of radioactive mate-
rials is to be expected in only 50 % of accidents involving heavy goods vehicles. This
percentage, obtained from the accident simulation program, is derived from the relati-
ve frequency with which the 9 severity categories (cf. Figure 8.3.8) are represented in
road transport accidents in conjunction with the relative frequency of the 8 waste con-
tainer groups of the transport volume. Unlike rail transport, only one shipping unit is af-
fected by the accident in each case. Reference is made to the comments in the prece-
ding Chapter 8.5.1 as regards the assumption made within the framework of transport
risk analysis that on average every second accident involving an articulated lorry car-
rying a shipping unit considered in the accident statistics (cf. Appendix lll) is associa-
ted with a release of radioactive materials. The anticipated accident frequencies with-
out or with release within the 25 km radius zone for the 20 % road/80 % rail transport
scenario are derived by totalizing the above accident frequencies and those for 80 %

rail transport.
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8.5.3 Braunschweig Marshalling Yard

The evaluation of the accident statistics for Braunschweig marshalling yard revealed
7.5 accident events per 1 million marshalled wagons. In addition, the probability with
which a specific number of wagons is affected by an accident was calculated (cf. Ta-
ble 8.3.3). In order to cover accidental occurrences and their frequencies in which mo-
re than one waste wagon is affected, as described in Chapter 8.3.2, the accident envi-
ronment is assumed to comprise a group of wagons which is composed for onward
transportation to Beddingen interchange station. As with railway goods traffic, it is as-
sumed that the group of wagons consists on average of 30 wagons, including 1, 2, 3
... 9 waste wagons with equal frequency. With the aid of Table 8.3.3 and combinatorial
probabilities (cf. Appendix il), this model can be used to calculate that a statistical
mean of 1.07 waste wagons is affected in the event of a marshalling accident invol-

ving at least one waste wagon. Consequently an accident probability per marshalled
waste wagon of 8.0 - 106 (7.5-107%.1.07)  can be expected.

During marshalling accidents (according to Table 8.3.3), accident loads corresponding
to the three lowest severity categories occur. Concrete and cast iron containers (cf.
waste container groups 6, 7 and 8 in Tables 8.2.1 and 8.2.2) are able to withstand the
accidental load in some of the lower severity categories so that no release of radioac-
tive material is assumed. Given the relative frequency with which different waste con-
tainers are represented in the total transport volume on the one hand, and the severity
categories on the other, a release of radioactive substances can be anticipated in
38 % of marshalling accidents in which wagons with radioactive waste containers are
affected. Reference is made to the comments at the end of Chapter 8.5.1 as regards
the percentage determined within the framework of the transport risk analysis.

The frequency with which marshalling accidents at Braunschweig marshalling yard
can be anticipated for the transport volume of radioactive waste in one year is calcula-
ted as follows:

- Given the assumption that all waste wagons transported by regular goods trains
are routed through Braunschweig marshalling yard on their way to the KONRAD
waste disposal site, 820 waste wagons per year will be marshalled there (with
100 % rail transport). Dedicated train loads carrying radioactive waste derived
from reprocessing fuel elements from German nuclear reactors abroad will not

pass through Braunschweig.
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- The expected frequency of marshalling accidents in which one or more waste wa-
gons are affected is given as follows:

820 waste wagons 8.0.10-6 Accidents =6.6-10-3 Accidents
a Marsh.waste wagons a

- Since a release of radioactive material can be anticipated in 38 % of cases on
average, the annual frequency of a marshalling accident with release is

6.6-10~23a~!.0.38=25-10"33""

Note again at this point, with reference to Chapters 8.2.1 and 8.2.2 and the comments
at the end of Chapter 8.5.1, that the anticipated proportion of accident events with ra-
dioactive releases (here 38 %) is significantly influenced by a series of conservative
assumptions. This relates in particular to the assumption made that waste packages
are subjected to a mechanical load corresponding to an impact at 35 km/h on to an
unyielding surface in the case of marshalling accidents, and that subsequent ﬁreé fully
correspond to a constellation whereby the waste container is surrounded by fire on all
sides and is exposed to these conditions for half an hour (load category 2) or even a
full hour (load category 3).

The frequency of marshalling accidents in which radioactive materials are released, as
anticipated by these very conservative assumptions is once in 400 years on average,
assuming continuous operation of the KONRAD waste repository.

8.6 Results of Transport Risk Analysis

8.6.1 Calculation of Radiological Consequences

Substances released into the atmosphere as a result of an accident can be carried
through the air and spread further as a consequence of air turbulence. As a result,
contaminant concentrations at ground level can occur in the direction of wind while the
contaminant cloud is passing over. Moreover, dry or (after rain) wet deposition proces-
ses can result in contamination of vegetation and other surfaces. People standing in
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areas where increased atmospheric concentrations occur while the contaminant cloud
is passing over in the atmosphere, can inhale the contaminant with respiratory air. De-
pending on the contaminant, further exposures can result from the contamination de-
posited on vegetation and other surfaces as time passes. The atmospheric dispersion
conditions prevalent at the time of release, such as diffusion category, wind speed,
precipitation intensity etc., considerably influence the airborne and deposited contami-
nant concentrations.

The potential accidental radiological consequences, such as contamination on vegeta-
tion or soil and radiation exposure of people, is calculated with the accident conse-
quences computer code UFOMOD (Version NL) /EHR 88/ developed at the Nuclear
Research Centre in Karisruhe. This comprehensive and advanced program system
has been specifically developed for the probabilistic analysis of accident consequen-
ces.

The f’ollowing exposure pathways are taken into account:

- Cloudshine

- Groundshine

- Inhalation (intake of activity with respiratbry air)

- Ingestion (intake of activity with food)

- Resuspension with subsequent inhalation (reentry of radionuclides into air subse-

quent deposition)

However, the cloudshine and resuspension exposure pathway are generally of minor
importance, and so is the case with accidents involving waste packages.

The relative frequency of the atmospheric dispersion conditions in the region being in-
vestigated was included in the calculations. In this connection the meteorological data
of the German Meteorological Service (DWD), Offenbach, collected at the
Braunschweig-Vélkenrode weather station situated north-west of the Braunschweig
municipal area, were made available for the study.

The possible radiation exposure of people and contamination of vegetation and
ground were calculated with the UFOMOD computer program for each release cate-
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gory, for a distance up to 25 km from the release location. Since the spectrum of pos-
ble activity releases attributable to waste transport operations by rail, road and mars-
halling is covered by 10 release categories in each case, namely FK 1 to FK 10, cal-
culations were made for a total of 30 release categories. The following assumptions
were made in this connection:

- Ground-level release was assumed for the release categories FK 1 to FK 5, which
are representative of transport accidents in which the waste packages are subjec-
ted to purely mechanical loads.

- As far as release categories FK 6 to FK 10 are concerned, which are representati-
ve mechanical impact with subsequent fire, an effective release height of 50 m,
was assumed to account for the bouyant nature of the plume of hot air.

- UFOMOD calculations were carried out separately and superimposed for each re-
lease category for particles < 10 ym and for the 10 - 70 pm particle size range. In
this way the dispersion calculations allow for the fact that only particles < 10 ym
are respirable and contribute to inhalation exposure. Similarly, the enhanced dry
and (in the event of rain) wet deposition process of larger aerosol particles is ta-
ken into account for particles in the 10 - 70 pm size range.

For the purpose of accident risk analysis, fire incidents are treated as severe fires with
particularly unfavourable effects on the waste containers with complete envelopment
of the extremely large containers and adverse fire temperature (800°C) and duration
(30 minutes, 60 minutes) combination. Such events correspond to a fire output of 20
MW and more, leading to substantial plume rise effect of the fire gases. The effective
release height of 50 m, as assumed for the dispersion calculations, is conservatively
set clearly lower than plume rise predictions of fire gases calculated with standard for-
mulaes, e.g. /VDI 87/.

The UFOMOD calculations provide the following results for each release category:

- Statistical distributions of airbome and deposited radionuclide concentrations are
calculated as a result of the accident-related releases of activity for a very large
number of receptor points, which are representative for various distances from the
accident site and all wind directions. These statistical distributions result from fre-
quency distributions of the prevalent atmospheric diffusion category, wind speed,
wind direction and precipitation intensity. |
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- Starting from the statistical frequency distributions of the activity concentrations,
distributions of the potential radiation exposure are calculated for each receptor
point. The radiation exposure is expressed in terms of effective dose both for the
individual exposure pathways and the total of all exposure pathways.

The results of the probabilistic risk analysis of waste transport accidents in the region
of the waste disposal site are represented in the form of cumulative complementary
frequency distributions (CCFD) for the following transportation scenarios:

- Waste transportation exclusively with goods trains (100 % rail)

- Waste transport partly with goods trains and partly with road vehicles (80 %
rail/20 % road)

- Waste transport operations at Braunschweig marshalling yard

The CCFD's for each secenario are obtained by superimposing the results for the 10
release categories FK 1 to FK 10. In determining the consolidated cumulative comple-
mentary frequency distribution the expected frequency of occurrence of the individual
release categories based on estimated accident frequences of waste shipments in the
25 km zone has to be taken into account. These are summarized in the Table 8.6.1.

The expeéted frequencies of occurrence of the release categories are derived from
the frequencies of transport accidents with release in the region of the waste reposito-
ry explained in Chapter 8.5, multiplied by the conditional probabilities of the various re-
lease categories (cf. Figures 8.4.3, 8.4.4 and 8.4.5).

Expected frequencies are given in the complementary frequency distributions to levels

as low as to 107 per year. The representation of even lower risk frequencies is felt
to be inappropriate as other risks that are not even taken into account in the analysed

accident statistics then contributes to the transport risk. For example, the frequency of
a fast military aircraft crashing into a waste transport vehicle is for the comparatively

small volume of waste transports of 3,400 shipping units approximately 3 - 108 per
year.
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Table 8.6.1: Estimated Frequencies of Occurrence of the Release Categories for the
25 km Radius Zone of the KONRAD Waste Repository Following a Transport Acci-
dent

Release | Goods train accidents | Road transport accidents | Marshalling accidents
category | 100 % rail transport 20 % road transport 100 % rail transport
[1/yr] [1/yr] [1/yr]

FK 1 27.107 29.10° 1.0.107

FK2 21.10™ 23-10° 8.1-10™

FK 3 51107 55.10" 20.10"

FK 4 26.10° 25.10° 41.10°

FK 5 3.4.107° 1.2.10° 1.1-10®

FK 6 8.3.10° 1.1.10" 28.10"

FK 7 6.6-107 89.10° 20.10™

FK 8 16-10° 2.1.10° 48-10°

FK 9 8.1.107 9.1-10" 23.10°

FK 10 1.4.10° 21.10° 3.0-107

Total 7.0-10" 6.0-10° 25.10"
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8.6.2 Reference Scenario: 100 % Rail Transport

® Radiation exposure

The results as regards the risk of transport accidents for exclusive waste transporta-

tion by goods trains are summarized in Figure 8.6.1. The curves indicate the frequen-

cies with which specific potential radiation doses can occur at various distances from

the accident site following transport accidents.

The expected frequency per year with which the radiation exposure shown as effecti-

ve doses on the horizontal axes can occur can be read off the vertical axis. Because

of the wide ranges of values of anticipated frequencies of occurrence and potential

doses, a logarithmic scale is used for both axes.

The following information is important for an understanding of the accident risk results

summarized in Figure 8.6.1:

The frequencies shown on the vertical axis refer to the entire region of the waste,
repository, that is to say to the zone within a radius of 25 km around the installa-
tion.

The effective dose given on the horizontal axes indicates the potential dose to a
person residing permanently in wind direction in close proximity to the accident si-
te.

in calculating potential radiation exposure levels as a result of releases of radioac-
tive substances caused by accidents, it was assumed that a person is situated at
certain distances from the accident site - e.g. 250 m, 1150 m, 6250 m - in the di-
rection in which the contaminant cloud is dispersed by the prevailing wind.

In this context it is assumed that the person considered remains outdoors during
the passage of the airborne radioactive cloud (inhalation, cloudshine). In addition,
that pérson continues to stay in that area for the following 70 years (groundshine)
and derives his food from this location (ingestion).

The curves given for the specified distances cover the potential resultant radiation
exposure of persons for the entire spectrum of possible releases with transport ac-
cidents. They also give the frequency with which such radiological consequences
can occur somewhere within the 25 km zone around the waste disposal site.
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- No protective countermeasures are assumed in calculating the potential radiation
doses. That is to say, in particular, that the removal of radioactive substances de-
posited on vegetation and other surfaces after an accident or other measures to
reduce potential radiation exposure are not assumed.

- The frequency distributions refer specifically to potential radiation exposure in the
direction where the peak concentration occurs. Other areas outside a sector of
approximately 30° in the direction of atmospheric dispersion would not be affec-
ted.

- The shortest distance, for which the frequency distribution in Figure 8.6.1 is indi-
cated, is 250 m. Calculations of potential radiation exposure assuming no counter-
measures at all following an accident become increasingly unrealistic for shorter
distances from an accident site. Furthermore, accidental sequences with fire that
lead to substantially higher releases of particles in the respirable size range than
results from purely mechanical impact on waste containers, are associated with ri-
sing of the hot effluents. In effect, this leads to maximum ground-level contami-
nant concentrations at distances of several hundred metres.

The following conclusions, among others, can be derived from the results summarized
in Figure 8.6.1 as regards the accident risk from waste transportation by goods train:

- Referred to the waste transport volume for one year, the predicted frequency with
which an accident involving the release of radioactive substances occurs in the re-
gion of the waste repository is 7 - 104 per year.

- Since the quantity of radioactive substances released is frequently small, the po-
tential radiation exposure obtained as a result is accordingly low. Thus, the calcu-
lated effective lifetime doses at a distance of 250 m from the accident site in the
direction of atmospheric dispersion are in the range below 2 mSv in approximately
90 % of accidental events. This corresponds to the effective dose that a person
receives on average from natural radiation sources in one year. This can be read
off the curve for a distance of 250 m, whereby effective doses of 2 mSv or higher

can occur with an anticipated frequency of 8 - 1075 per year referred to the waste
transport volume for one year. '

- At larger distances from the accident site, the predicted annual frequency of being
exposed to potential doses subsequent accidental releases comparable to annual
doses from natural sources is accordingly lower. Given the hypothetical continu-
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ous operation of the waste repository, a transport accident without countermeasu-
res that could lead to radiation exposure levels of the natural radiation exposure
for one year at a distance of approximately 1,000 m could be anticipated in the vi-

cinity of the waste disposal site with a frequency of occurrence of approximate-
ly 8.10~% per year, thatis to say once in approx. 125,000 years.

Accidents in which potential effective doses are in the 50 mSv range are accordin-
gly less probable. 50 mSv corresponds to the design guideline exposure specified
in § 28 Para. 3 of the Raditation Protection Ordinance and the annual dose limit
for workers occupationally exposed to ionizing radiation.

Potential doses of 50 mSv occurs at greater distances from the the accident site
only with extremely low frequencies of occurrence on the order of 10~7 per year.
Such radiation exposure could occur only in the immediate vicinity of accident
locations with a very low predicted frequency of occurrence 2 - 108 per annum)
(250 m, in wind direction, no countermeasures).

The frequencies of occurrence shown in Figure 8.6.1 refer to the entire region of the

waste repository (25 km radius). The individual risk from possible transport accidents

involving radioactive waste to a person living close to a transport route lies in much lo-

wer ranges. The reasons for this include:

An accident would have to occur near to his place of residence. Even if the route
concerned is a stretch on which accidents are more likely to occur, the likelihood
of an accident is clearly lower than for the region around the waste disposal site
as a whole.

In general, not all waste transports will be routed via the short stretch of interest
here. Alternative transport routes are available.

To be affected, the individual would have to be situated exactly in the direction of
the dispersing plume, the probability of which is also lower.

The shortest distance from the accident site for which the frequency distribution of the

effective dose is identified in Figure 8.6.1 is 250 m. As already discussed, there are

two reasons for specifying this as the minimum distance:

The total dose from all exposure pathways is calculated, assuming no counter-
measures are taken once the accident occurs. For shorter distances it is unreali-
stic to suppose that no countermeasures are taken at all to reduce the exposure

110



to long-term exposure pathways, such as groundshine, ingestion, and resuspen-
sion. In addition, the assumption that a person's food is entirely derived from di-
stances of even less than 250 m from the accident site for a period of 70 years is
highly unrealistic.

- Fire accidents lead to clearly higher releases of particles in the respirable size ran-
ge than occur in the event of purely mechanical impact on waste containers. Ho-
wever, the released radioactive substances receive an upward thermal thrust from
the hot fire gases so that the maximum ground-level contaminant concentrations
will not occur through distances of several hundreds of metres from the accident

site.

Nevertheless, for providing guidance, separate UFOMOD calculations were conduc-
ted for the shorter distances of 50 m and 150 m, as well as for 250 m from the acci-
dent site. The potential radiation exposure through inhalation was calculated. The cor-
responding cumulative complementary frequency distributions are illustrated in Figure
8.6.2. For comparative purposes, the frequency distribution of the effective dose cu-
mulated for all exposure pathways for a distance of 250 m has also been taken over
from Figure 8.6.1. The comparison reveals the contribution of the long-term exposure
pathways, that is to say groundshine, ingestion and resuspension to the total dose.
This also indicates to what extent measures taken after an accident can help to redu-
ce radiation exposure. Figure 8.6.2 shows that the curve of the complementary fre-
quency distribution of the effective total dose at 250 m almost entirely envelops the
curves for the inhalation dose at closer distances to the accident site. This shows that
potential effective doses are largely covered. by the total dose identified for 250 m in
the case of shorter distances from the accident site if the effects are limited to those
derived from the inhalation pathway.

In order to assess the possible influence of measures to reduce radiation exposure ta-
ken after an accident also for larger distances in the direction of the dispersing plume,
Figure 8.6.3 shows the curves for the total dose taken over from Figure 8.6.1 in rela-
tion to curves which state the contribution of the inhalation dose. The horizontal spa-
cing of the pairs of curves at 250 m, 1150 m and 6250 m reveals the proportion of the
total radiation exposure that results on average from the long-term exposure path-
ways, namely groundshine, ingestion, and resuspension, and can therefore be redu-
ced by countermeasures such as decontamination or by suspending agricultural pro-
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duction. Since the curves of the frequency distributions represent a large spectrum of
accident sequences and atmospheric dispersion conditions, only general conclusions
about the possible effect of countermeasures can be derived from a comparison of the
total dose without countermeasures and the inhalation dose. Specific accidents can
deviate from this in either direction. The relative contributions of the individual exposu-
re paths to the total dose vary according to which radionuclides are released in the
specific case, and depending on the ratio of deposited to airborne radioactivity. Depo-
sition of radionuclides on vegetation and ground is more effective for wet conditions
as a result of rain or by enhanced dry deposition processes of particles with larger ae-
rodynamic diameters. The following information on the possible influence of measures
taken after an accident can be derived from Figure 8.6.3:

- The difference between the potential total dose and the inhalation dose is larger
for shorter distances from the accident site, such as 250 m, than for larger distan-
ces, such as 1150 m and 6250 m. This can be primarily attributed to the fact that
particles with larger aerodynamic diameters which do not remain airborne for long
are deposited more profusely in the close vicinity of the accident site.

- Thus, at a distance of around 250 m from the accident site in the direction of the
dispersing plume, measures which influence the long-term exposure pathways
can typically achieve a dose reduction of a factor of approximately 10 and more in
approximately 99 out of 100 accidents causing a release. At a distance range of
approximately 1,000 m, the possible reduction of potential radiation exposure by
means of countermeasures is measured by a factor of approximately 5. In this di-
stance range, however, even without countermeasures, the predicted radiation
exposure levels generally lie below the natural radiation exposure for one year
and exceed this value only with anticipated frequencies of less than10-5 per year.

- The less pronounced effect of countermeasures observed in all distance catego-

ries with very low anticipated frequencies of occurrence of 106 or 107 per year
can be attributed, among other things, to the fact that accidents with fire add to

the risk in this frequency range. In the case of releases with fire (cf. Table 8.2.1),
the proportion of smaller particles in the respirable range is higher, so that the in-
halation pathway makes a greater contribution to the total dose.

- The width (approx. 30° sector) and depth of the area potentially affected by trans-
port accidents is limited. In only one out of 10 accidents with radioactive releases
would it be possible for potential radiation exposure at a distance of 250 m and
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without countermeasures to exceed the natural annual radiation exposure. At a di-
stance of 1150 m this would be the case in only one accident out of 100 with re-
leases and, at greater distances around 6,000 m, none at all would exceed this

value.

- As discussed in greater detail below, the contribution of groundshine to the total
dose is generally small and lies clearly below the amount of the ingestion path-
way. The resultant potential radiation exposure over a period of 70 years is calcu-
lated for both exposure pathway, assuming permanent presence in the contami-
nated area and that all foodstuffs are obtained from agricultural products from that
area. In the event of agricultural utilization of a more strongly contaminated area
within the immediate vicinity of an accident site, countermeasures worthy of consi-
deration would include administrative steps such as locally limited restrictions in
land use.

- The range of predicted radiation doses is very well below dose values necessita-
ting consideration of emergency protective measures. The countermeasures men-
tioned here are intended to highlight the possible influence of appropriate steps,
and should be interpreted in the context of minimization principle required by the
Precautionary Radiation Protection Act (StrVG).

® (Contamination

Since accidental mechanical impact can also lead to the release of larger particles,
aerosol particles with aerodynamic equivalent diameters of up to 70 pm have been
included in the calculations of potential radiation exposure. These particles can be at-
mospherically dispersed, but are deposited much more quickly than particles in the re-
spirable diameter range (< 10 ym). The calculations performed with the UFOMOD ac-
cident consequences program for the ten release categories FK 1 to FK 10 revealed
that on average approximately 5 % of the potential radiation exposure can be attribu-
ted to groundshine. This value can be used to derive an appropriate cumulative com-
plementary frequency distribution from Figure 8.6.1 for ground contamination caused
by accidentally released radioactive substances. Both in fallout from nuclear weapon
testing and the aftermath of the reactor accident in Chernobyl, Cs137 was the domi-
nant radionuclide as regards ground contamination. For this reason,a Cs
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137-equivalent ground contamination level has been determined being equivalent to
the groundshine dose from the all deposited radionuclides.

The result adapted from Figure 8.6.1 is the frequency distribution for
Cs 137-equivalent ground contamination shown in Figure 8.6.4. The graph reveals the
same curves. However, the expected frequency of ground contamination levels cau-
sed by transport accidents, expressed as Cs 137-equivalent, can now be read off.
The following information can be derived from Figure 8.6.4, for instance:

- Accident-related releases in the region of the waste disposal site giving rise to a
contamination level at a distance of 250 m from the accident site in wind direction

that is equivalent to the Cs 137 nuclear weapon fallout in the Federal Republic of
Germany occur with a frequency of less than 7 - 104 per year.

- Given the hypothetical continuous operation of the waste repository, contamina-
tion on this scale could be anticipated at a distance of 1,000 m once in approx.
1 million years.

- Expressed as statistical mean, approximately one in 100 transport accidents lead
to an Cs 137-equivalent contamination at a distance of 250 m from the accident
site equivalent to that present in Munich as a result of the Chernobyl accident.

8.6.3 Reference Scenario: 80 % Rail Transport, 20 % Road Transport

The results as regards the risk of transport accidents when 80 % of shipping units are
transported by goods train and 20 % by road vehicles are summarized in Figure 8.6.5.
The curves are obtained by superimposing UFOMOD calculations for a total of 20 re-
presentative release categories, 10 each for goods train accidents and road transport
accidents. The expected frequencies of occurrence for the individual release catego-
ries shown in Table 8.6.1 are taken into account in the cummulative complementary
frequency distributions of Figure 8.6.5. The expected frequencies of occurrence for
the release categories given in Table 8.6 .1 for 100 % rail transportation, were correc-
. ted for the 80% transport fraction. The expected frequencies of occurrence of the indi-
vidual release categories for road transport accidents are higher than with rail tran-
sport accidents. This reflects the higher accident frequency per truck-Kilometer tra-
velled than per railway wagon-Kilometer for goods trains. This is also indicated by
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the expected frequencies of releases of 7.0 - 10 per year for the 100% rail transport

scenario and 6.0 - 10® per year for the 20 % road transport scenario stated in Table

8.6.1 for transport accidents.

The following information can be obtained from Figure 8.6.5:

In comparison with the cumulative complementary frequency distributions for the
100 % rail scenario in Figure 8.6.1, the expected frequencies for accidental relea-
ses and for effective lifetime doses comparable to the natural radiation exposure
in one year or being in the dose range of 50 mSv, are higher.

With a frequency of occurrence of approx. 3 - 104 per year, that is to say assu-
ming continuous operation of the waste disposal site, a transport accident in the

region of the waste disposal site that could lead to radiation exposures equivalent
to the natural radiation exposure in one year at a distance of 250 m could be anti-
cipated every 3,000 years on average, assuming no countermeasures are taken.
A comparison shows that, for 100 % rail transport, the transport risk analysis re-
sults in a lower frequency of occurrence, according to which such effects occur on
average only every 12,500 years.

For the operational lifetime of the waste repository of approximately 40 years the
probability of a transport accident resulting in potential effective doses of 50 mSv
at a distance of 250 m (without countermeasures) occurring in the region of the
waste disposal site is 1 in 10,000. The dose of 50 mSv corresponds to the design
guideline exposure stipulated in § 28 Para. 3 of the Radiation Protection Ordinan-
ce, and to the annual dose limit for workers occupationally exposed to ionizing ra-

diation.

The decrease in the calculated radiation exposure levels at a distance from the
accident site of approximately 1,200 m amounts to a factor of approximately 10,
with a further factor of 10 being valid at approximately 6,200 m.
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8.6.4 Braunschweig Marshalling Yard

e Radiation Exposure

The results as regards the risk of marshalling accidents at the Braunschweig marshal-
ling yard are summarized in Figure 8.6.6. The cumulative complementary frequency
distributions are based on the assumption that all waste shipments from waste consi-
gnors in the Federal Republic of Germany (not including the 5 new federal states) are
effected by regular goods trains and are routed via Braunschweig marshalling yard.
Transports derived from the return of reprocessing waste from abroad are effected in
dedicated trains and are routed directly to Beddingen interchange station. The expec-
ted frequencies of effective lifetime doses with marshalling accidents shown in Figure
8.6.6 refer to the 100 % rail transport scenario. The frequencies are reduced by
around 40 % for the 80 % rail/20 % transport scenario. They would fall even further if
dedicated trains were also used in some cases for waste consignors with high volu-
mes of waste.

The following information can be obtained from the curves shown in Figure 8.6.6:

- During the 40-year operating period of the waste repository, a marshalling acci-
dent resulting in radioactive releases can be anticipated with a probability of 1 in
10.

- The frequency of releases caused by accidents leading to potential radiation ex-
posure levels that exceed the average annual natural radiation exposure (2 mSv)
at a distance of 250 m (assuming no countermeasures) is limited to approx. 1.3 %
of this kind of accidents.

- Given the hypothetical continuous operation of the waste repositcry, a severe
marshalling accident in which an effective lifetime dose according to the design
guideline exposure of § 28 Para. 3 of the Radiation Protection Ordinance
(50 mSv) would occur at a distance of 250 m without countermeasures could on
average be anticipated once every 8 million years.

- The potential radiation exposure levels falls off substantially as the distance from
the accident location increases: by a factor of approximately 10 at a distance
of 1 km (1150 m), and by a factor of 100 at a distance of 6 km (6250 m).
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e  Ground Contamination

The frequency distribution for the Cs 137-equivalent ground contamination shown
in Figure 8.6.7 has been derived from Figure 8.6.6. In converting dose into
Cs 137-equivalent quantities, the procedure described in Chapter 8.6.2 was used. If a
marshalling accident involving a release occurs at all, then it is unlikely that it would
cause ground contamination equivalent to dose levels resulting from Cs 137 nuclear
weapon fallout or from the Cs 137 contamination arising in Munich following the Cher-
nobyl reactor accident, at distances of 250 m and more from the accident site. Cs
137-equivalent ground contamination such as that experienced in Munich after Cher-
nobyl would occur at a distance of 250 m in less than one in 1,000 marshalling -acci-
dents. A comparison of the soil contamination at 250 m in wind direction with the con-
tamination at 1150 m reveals a decrease of approximately one order of magnitude.

8.7 Evaluation of the Transport Accident Risk

The results showing the transport accident risk are provided in the form of cumulative
complementary frequency distributions indicating the relationship between the poten-
tial radiation exposure and the expected frequency of occurrence. This type of risk
analysis covers both comparatively minor transport accidents, where radioactive relea-
ses are low, as well as severe accidental sequences with comparatively high releases
and associated potential radiation exposure. Providing simultaneously information on
the frequency and the extent of the potential radiological consequences in the region
of the waste disposal site enables to draw conclusions about the risk of waste trans-
port accidents. Although frequently not considered explicitly in everydays life, probabi-
lities of occurrence are often taken into account implicitly. It is hardly conceivable, for
instance, that passenger aircrafts would have gained acceptance as a common
means of transport had their accident risk been e. g. 1,000 times greater. Manned ex-
peditions into space were preceded by detailed risk analyses incorporating probabili-
stic methods for determining the chances of a successful return from such missions.

Expected frequencies to levels down to 10~7 per year are identified in Figures 8.6.1
to 8.6.7. Referred to the waste transport volume for one year, this figure signifies that

there is a probability of 1 in 10 million per year of an accident with specified radiologi-
cal consequences occurring in the region of the waste repository. Low probabilities of
occurrence on this scale can be grasped more readily by comparing this figure to
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other rare events. This approach also allows a justification of why events with even lo-
wer probabilities of occurrence but higher consequences were not considered in the
study: the probability of an aircrash of a fast-flying military aircraft as observed in the
past in the Federal Republic of Germany (prior to the accession of the former GDR})

is approximately 10~1°m=2 . a~'.  This permits the determination of the expected fre-
quency with which such an aircrash would affect a wagon or a truck carrying radioacti-

ve waste. Taking the travel and stopping times of waste transports inside the 25 km
radius zone of the waste disposal site into account, the frequency of such events is

calculated to be approximately 2 - 1078 per year. In other words, compared to an ex-
pected frequency of 107 per year, an aircrash of a fast-flying aircraft on a waste con-

tainer is less likely only by approximately a factor of 5. The representation of events
with even lower probabilities of occurrence in the frequency distributions shown in Fi-
gures 8.6.1 to 8.6.7 would therefore make little sense since at this probability level
other accidental occurrences which are not included in the analysed data bases of rail
and road accidents, such as aircraft crashes, may contribute to the transport risk. In
addition, an aircrash of a fast-flying military aircraft into a normal goods wagon - and
even more on a comparatively much rarer wagon containing radioactive waste packa-
ges - in the region of the waste disposal site must be qualified without doubt as an

extremely rare occurrence.

The expected frequencies of specific accidental consequences, such as exposure to
radiation or contamination, identified in Figure 8.6.1 to 8.6.7 refer to the entire region
within a 25 radius of the planned KONRAD waste disposal site. They therefore draw a
conclusion as to the accident risk in this entire area. The risk to specific individuals of
this region of being affected by an accident involving waste transports is very much
smaller. This risk will be estimated here in order to provide an approximate orientation,
with the aim to roughly estimate the order of magnitude of this risk: For the 100 % rail
transportation scenario, Figure 8.6.1 indicates that transport accidents which result in
radiation exposure levels at 250 m corresponding to or exceeding the average natural

radiation exposure from one year can be anticipated with a frequency of approx.
104 per year. A similar value is found for radiation exposures at distances below
250 m by consulting Figure 8.6.2; its results assume that, within a distance of 250 m,

countermeasures are taken concesning the long-term exposure pathways such as
ground shine and ingestion (inhalation path only).
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Transport accidents can occur anywhere on the transport routes. For the purpose of
simplification, if a 50 km section of railway line on which the waste transports travel in
the region of the waste disposal site is considered (although the route network used
for waste transportation is longer) together with a corridor of a depth of 250 m on ei-
ther side along the transport route, approx. 6,000 human beings can be assumed to
live in this immediate area assuming an average population density of 250 inhabitants
‘per square kilometre. If an accident were to occur anywhere on this 50 km section of
the track, up to 250 m in down wind direction an area would be affected forming an
sector with an aperture angle of approx. 30°. This would result in an area of approx.
0.02 square km. According to the average population density, 5 people live in an area
of this size, again supposing an average population density of 250 inhabitants per
square kilometre. The individual risk for individuals living immediately adjacent to the
route of receiving additional radiation exposure as a result of a transport accident
equivalent to the range of natural radiation exposure received in one year is therefore

approx. 8 - 1078 per year. This figure is intended to permit only an approximate orien-
tation as to the scale on which the individual risk under consideration lies. To explain

the significance more clearly, if this figure is compared with the annual individual risk
of being seriously injured in a road traffic accident, it can be seen that this is on quite
a different scale: According to the 1990 Statistical Yearbook of Lower Saxony, 14130
people in a population of 7.1 million were seriously injured in road accidents in 1988.

Thus, the individual risk of being seriously injured in a road accident is 2 - 1072 per
year. Without wishing to compare any radiation exposure on the scale of the annual

natural radiation exposure with a serious injury from an accident, the above numerical
comparison immediately reveals that the additional individual risk attributable to possi-
ble waste transport accidents is on a much lower scale than other risks such as those
arising from road traffic, and is therefore very much less significant by comparison.
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